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AJNR
Letter from the President-Elect – Search for New AJNR Editor

In June, 2015, Mauricio Castillo, MD, FACR, will complete an eight-year term as the Editor-in-Chief of the
AJNR. He follows a short list of illustrious neuroradiologists, from Dr. Juan Taveras to Dr. Michael Huckman
to Dr. Robert Quencer to Dr. Robert Grossman.

One only has to pick up any random issue of the AJNR to realize what a tremendous mark Mauricio has
made on the journal. His imprint starts on the first page of content with his column, Perspectives. Probing,
erudite, at times very witty, and always brilliant, Mauricio turns out a monthly commentary on the state of
neuroradiology, the state of our profession, and, at times, the state of the world. His references and quotations
demonstrate a mind not only scientific and exacting but also knowledgeable in realms far beyond medicine.

Having worked with Mauricio very closely at the ASNR for the past two years, I can also attest to the fact that
Mauricio is totally dedicated to the journal. At times, it seemed his reason for being. And the journal has
benefitted immensely, in turn. From its look to its organization to the quality of the articles, Mauricio has
brought the journal into the forefront of all radiology journals and it now ranks #2 in Impact Factor of all
radiology journals. AJNR is the premier clinical neuroimaging journal with the highest circulation among all
imaging-related subspecialty journals, publishing about 350 articles in 12 issues per year. It receives over 1400
original submissions annually and its Web site is accessed over 10 million times a year. In addition to the print
version of the Journal, Mauricio also initiated its biannual Special Collections and monthly AJNR Digest.
Other electronic activities which he began include its popular Case Collection (Case of the Week, Case of the
Month, Classic Case, and Clinical Correlation), podcasts (editor’s and fellows’ journal club selections, travel-
ling journal club, and Special Collections), and Fellows’ Portal. With his international background, Mauricio
has also been the ideal person to spread the word of the AJNR across the world. Finally, he has done all this and
kept the journal in sound financial health through a period of difficult economic times.

Mauricio took over leadership of the journal at a time when the concept of the journal was beginning to
enter a state of flux. One only has to look at your neighborhood newsstand to realize that this has been a time
when many publications have been unable to adjust and have disappeared. In the past eight years, the demands
on the journal have changed. Our current expectations are for instant gratification, not a lag time before
publication. We require our information in more bite-size pieces, directed at us and easily accessible.

The new editor will face an even more rapidly evolving world. What is the future of radiology journals? We
know that the AJNR will survive but in what form? What will be the best digital format? There will be an
increased demand for electronic access and a further migration to tablets and smartphones. Preserving the
brand of the AJNR will become more challenging. While in the past, publication was the end point, increas-
ingly, publication today is the starting point, the beginning of an interactive discussion. How will this impact
on the financial state of the journal, with decreasing print advertising? How will the AJNR respond to the
demands of social media?

To assist the Executive Committee in the search for a new editor in these changing times, I will chair a search
committee comprised, in part, of Tina Young-Poussaint, Chair of the Publications Committee, Laurie Lo-
evner, Vice-President, Howard Rowley, Robert Quencer, Robert D. Zimmerman, James Barkovich, Tabbas-
sum Kennedy, and some of the Senior Editors of the AJNR, Harry J. Cloft, Nancy Fischbein, Pamela W.
Schaefer, Jody Tanabe, and Charles M. Strother, as well as James Gantenberg, Karen Halm, and Angelo
Artemakis from the ASNR headquarters. The appointment of the new Editor-in-Chief will be announced in
the spring of 2015.

All interested physicians are invited to send their curriculum vitae and an introductory letter of intent to Dr.
Gordon Sze, American Society of Neuroradiology, 800 Enterprise Drive, Suite 205, Oak Brook, IL, 60523 and
via email to gordon.sze@yale.edu and jgantenberg@asnr.org. In addition, we welcome nominations of candi-
dates from the ASNR membership. The deadline for receipt of submissions is August 1, 2014 but earlier
submissions are welcome. A position description for the AJNR Editor and basic qualifications are posted at:
www.ajnr.org/site/misc/eic-search-2015.xhtml.

Gordon Sze, MD, FACR
Chair, Editor-in-Chief Search Committee
President-Elect
American Society of Neuroradiology
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PERSPECTIVES

The Complicated Equation of Smell,
Flavor, and Taste
M. Castillo, Editor-in-Chief

Our oldest senses are those related to chemogustatory ca-

pacities: smell and taste. Of these, smell is probably the

oldest, and before we fully develop cerebral hemispheres, the

olfactory apparatus already exists as extensions of the limbic

system. The study of the senses of smell and taste is so complex

that it encompasses armies of aromachologists, food scientists,

physiologists, behavioral psychologists, cognitive neuroscien-

tists, neuropharmacologists, biochemists, anthropologists,

molecular biologists, and many more and is intimately related

to the study of taste.

The olfactory system in vertebrates has a unique embryol-

ogy. It forms from 1) paired placodes made of non-neural

epithelium that have the capacity to give rise to sensory neu-

rons and supporting cells in the olfactory epithelium, and 2)

neural crest cells that give origin to the structural elements of

the nose and its cavities.1 Although one cannot form without

the other, neural crest cells get to their destination first. The

olfactory receptor neurons are in the nasal cavity, and their

axons, arranged in fascicles, traverse the cribriform plates and

dura to synapse with cells in the olfactory bulbs, which are

extensions of the brain. The olfactory neurons and accompa-

nying glial cells arise outside the central nervous system but

have the capacity to regenerate throughout life; it seems that

progenitor neural crest cells may be their origin.

The human sense of smell is bidirectional, and the way we

perceive smells changes according to the direction of air flow.

Orthonasal smell is perceived when breathing in, while retronasal

smell occurs when odorized air arising from the mouth is forced

into the nose. This last type of smell is much more complex than

the first one because it recruits flavor, texture, hearing, and mus-

cle activity. Animals with a great sense of smell like dogs are de-

signed predominantly for orthonasal smell. Their long snouts

concentrate, moisturize, and direct odorized air directly toward

their olfactory epithelium, assuring that warmed molecules are

easily detected. Dogs have over 220 million olfactory receptors

(compared with 5–10 million in humans), a 40% greater area of

the brain dedicated to smell, and the ability to smell 1000 –10,000

times better than humans.2 In addition, dogs have a large vome-

ronasal (Jacobson) organ, whose neurons extend to accessory

olfactory bulbs and then to the hippocampi. This organ is pre-

dominantly involved in pheromone perception and does not play

an important role in the human sense of smell. Pheromones have

a “blind smell,” meaning that they stimulate the brain (observed

with fMRI) while having no odor that can be perceived. Females

are sensitive to male pheromones, particularly during ovulation.

Male pheromones are found in sweat, but only fresh sweat. After

20 minutes, sweat is oxidized and it just smells bad. Billing agen-

cies will send out bills scented with androstenone (a pheromone)

because they are then perceived as being more aggressive and

increase their collection rates3 (note: the report in this reference is

wonderfully entertaining!).

Because humans mostly depend on vision that is stereoscopic,

which in turn is contingent on a strict interocular distance, we do not

have a long snout and our anterior nasal pathways are less complex,

less efficient, and shorter than those of dogs. However, contrary to

prior beliefs, there is no evolutionary competition between smell and

taste and vision; our sight has improved but our sense of smell re-

mains quite good and the blind do not have a better sense of smell

than the sighted. Although most mammals depend on orthonasal

smell, we humans mostly use retronasal smell. When we say some-

thing tastes good, in reality we mean that it smells good because most

“flavor” is actually retronasal smell. While retronasal smell is essential

for tasting, antegrade smelling is not.

Once odorized air enters the nose in antegrade or retrograde

directions, it reaches the cilia of the olfactory neurons where

about 1000 specific receptor proteins are present. Specific olfac-

tory receptor genes encode each protein. The discoverers of these

genes were awarded the 2004 Nobel Prize.4 Because humans can

see very well, we do not depend on smell too much. The develop-

ment of tricolor vision led to many olfactory receptor genes dis-

appearing.5 Humans can still differentiate about 10,000 smells,

but to name them all, you have to be an expert such as wine

connoisseur Robert Parker. The molecules for each smell have

individual chemical and physical configurations that allow them

to bind with specific receptors (the so-called “lock and key” con-

cept). Once the molecules bind, adenylate cyclase is stimulated,

and the result is an electrical impulse carried to the mitral cells

that reside in the olfactory bulbs and send axons to different parts

of the brain as follows:

● The piriform cortex is formed by the amygdala, uncus, and

parahippocampal gyrus and is involved in perception of smells.

● The entorhinal cortex is the anterior aspect of the parahip-

pocampal gyrus. Its function is to pair specific odors to specific

memories (remember that an abnormal sense of smell is typical

of Alzheimer and Parkinson disease).6,7

● The olfactory tubercle is located close to the nucleus accum-

bens; it is not directly involved in the perception of smells but

rather in reward behaviors associated with odors.

● The amygdala is involved in emotional and autonomic re-

sponses to odors.

A good sense of smell can make up for the loss of taste as

seen in the case of Chef Grant Achatz. Mr Achatz’s Chicago

restaurant, Alinea, now ranks as the sixth best in the world (it

also has been awarded 3 Michelin Stars). Mr Achatz developed

and neglected an oral cancer until it became stage 4, and rather

than losing his tongue, he decided to undergo chemotherapy,

radiation, and surgery.8 Although his cancer is in remission, he

lost his sense of taste (but not his sense of smell). I have eaten

at Alinea and can assure our readers that this handicap has not

affected the taste of the wonderful food he there designs and

prepares. The relationship between smell, taste, and the brain

is studied by a discipline called “neurogastronomy.”

Smells produce activation in specific olfactory bulb regions,

depending on their specific chemical compounds and timing. Ithttp://dx.doi.org/10.3174/ajnr.A3739
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seems that olfactory bulbs use mechanisms similar to our “visual

pattern recognition” to identify discrete smells. “Odor images”

refer to maps of olfactory bulb activity during olfaction. The

SenseLab Web site contains many of these maps obtained with

fMRI at 7T in animals (because the olfactory bulb contains neu-

rons, their activation may be mapped by fMRI as we commonly

do in the brain).9 Curiously, smell perception may occur after all

related brain areas are damaged, as long as the olfactory bulbs

remain intact.

Similar to the olfactory system, taste depends on the specific

recognition of different flavors by specific cells in the tongue.

We Westerners recognize 4 stimuli (salt, acid, sweet, and bit-

ter), while Asians can add Umami (savory or meatlike) to

these. Unlike the olfactory cells, taste does not get to the brain

directly but via the seventh, ninth, and tenth cranial nerves. It

is unclear whether stimuli traveling through these nerves com-

pete and complement each other, but the end of the road is the

insular cortex, where taste becomes a conscious activity. Weak

smells and taste are congruent with each other, and they add up

to recognizable flavors. Molecular cuisine, like that practiced

in Alinea, El Bulli, and other famous modernistic restaurants,

is based on the combination of noncongruent ingredients that

result in a new perception of flavors. For example, Adam Melo-

nas, a disciple of El Bulli’s Chef Ferran Adria, created the “Oc-

topop,” a lollipop made of sliced, orange-infused octopus.10 In

this dish, the strong retronasal smell of oranges mixed with the

texture of the octopus leads to sensory fusion and a greater

recruitment of brain regions needed to analyze what is in one’s

mouth, resulting in a totally new experience.

Chefs can only go so far because most tastes and smells have

strong emotional (hedonic) components that may render some

combinations repellent. Last year, my wife and I decided to eat at

Corton’s in New York and found ourselves disliking their ut-

terly strange combination of flavors. Sensory fusion overload

did us in, but what we disliked may have been pleasurable to

others, particularly individuals (supertasters) who may be able

to taste the individual components in a dish and enjoy them for

what they are. When aiming for sensory fusion, one needs exact

amounts of ingredients (that is why molecular cuisine is con-

sidered very close to chemistry). For example, add too much

capsaicin and this irritant suppresses the taste of all else in a

bite.

Although the title of this Perspectives refers to the equation

“smell � taste � flavor,” one must also add “mouth sense” to

make it correct. Mouth sense is important to taste and refers to

temperature, pain, touch, and pressure receptors inside the oral

cavity. These sensations are transmitted to the somatosensory

cortex via the trigeminal nerves. The cornerstones of molecu-

lar (also called modernistic) cuisine—foams, spheres, and

powders—rely on producing a flavor with a totally different

mouth sense to surprise us. Next, we must add vision to the

equation. Vividly colored food tastes and smells more intense

than bland colored food.a Conditioning also plays a role, and

if, for example, white wines are colored red, many tasters will

believe that they were given red wines. The last addition to the

equation is hearing. If we buy a cracker said to be “crispy,” it

must produce a sound of more than 5 kHz in our mouth for us

to perceive it as such. Carrots, which we expect to be

“crunchy,” produce a sound between 1 and 2 kHz.

In his book Neurogastronomy,11 Gordon M. Shepherd, a pro-

fessor of neurobiology at Yale University, refers to the “flavor

perception system.”b Professor Shepherd calls the other half of the

equation (emotion � memory � decisions � plasticity � lan-

guage � consciousness � flavor) the “flavor action system,” and

one system will not work without the other. Scientists who study

addictions (particularly drug and food ones), as well as neuro-

economists, are very interested in these systems. On the basis of

understanding both, the food industry has created the most ad-

dictive and universal food item: the French fry (buttery smell,

salty taste, crunchy feel and sound, and a vivid yellow color).

The industry also knows that children prefer sweet and salty

over sour and bitter. Colors do strange things to flavor and our

desire to eat. Orange and yellow are said to induce appetite and

thus are used in the décor of many fast food restaurants. Green,

brown, and red are the most used colors in the food industry

because they are the naturally occurring ones and we associate

them with nature and thus, health. Blue is linked to sweetness,

but it is not a natural food color and we tend to avoid food of

this color. Colors and taste have no relationship with nutri-

tional value. Smells cause strange sensations; who would have

imagined that the smell of pumpkin pie increases penile blood

flow?

As we age; our senses of smell and taste deteriorate, a find-

ing nearly universal after 60 years of age, and we are all familiar

with the consequences of adding too much salt or sugar to our

food. By 80 years of age, most individuals’ sense of smell is

significantly impaired (though women fare much better than

men). Cuisine for the elderly attempts to compensate for de-

creasing senses by making food more palatable. Regardless of

age, the flavor equation is complex, and I like to think of it as

follows:

(smell � taste � mouth sense � sight � sound) �

(emotion � memory � decisions � plasticity � language � con-

sciousness) � flavor.
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REVIEW ARTICLE

New Applications of Nanotechnology for Neuroimaging
G. Suffredini, J.E. East, and L.M. Levy

ABSTRACT

SUMMARY: Advances in nanotechnology have the potential to dramatically enhance the detection of neurologic diseases with targeted
contrast agents and to facilitate the delivery of focused therapies to the central nervous system. We present the physicochemical
rationale for their use, applications in animal models, and ongoing clinical trials using these approaches. We highlight advances in the use
of nanoparticles applied to brain tumor imaging, tumor angiogenesis, neurodegeneration, grafted stem cells, and neuroprogenitor cells.

ABBREVIATIONS: amyloid beta � A�; NO � nitric oxide; NOS � nitric oxide synthase; PBCA � poly(n-butyl cyanoacrylate); QDots � quantum dots; SPIO �
superparamagnetic iron oxide

Recent developments in nanotechnology have important im-

plications for central nervous system imaging. These include

pre- and intraoperative tumor imaging to facilitate accurate tu-

mor characterization and resection, imaging of therapeutic stem

cell delivery and viability in vivo, differentiation of pseudopro-

gression and pseudoresponse in antiangiogenic therapy for glio-

blastoma multiforme, detection of early stages of neurodegenera-

tion, and advances in immunoimaging of the central nervous

system. In this review, we will describe animal models, current

and ongoing clinical trials, as well as future directions and impli-

cations for this exciting field.

GOLD NANOCAGES AND PHOTOACOUSTIC IMAGING
Gold nanocages are a novel class of optically tunable nanopar-

ticles developed in the past decade.1 These nanoparticles are

highly porous, hollow, cube-shaped structures with edge length

measurements between 30 and 200 nm.2 Their surface plasmon

resonance peaks can be tuned to have maximal optical absorption

in the near-infrared spectrum. This spectrum is often referred to

as the optical window of biologic tissues because in this spectrum,

light attenuation by soft tissue and blood is low.3 Gold nanopar-

ticles have been actively investigated for their role as optical and

photoacoustic imaging contrast agents.4-7 The synthesis of gold

nanocages and control of their surface plasmon resonance peaks

has been reviewed.8

Photoacoustic tomography imaging is a hybrid technique that

combines optical and sonographic imaging modalities and de-

tects absorbed photons sonographically. This technique is based

on the photoacoustic effect, in which energy absorption in the

form of electromagnetic waves (optical and radio-frequency

waves) can generate transient acoustic signals in a medium.7 Op-

tical and radio-frequency waves are the preferred waveforms used

in photoacoustic imaging because they have more favorable prop-

erties, including deeper tissue penetration and higher absorption

by contrast agents compared with other wave forms.7 More im-

portant, photoacoustic tomography provides spatial-resolution

imaging at depths 50 times greater than optical imaging alone.2

Contrast agents such as gold nanocages can be tuned to have

enhanced absorptive properties in the near-infrared region,

which make them well-suited for photoacoustic imaging.5,9

Effective systemic delivery of nanoparticle contrast agents to

interstitial tumor tissue relies on passive targeting through the

enhanced permeability and retention effect.10 Unique features of

tumors that contribute to this passive targeting phenomenon are

an increased microattenuation of vessels with widened gap junc-

tions and deranged lymphatic drainage.10 Intracellular delivery of

nanoparticles can be achieved by linking to their surface antibod-

ies or ligands (ie, albumin, transferrin, folate, lipoproteins, man-

nose, and others) to enable internalization by receptor-mediated

endocytosis of the nanoparticle by specific targeted cells.11

Hollow gold nanospheres are effective photoacoustic con-

trast agents with the ability to depict brain blood vessels as

small as 100 um in diameter.5 Following a single dose in a

mouse model, the nanospheres had distribution half-lives near
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1.5 hours and elimination half-lives of nearly 71 hours and no

evidence of systemic toxicity.

A novel application of photoacoustic imaging using gold

nanocage contrast enhancement is accurate 3D imaging of brain

tumors. Currently, a major limitation to gadolinium-based con-

trast imaging of brain tumors is the inaccurate margins encoun-

tered intraoperatively due to the disruption of the blood-brain

barrier by surgery. Trimodal imaging by using MR imaging, Ra-

man, and photoacoustic imaging by gold nanocage contrast en-

hancement provided highly accurate tumor description in a mu-

rine model, including delineation of the tumor parenchyma

interface and microscopic tumor foci pre- and intraoperatively.6

These trimodal nanoparticles are composed of a 60-nm gold

core, directly covered by a Raman active layer (trans-1.2[4-pyri-

dyl]-ethylene). A 30-nm silica coating covers the Raman layer as a

protective layer and maleimide– gadolinium-tetra-azacyclodode-

canetetra-acetic acid is linked to the silica layer. These nanopar-

ticles accumulate in tumor via the enhanced permeability and

retention effect preoperatively and are available as contrast for

hours after the initial injection because of their long half-life. Be-

cause the contrast accumulates preferentially in tumor tissue and

does not redistribute during surgical disruption of the blood-

brain barrier, these contrast agents allow more precise tumor re-

section than resection with gadolinium-based contrast agents.6

EVALUATION AND VALIDATION OF ANTIANGIOGENIC
THERAPY
Antiangiogenic therapy has broad applications in cancer therapy,

and the angiogenesis inhibitor bevacizumab has been used in the

treatment of recurrent glioblastoma.12,13 Angiogenesis imaging is

important to identify patients who would benefit from antiangio-

genic therapies and to monitor treatment response. To date, there

have been no well-validated radiologic markers to serve these pur-

poses. Current assessment of tumor response via MR imaging is

complicated by the “pseudoresponse” phenomenon, in which the

treatment decreases the permeability of blood vessels giving the

radiologic appearance of decreased enhancement on T1-weighted

images, which may not reflect a true tumor response.14,15

Ferumoxytol is a superparamagnetic iron oxide (SPIO) nano-

particle that is approved for iron replacement therapy in patients

with chronic kidney disease.16 Ferumoxytol acts as a “blood pool”

agent, indicating that it is confined to the vascular compartment

for hours after administration and will not extravasate in the pres-

ence of a compromised blood-brain barrier. Ferumoxytol was

recently investigated for its potential superiority to gadolinium to

distinguish pseudoprogression from true tumor progression in

patients with glioblastoma multiforme by comparing relative ce-

rebral blood volume estimated from dynamic susceptibility-

weighted contrast-enhanced MR imaging. Ferumoxytol was sig-

nificantly more sensitive in detecting tumor progression and

differentiating pseudoprogression compared with gadolinium

(Fig 1).17 There are several clinical trials currently evaluating the

efficacy of ferumoxytol as an MR imaging contrast agent in eval-

uating brain malignancies (Table).

Other markers for targeted contrast agents include endothelial

surface adhesion molecules whose over-expression is associated

with vascular proliferation in tumor growth. The �v�3 integrin is

associated with neovascular proliferation and has been used as a

target to monitor angiogenesis.18-21 Optical imaging in the near-

infrared window (650 –900 nm) with a functionalized cyclic fluo-

rophore was recently shown to target overexpressed integrin re-

ceptors, enabling near-infrared fluorescent imaging of tumor

tissue and tumor margins in both murine and human glioblas-

toma models.22 Because low-grade gliomas also express low levels

of the �v�3 integrin receptor, this functionalized cyclic fluoro-

phore also has the potential to image low-grade gliomas.23 Cur-

rently, a clinical trial in the recruitment phase is investigating the

use of a functionalized cyclic fluorophore (IRDye800CW) conju-

gated to bevacizumab to determine its uptake and localization in

breast tissue, surrounding healthy tissue, tumor margins, and

lymph nodes.24

DETECTION OF NITRIC OXIDE
Nitric oxide is an inorganic gaseous molecule that is produced

from L-arginine by nitric oxide (NO) synthase. NO has a number

of physiologic functions related to neurotransmission and neo-

vascularization and may contribute to neurotoxicity associated

with tissue injury, apoptosis, and ischemia.25,26 It is important in

the generation of nitrotyrosine, which is implicated in the pro-

gression of Alzheimer disease and Parkinson disease.27 As such,

the detection of NO in biologic systems is an important area of

research.

Classic methods used for detecting nitric oxide include spec-

troscopic and fluorescent dyes that rely on the reaction of NO

with other molecules.28 A central limitation of these detection

methods is their inability to measure NO concentrations in 3D.

Multidimensional in vivo NO monitoring has been achieved by

using amperometric trimethylsilane conjugated platinum nano-

disks.29,30 This nanoscale sensor method was able to detect NO-

producing neurons in a mouse model and was validated by im-

munohistochemistry (Fig 2). Although this method requires long

acquisition times (�100 minutes) and is limited to surface scan-

ning, it has the potential to correlate NO production and disease

states for diagnostic purposes in humans.

Positron-emission tomography imaging of endotoxin-in-

duced nitric oxide synthase activation in the lungs of healthy vol-

unteers is currently under investigation.31 In this investigation

[18F](�) nitric oxide synthase (NOS) is the radioactive drug that

targets inducible nitric oxide synthase. Alternative investigations

may seek to target the delivery of radioactive imaging agents such

as [18F](�)NOS to the CNS in patients who have Alzheimer dis-

ease, Parkinson disease, and other degenerative neurologic con-

ditions in which nitric oxide is thought to play a central role in

neural toxicity. Such an experiment could involve the delivery of

agents such as [18F](�)NOS in a vehicle such as poly(n-butyl

cyanoacrylate) (PBCA) nanoparticles coated with the surfactant

polysorbate 80 PBCA that would bypass the blood-brain barrier.

STEM CELL TRACKING WITH MR IMAGING
Regenerative therapy by using adult neuronal stem cells may have

therapeutic potential in neurodegenerative,32 ischemic,33 and

traumatic34 brain injuries as well as systemic diseases such as di-

abetes.35 Adult neurogenesis is restricted to the subgranular zone

of the hippocampal dentate gyrus and to the subventricular zone
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adjacent to the lateral ventricles.36 Current methods for neuronal

regeneration include the use of scaffolds,37 transcription fac-

tors,38 or direct stem cell implantation.39 Noninvasive in vivo

imaging of these stem cell– based therapies is important to guide

treatment as well as to evaluate the therapeutic effect in animal

models and, eventually, patients.

MR imaging is well-suited for this goal and has been shown to

be safe and effective in clinical trials tracking cells labeled with

superparamagnetic iron oxide nanoparticles.40 The SPIO nano-

particles are biocompatible and are degraded through the normal

iron metabolism mechanisms in the body.41 Clinical trials based

on this approach include labeling and tracking of dendritic cells in

immunotherapy of melanoma, autologous neural stem cells in

traumatic head injury, bone marrow stem cells in chronic spinal

cord injury, and cadaveric islet cells infused intraportally in the

liver.40

The utility of SPIO nanoparticles for long-term in vivo cell

tracking was investigated in allogeneic neural stem cell transplants

performed in wild type (graft rejecting) BALb/c and immunode-

ficient (graft accepting) Rag2 mice.42 SPIO-loaded neural stem

cells were implanted in the corpus callosum of both sets of mice,

and the progenitor cells were allowed to grow for 95 days while

being monitored by MR imaging, immunohistochemistry, and

bioluminescence.

The rate of MR signal decline defined 2 populations of cells.

The early disappearance of the MR signal was associated with cell

proliferation, thus diluting the amount of contrast per cell. The

prolongation of the MR signal was associated with cell death and

FIG 1. Dynamic susceptibility contrast MR imaging comparing gadoteridol and the iron oxide nanoparticle ferumoxytol in the evaluation of
treatment response to standard radiochemotherapy for glioblastoma multiforme. RCT indicates regression after radiochemotherapy. T1-
weighted MR imaging before (A, E, and I) and after (B, F, and J) gadoteridol (Gd) administration. A and B, MR imaging after surgery but before RCT
demonstrates an area of enhancement in the right temporal lobe (arrow). Relative cerebral blood volume (rCBV) in the enhancing area was lower
on the Gd-rCBV parametric map (C) compared with the ferumoxytol (Fe)-rCBV map (D) (bold arrow). E and F, MR imaging after completion of
RCT revealed decreased enhancement (F, arrow) with low rCBV on Gd-rCBV (G) and Fe-rCBV parametric maps (H) (arrow). I and J, MR imaging
14 months after completion of RCT showed resolution of enhancement. K, First-pass time-intensity curves of the perfusions in C and D
demonstrate postbolus increasing signal above the baseline when Gd was used, while ferumoxytol postbolus signal intensity is below the
baseline and remains stable. Reprinted from IntJ Radiat Oncol Biol Phys, Volume 79(2):514 –23, Gahramanov S, Raslan AM, Muldoon LL. Potential
for Differentiation of Pseudoprogression From True Tumor Progression With Dynamic Susceptibility-Weighted Contrast-Enhanced Magnetic
Resonance Imaging Using Ferumoxytol vs. Gadoteridol: A Pilot Study. Copyright 2011, with permission from Elsevier.
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phagocytic contrast retention. The authors of the study note that

this finding was unexpected and may be related to the cell line

used or the method of stem cell implantation (eg, direct implan-

tation into the parenchyma or via the CSF). Thus, although short-

term in vivo SPIO-labeled cell imaging is considered accurate, the

long-term accuracy of SPIO-labeled cell imaging is complex and

the authors of this study suggested that it be used only if the

viability of the implanted cells is known.

A clinical trial pilot study is currently under investigation to

assess the utility of MR imaging in tracking intravenously deliv-

ered SPIO-labeled stem cells in healthy human volunteers for pe-

riods of up to 1 week.43

NONINVASIVE DETECTION OF NEURAL PROGENITOR
CELLS IN LIVING BRAINS BY MR IMAGING
Pericytes are a source of adult multipotent progenitor cells44 lo-

cated in the central nervous system between the inner and outer

vascular basement membrane of CNS capillaries, and they func-

tion in the regulation of brain capillary blood flow, angiogenesis,

and blood-brain barrier maintenance.45-47 Recently, noninvasive

imaging of neural progenitor cells during angiogenesis was dem-

onstrated in a bilateral carotid artery occlusion murine model by

using gene transcript–targeted MR imaging contrast agents. In

this ischemic brain injury model, SPIO nanoparticles, modified

with micro DNA targeting actin and nestin messenger ribonucleic

acid (the latter uniquely expressed by pericytes), were adminis-

tered to mice after bilateral carotid artery occlusion to image ves-

sel formation by the detection of cerebral pericytes.48 The dual

gene transcript–targeted MR imaging successfully identified peri-

cytes in living brains. Angiogenesis is dysregulated in several dis-

ease states including Alzheimer disease49 and diabetes mellitus,50

and the ability to image CNS pericyte activity in vivo may allow

real-time longitudinal monitoring of angiogenesis in these disease

states.

ENHANCED BRAIN DELIVERY OF BLOOD-BRAIN BARRIER
IMPERMEABLE PROBES FOR OPTICAL AND MR IMAGING
Polymeric nanoparticles describe both nanospheres and nano-

capsules. These are sphere-like structures composed of biode-

gradable polymers, and they contain a payload delivery confined

to a central cavity51 or dispersed within a matrix, respectively (Fig

3).52 Nanoparticles composed of poly(n-butyl cyanoacrylate)

coated with the surfactant polysorbate 80 can bypass the BBB by

binding to apolipoprotein E followed by adhesion and receptor-

mediated transcytosis via the low-attenuation lipoprotein recep-

tor present on BBB endothelial cells.53,54 This phenomenon has

the potential to allow in vivo molecular imaging. Studies describ-

ing nanocarriers traversing the BBB have, in large part, relied on

postmortem analysis; however, recently the delivery of BBB im-

permeable molecular imaging contrast agents for in vivo micros-

copy and MR imaging has been performed.55 In this study, the

delivery of a series of compounds known not to cross the BBB in

their native state, including a DNA-binding dye bisBenzimide

used to monitor neuronal nuclei; Texas red dextran, a targeted

probe for imaging lesions characteristic of Alzheimer disease; and

tryptan blue, a plaque-binding red fluorescing diazo dye, were

delivered intravenously as 2 formulations: native species and en-

capsulated in polysorbate 80 – coated PBCA nanoparticles. Each

compound was found to traverse the BBB when encapsulated in

polysorbate 80 – coated PBCA nanoparticles and was found not to

traverse the BBB when delivered in native form. Furthermore,

the delivery of gadolinium-based MR imaging contrast agents

Application of ferumoxytol as an MR imaging contrast agent in evaluating brain malignancies
Study Title Phase Clinical Trial Description

Imaging vascular properties of pediatric brain
tumors using ferumoxytol and gadolinium in a
single imaging session; an NCI-sponsored
exploratory trial (code 7228) (NCT00978562)73

0 To assess the safety and effectiveness of
ferumoxytol in improving the ability to image
pediatric brain tumors

MRI using ferumoxytol in patients with primary
brain cancer or brain metastases from lung or
breast cancer; an NCI-sponsored
multidisciplinary study (NCT00103038)74

2 Characterization of vascular properties of tumors
in the CNS using ferumoxytol for dynamic-
susceptibility contrast MRI to compare with
those obtained using a gadolinium-based
contrast agent for dynamic contrast-enhanced
imaging in a single MR imaging session; imaging
properties will be assessed longitudinally with up
to 6 imaging sessions for 2 years

Magnetic resonance (MR) imaging study using ferumoxytol to assess
early tumor response in patients with
glioblastoma multiforme (code 7228)
(NCT00660543)75

1 Evaluating the ability of ferumoxytol to assess
effective early treatment response in
glioblastoma multiforme using dynamic
perfusion, BBB permeability measurement

Ferumoxytol and gadolinium magnetic resonance
imaging (MRI) at 3T and 7T in patients with
malignant brain tumors (NCT00659126)76

2 Comparing dynamic perfusion, BBB permeability
measurement in 2 different magnetic fields
(3T and 7T) in the evaluation of brain tumors;
gadolinium and ferumoxytol will be used as
contrast agents

Assessing dynamic magnetic resonance (MR) imaging in patients with
recurrent high grade glioma receiving
chemotherapy (code 7228) (NCT00769093)77

1 Evaluation of imaging changes induced by
bevacizumab with dexamethasone in patients
with high-grade glioma

MR, histologic and EM imaging of intravenous
ferumoxytol in central nervous system (CNS)
inflammation (NCT00659776)78

2 Evaluation of the safety and efficacy of
ferumoxytol
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encapsulated in polysorbate 80 – coated PBCA nanoparticles

enhanced brain delivery of the contrast agent several hundred-

fold compared with delivery of free gadolinium, indicating the

future possibility of targeted MR imaging contrast agents into

the brain.

NANOBODIES
Nanobodies are a class of antibodies initially discovered in serum

of the camel species Camelus dromedarius. They consist of heavy

chains only and have desirable features such as small size, de-

creased immunogenicity, and high binding affinities.56 Nano-

bodies have been designed for use in cancer therapy,57,58 antiven-

oms,59 inflammatory conditions,60 and immunoimaging.60-64

Nanobodies can detect vascular and pa-

renchymal amyloid beta (A�) deposits

in vivo to differentiate cerebral �-amy-

loid indicative of Alzheimer disease and

vascular A� plaques associated with ce-

rebral amyloid angiopathy.65

With the transgenic Alzheimer Dis-

ease Cerebral Amyloid Angiopathy

(AD/CAA) mouse model, 2 distinct A�

targeting nanobodies, ni3A and pa2H,

were administered to evaluate their abil-

ity in vivo to differentially detect vascu-

lar or parenchymal amyloid-� deposits

and their ability to cross the blood-brain

barrier. In vivo specificity for A� was eval-

uated in this mouse model by direct topi-

cal application or intracarotid coinjection

with mannitol with a fluorescently labeled

nanobody. The in vivo murine models

showed that both ni3A and pa2H had af-

finity for parenchymal and vascular de-

posits. However, in vitro topical applica-

tions to human brain tissue of patients

with AD/CAA showed ni3A to specifically

target only vascular A�.

Although there are specific active

transport mechanisms known to be in-

volved in the transport of nanobodies

across the blood-brain barrier,66 the

nanobodies in this study were observed

to have a limited ability to cross the BBB.

Limited in vivo BBB passage was postu-

lated by the authors to be due to low

concentrations of nanobodies, low cir-

culation time, or possibly a paucity of

active transport receptors involved in

BBB transport in this mouse model.65

Future methods, such as nanobodies en-

capsulated in polysorbate 80 – coated

PBCA nanoparticles, could be used to

increase in vivo BBB passage.

QUANTUM DOTS
Quantum dots (QDots) are 10- to 20-nm

nanoparticles that consist of semiconduc-

tor material surrounded by a polymer

shell. The polymer shell can then be functionalized; this process al-

lows the linking of any number of biologically relevant molecules

(oligopeptides, antibodies, and so forth) to the surface. These func-

tionalized quantum dots have had applications in cellular imag-

ing,67,68 protein detection,69 and cancer immunology.70 Because of

their unique charge-carrying abilities, QDots possess molar extinc-

tion coefficients 10–50 times greater than typical organic dyes and

are also up to 20 times brighter.71 Additionally QDots have decreased

rates of photobleaching, which lends them to being well-suited for

biologic imaging.

By varying the semiconductor material contained within

quantum dot nanoparticles, one can manipulate the wavelength

FIG 2. Real-time in vivo nitric oxide imaging with corresponding immunohistochemical analysis
of neuronal NO synthase immunoreactive (nNOS-IR) cells. In vivo NO measurements and immu-
nohistochemical analysis of nNOS-IR cells. A, A NO concentration image acquired over the
cortical surface of a 600 � 500 �m2 region. Higher NO concentrations are shown in lighter color,
whereas lower NO concentrations are shown as a darker red. B, A thresholded image of A. The
highest 10% NO concentrations of the entire concentration range are illustrated in white, whereas
the other lower concentrations are in red. There are 5 distinct sections with high NO concentra-
tions (labeled 1–5). C, A confocal microscopy image of nNOS-IR cells. The locations of yellow-
circled cells are well-matched with the sites exhibiting relatively high NO concentrations in A. D,
Five distinct nNOS-IR cells are plotted on the basis of the location information in the x- and
z-axes. Each gray-scaled bar represents a corresponding single nNOS-IR cell. The color of each bar
reflects the intensity of immunoreactivity (ie, darker color indicates strong immunoreactivity).
The highest NO concentration measured in each section (labeled 1–5) is plotted as a function of
E, the corresponding nNOS- IR cell size; the vertical cell location (depth) (F); and the immunore-
activity intensity of the cell (G) in the confocal image. E–G, The NO concentration means the
highest NO level within each localized site. The NOS-IR cell size means the largest diameter of each
cell observed in the confocal image. The cell location in depth means the vertical distance from the
cortical upper surface to the cell center position. The inversion recovery intensity means the highest
fluorescence intensity measured by confocal microscopy within each cell. Reprinted with permission
from Jo A, Do H, Jhon GJ, et al. Electrochemical nanosensor for real-time direct imaging of nitric oxide
in living brain. Anal Chem 83:8314-19. Copyright 2011, American Chemical Society.
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that is emitted on excitation to skew emissions to the near-infra-

red portion of the electromagnetic spectrum. This region is opti-

mal for deep-tissue imaging due to the optical characteristics of

biologic tissue.3

Recently, a quantum dot fluorescent probe designed to target

the epidermal growth factor receptor was evaluated for its ability

to differentiate tumor cells from normal brain parenchyma in

tumor biopsies of low-grade glioma.72 In this study, quantum

dots were conjugated to epidermal growth factor as well as mono-

clonal antibodies directed against the epidermal growth factor

receptor and were evaluated for their ability to differentiate nor-

mal brain parenchyma from human glioma ex vivo (Fig 4). Tu-

mor cells could be visualized from the macroscopic level, and this

result indicated that quantum dot–targeted fluorescent probes

could be used intraoperatively to assist in discerning tumor tissue

from normal parenchyma in the resection of low-grade gliomas.

CONCLUSIONS
Nanotechnology is an exciting and burgeoning field that will

greatly impact medical diagnostics and therapeutics across many

medical specialties in the coming age of personalized and targeted

medicine. These impacts will likely be seen in areas of stem cell

therapy, immunoimaging and immunotherapy, enhanced pre-

and intraoperative brain tumor characterization, and targeted

payload delivery to the CNS.

The clinical development of neural stem cell therapies will

require accurate tracking of their in vivo location and viability.

SPIOs appear well-suited for this need. The delivery and monitor-

ing of therapeutic stem cells is likely to play an important role for

interventional and diagnostic radiologists in the treatment of au-

toimmune and degenerative diseases, including diabetes, multiple

sclerosis, Parkinson disease, Alzheimer disease, amyotrophic lat-

eral sclerosis, and spinal muscle atrophy.

Nanobodies are less immunogenic than monoclonal antibod-

ies, are easy to produce, and can cross the BBB by their own

unique mechanisms, opening up numerous opportunities for im-

munoimaging of the CNS and expanding the role of radiologists

in molecular-based diagnostics of the CNS.

The pre- and intraoperative imaging of brain tumors with

multifunctional nanoparticles combining photoacoustic, Raman,

and MR imaging and/or QDots may facilitate more accurate tu-

mor characterization and resection. Furthermore, ferumoxytol, a

blood pool agent, has shown great potential in distinguishing

pseudoprogression and pseudoresponse from true tumor pro-

gression and true treatment response in glioblastoma.

FIG 3. Schematic representation of the structure of a nanocapsule
and a nanosphere. This research was supported by the Intramural
Research Program of the National Institute of Neurologic Disor-
ders and Stroke at the National Institutes of Health. The image is in
the public domain and credited to the National Institutes of
Health/Department of Health and Human Services.

FIG 4. MR imaging and quantum dot (QD)-probe digital macroimages from glioblastoma multiforme, grade IV biopsy. Example of QD targeted
to epidermal growth factor receptor (EGFR) to discriminate tumor tissue from normal parenchyma at the margin of a resected glioblastoma
multiforme. A, T1-weighted MR axial image shows gadolinium-positive signal. B–E, Digital macrophotographic images of ex vivo stained biopsies
from the resected tumor and adjacent brain tissue stained with targeted QD probes obtained with the same magnification and the same
exposure times. B, Tumor tissue 625QDStAv-biotin-MAb528 EGFR staining. C, 625QDGAMIG-MAb 199.12 EGFR staining. D, Adjacent brain
625QDStAv-biotin-MAb528 EGFR staining. E, Invading tumor tissue, 625QDStAv-biotin-MAb528 EGFR staining. Excitation, 365 nm; emission,
�450 mm; objective, 5X numeric aperture 0.15; bar 1 mm. Note that D serves as the control for B (ie, stained with the same probes under identical
conditions). (Copyright © 20l0 Kantelhardt al.72)
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The ability to accurately bypass the BBB with PBCA nanopar-

ticles coated with polysorbate 80 and to deliver a payload such as

a contrast agent or drug is no doubt an important and unique

feature of nanobased applications that yields myriad possibilities

for future treatment and imaging of the CNS.
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REVIEW ARTICLE

High WSS or Low WSS? Complex Interactions of Hemodynamics
with Intracranial Aneurysm Initiation, Growth, and Rupture:

Toward a Unifying Hypothesis
H. Meng, V.M. Tutino, J. Xiang, and A. Siddiqui

ABSTRACT

SUMMARY: Increasing detection of unruptured intracranial aneurysms, catastrophic outcomes from subarachnoid hemorrhage, and risks
and cost of treatment necessitate defining objective predictive parameters of aneurysm rupture risk. Image-based computational fluid
dynamics models have suggested associations between hemodynamics and intracranial aneurysm rupture, albeit with conflicting findings
regarding wall shear stress. We propose that the “high-versus-low wall shear stress” controversy is a manifestation of the complexity of
aneurysm pathophysiology, and both high and low wall shear stress can drive intracranial aneurysm growth and rupture. Low wall shear
stress and high oscillatory shear index trigger an inflammatory-cell-mediated pathway, which could be associated with the growth and
rupture of large, atherosclerotic aneurysm phenotypes, while high wall shear stress combined with a positive wall shear stress gradient
trigger a mural-cell-mediated pathway, which could be associated with the growth and rupture of small or secondary bleb aneurysm
phenotypes. This hypothesis correlates disparate intracranial aneurysm pathophysiology with the results of computational fluid dynamics
in search of more reliable risk predictors.

ABBREVIATIONS: CFD � computational fluid dynamics; ECM � extracellular matrix; WSS � wall shear stress

Intracranial aneurysms are pathologic outpouchings of the

arterial walls. An estimated 5%– 8% of the general popula-

tion harbors intracranial aneurysms,1 though the exact preva-

lence is unknown because most are asymptomatic. Aneurysm

rupture is the most common cause of nontraumatic subarach-

noid hemorrhage, a devastating event that carries high rates of

mortality, morbidity, and disability, as well as high health care

costs. Despite significant improvement in the clinical care of

patients with subarachnoid hemorrhage, one-quarter still die,

while roughly half of the survivors live with persistent neuro-

logic deficits.2 The estimated annual cost for hospitalized pa-

tients with unruptured intracranial aneurysms in the United

States is $522,500,000, and $1,755,600,000 for patients with

subarachnoid hemorrhage.3 Recent advancements and in-

creased use of neurovascular imaging have augmented detec-

tion of asymptomatic unruptured intracranial aneurysms, am-

plifying pressure on clinicians to decide which unruptured

aneurysms to treat. This decision is not taken lightly because

an overwhelming majority of intracranial aneurysms will not

rupture,1 while both endovascular and microsurgical treat-

ments carry the risk of associated morbidity and mortality.

Consequently, there is a real need for objective aneurysm rup-

ture risk assessments that could reliably predict those at high-

est risk and subsequently select only them for intervention.

To this end, investigators have tried to identify aneurysmal

characteristics that are associated with intracranial aneurysm

growth and rupture. Hemodynamics is one of most widely ac-

cepted factors contributing to aneurysm pathophysiology, play-

ing a fundamental role in the mechanisms of initiation, growth,

and rupture.4-9 Recent studies using image-based computational

fluid dynamics (CFD) modeling and statistical analyses have

identified connections between the hemodynamic properties of

intracranial aneurysms and the likelihood of their growth and

rupture.5,9 Such findings have highlighted the exciting possibility

that aneurysmal hemodynamics may provide objective metrics to

improve rupture risk stratification.

The “High-versus-Low WSS” Controversy
A number of engineering and computational researchers have

published CFD studies associating specific hemodynamic param-

eters with intracranial aneurysm growth and rupture.5,7-14 While
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clinicians welcome such effort, the growing number of proposed

parameters remains inconsistent and confusing.15-17 The most

highlighted and controversial parameter has been wall shear stress

(WSS), the frictional force exerted by the flowing blood tangen-

tially on the vessel lumen. Both high and low aneurysmal WSS

have been separately correlated with intracranial aneurysm

growth and rupture.16 This controversy is highlighted by findings

presented in Fig 1.

Presently, it is unclear whether the “high-versus-low WSS”

controversy stems purely from study limitations, such as skewness

due to small sample sizes, inconsistent parameter definitions,

flawed experimental design, variability in assumptions and com-

promises in CFD, or from the inherent complexity and heteroge-

neity of intracranial aneurysm growth and rupture mecha-

nisms.16,17 How high WSS and low WSS might be involved in

aneurysm development remains unclear because the biologic mech-

anisms underlying growth and rupture and their interaction with

hemodynamics have not been clearly elucidated. In this review, we

provide a novel view of aneurysm development and a unified hy-

pothesis regarding the mechanistic role of both high and low WSS in

intracranial aneurysm growth and rupture.

Relationship between
Hemodynamics and Aneurysm
Development

Aneurysm Development Is a 3-Way
Interactive Process Driven by Hemo-
dynamics. In clinical practice, aneurys-

mal geometry (especially size and as-

pect ratio) has been the principal

parameter used to gauge the rupture

likelihood of intracranial aneurysms.18

However, hemodynamics provides me-

chanical triggers that are transduced into

biologic signals leading to this geometric

evolution. Aneurysmal geometry and he-

modynamics are mutually causal: Geom-

etry instantaneously determines flow

conditions, while flow drives aneurysm

remodeling/growth through pathobiol-

ogy, thereby determining future geome-

try (ie, enlargement and shape change).

As this process continues, an intracranial

aneurysm will either grow until homeo-

stasis (stability) is reached or until its wall

strength can no longer withstand the he-

modynamic stress, in which case rupture

occurs. This is best illuminated by a trian-

gular relationship among geometry, flow,

and pathobiology (Fig 2A).

As illustrated in Fig 2A, hemodynam-
ics interacts with the aneurysm wall
through blood flow (WSS and blood
pressure). Pressure elicits tensile stresses
in the wall, which are felt by vascular mu-
ral cells, namely smooth muscle cells and
fibroblasts. Under unbalanced stresses,
these mural cells can regulate collagen dy-

namics by cross-linking and synthesizing new collagen and de-
grading old collagen.19 Meanwhile, endothelial cells lining the
vessel lumen sense changes in WSS from blood flow and trans-
duce these mechanical signals into biologic signals, activating
pathways to maintain vascular homeostasis.20 Through endothe-
lial cell-mediated biology, WSS not only regulates vascular tone
but also drives vascular remodeling under sustained deviations
from physiologic baselines.19 Pathologically high or low WSS and
certain spatiotemporal patterns of its variation can potentiate en-
dothelial cells to pathologic responses and aberrant functions.
Presently, it is known that abnormal WSS drives endothelium-
mediated proinflammatory responses,21 matrix metalloprotei-
nase activation,22 cell death,23 extracellular matrix (ECM) degra-
dation, and vascular remodeling.4,24,25

Hemodynamics Plays a Critical Role in Intracranial Aneurysm
Pathogenesis. A cerebral aneurysm is defined as a local outpouch-

ing of an intracranial artery exhibiting internal elastic lamina loss,

tunica media thinning, and ECM degradation23 and can either be

saccular or fusiform. The pathogenesis of fusiform aneurysms, with

some exceptions,26 is closely related to atherosclerosis.27 Because a

FIG 1. Examples of aneurysm growth (A and B) and rupture (C and D) correlated with high wall
shear stress and low WSS. A, In a serial study consisting of a baseline and 4 follow-ups, Acevedo-
Bolton et al10 found that the maximal growth region (1) of a giant basilar fusiform intracranial
aneurysm consistently had the lowest WSS. B, Sugiyama et al13 reported 2 adjacent growing
aneurysms, with different hemodynamic characteristics and growing patterns in 1 patient. The
proximal growing aneurysm (2) was subjected to local high flow in the growing lobe, while the
distal aneurysm (3) was associated with low and oscillatory WSS in the entire aneurysm sac. C, From
multivariate statistical analysis of 119 aneurysms, Xiang et al5 found that intracranial aneurysm rupture
could be predicted by low WSS and high oscillatory shear index. D, Castro et al11 found, from analysis
of 26 aneurysms, that intracranial aneurysm rupture was correlated with high maximum WSS. Images
were adapted with permission from the cited references.
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vast majority (�80%) of intracranial aneurysms are saccular,28 we

will focus our discussion on this type of aneurysm.

The natural history of saccular intracranial aneurysms consists

of 3 phases: initiation, growth, and either stabilization or rupture,

with only a small minority of aneurysms ever progressing to rup-

ture.1 Intracranial aneurysm formation is the result of the inter-

action between the arterial wall and hemodynamic forces.29 The

cerebral vasculature is intrinsically prone to the effects of he-

modynamic forces due to the lack of external elastic lamina,

medial elastin, and supporting adventitial and perivascular tis-

sues.30,31 Moreover, cerebral arteries display structural irregu-

larities at bifurcation apices, typical sites for saccular intracra-

nial aneurysms.32 These factors make such locations prone to

insults by hemodynamic stresses and subsequent internal elas-

tic lamina damage and aneurysm formation.33

Recent studies in animal models have elucidated the pivotal

role of hemodynamics in intracranial aneurysm initiation.25,34-38

Flow acceleration adjacent to impingement points at bifurcations

produces a complex hemodynamic environment of high WSS and

a positive WSS gradient along the flow,4,37 which, through endo-

thelium-mediated mechanotransduction, can initiate cascades of

biochemical signals within the vessel wall and trigger aneurysm

initiation.4,25,39 In a hemodynamics-only model of intracranial

aneurysm initiation, Metaxa et al4 demonstrated that aneurysm

initiation occurs when high WSS and positive WSS gradient ex-

ceed a certain threshold. This insult leads to local internal elastic

lamina loss, media thinning, and bulge formation,4,25,36 the ear-

liest signs of intracranial aneurysm formation.

Prior to the initial aneurysmal damage
triggered by hemodynamics, the cerebral
vasculature may have already been weak-
ened by various acquired (eg, cigarette
smoking and hypertension)40,41 or inher-
ited risk factors (eg, polycystic kidney dis-
ease).1 These factors compromise the
ability of the cerebral vasculature to tol-
erate and properly adapt to hemody-
namic insult,39 most likely by lowering
the threshold for the onset of pathologic
responses.42,43 Certainly, variations in
hemodynamics and different risk factors
among different individuals contribute to
the heterogeneity of the disease.

Many studies have tried to incorpo-
rate various aneurysm risk factors such as
hypertension, decreased collagen cross-
linking, and estrogen deficiency into ani-
mal models.34,44,45 In general, these stud-
ies have found that aneurysm progression
starts with initial endothelial cell re-
sponses45 and smooth muscle cell pheno-
typic modulation, after which an escalat-
ing inflammatory response may be
provoked, accompanied by ECM remod-
eling and degradation and cell death.46

These studies demonstrated that after in-
tracranial aneurysm initiation, inflam-
mation may play an important role in an-

eurysm progression (eg, inflammatory infiltrates produce matrix

metalloproteinases, leading to wall degradation).34 These animal

models demonstrated aneurysm development only when a hemo-

dynamic insult was also applied. This reaffirms the conclusion

that hemodynamic insult is necessary for intracranial aneurysm

genesis.

Aberrant Hemodynamics Can Disrupt Balance and Drive Intracra-
nial Aneurysm Growth and Rupture. Aneurysm growth is dic-

tated by the interplay between the local hemodynamic-biome-

chanical environment and aneurysm pathobiology. In the

aneurysm wall, there are coincident and concurrent eutrophic

changes (cell proliferation and ECM production) and destructive

changes (cell death and ECM degradation) ongoing throughout

the natural history of the intracranial aneurysm (Fig 2B).23 When

these 2 processes are balanced, the intracranial aneurysm remains

stable; when the balance is disrupted, it may rupture. Clearly,

aneurysm growth and rupture requires a disruptive agent. We

believe that aberrant hemodynamics, chiefly through abnormal

WSS, is a major disruptive agent. As illustrated in Fig 2B, intra-

cranial aneurysm growth and rupture occur when aberrant he-

modynamics cause destructive changes to outweigh eutrophic

changes, making the aneurysm wall increasingly weaker and

prone to rupture.23

Different Manifestations of Intracranial Aneurysms. Intracranial

aneurysm lesion presentation is highly heterogeneous in almost

every observable metric (Fig 3). Three principal aneurysm pheno-

FIG 2. How hemodynamics plays into intracranial aneurysm dynamics. A, Three-way relation-
ship of aneurysmal geometry, flow, and pathobiology. Flow exerts mechanical forces on the
vessel wall, eliciting cell-mediated biologic pathways. Sustained changes in flow (thus WSS and
pressure) lead to remodeling of the wall, resulting in aneurysm geometry change. In turn, geom-
etry determines the flow, which could drive further biologic processes. B, The balance between
growth/repair and degradation/destruction results in aneurysm stability. Aberrant hemody-
namics disrupts the balance and amplifies degradation and destruction mechanisms, leading to
enlargement and rupture of aneurysm.
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types have been reported from intraoperative observation of un-

ruptured intracranial aneurysms.47-49

The first types are small aneurysms (�4 mm) with uni-

formly thin, smooth, hypocellular, translucent walls, through

which reddish blood flow can be visualized at the time of sur-

gical clipping. We refer to these as type I aneurysms (an exam-

ple is seen in Fig 3A). The second types are entirely thick-

walled large aneurysms (�10 mm), with an irregular surface

on which whitish/yellowish atherosclerotic plaques obstruct

the visualization of blood. We refer to these as type II aneu-

rysms (an example is seen in Fig 3D). The third types are me-

dium-sized aneurysms with a combination of thin- and thick-

walled characteristics in different regions47,49 or with

intermediate wall thickness.50 We refer to these as a combina-

tion type (examples are seen in Fig 3B, -C). According to Ka-

dasi et al,50 the distribution of these 3 phenotypes in unrup-

tured aneurysms is 27%, 8%, and 65% for types I and II and the

combination type, respectively.

Histologic analyses of both unruptured and ruptured aneu-

rysm specimens from autopsy studies have mirrored such pheno-

typical classification:50-54 Small intracranial aneurysms (�10

mm) have a higher rate (48%) of having thin, transparent, and

hypocellular walls; absent smooth muscle cells, and inflammatory

cells.53,54 Large intracranial aneurysms (�10 mm) have a low rate

(6%) of thin-walled regions but a high rate of thick walls with

atherosclerotic changes, proliferation of smooth muscle cells, and

inflammatory cells.51-54

These data suggest that intracranial aneurysm phenotypes ex-

ist on a spectrum: At one extreme is the small thin-walled pheno-

type (type I); at the other extreme is the large thick-walled pheno-

type (type II); and in between is a continuum representing an

amalgamation of these 2 basic types. The recognition of different

phenotypes in both incidentally discovered and ruptured aneu-

rysms suggests that there may be a variety of nonconvergent he-

modynamic-biologic pathways involved in the natural history of

intracranial aneurysms.

Rupture Potential versus Rupture Event. Certainly, intracranial

aneurysm rupture has been associated with intense physical activ-

ities and accompanying high blood pressure.55 Large elevations in

mean arterial blood pressure during such activities can increase

aneurysm wall tension to a level that leads to rupture.55 An in-

creased heart rate during physical exertion and emotional excite-

ment have also been suspected of contributing to rupture,56 pos-

sibly through the increased frequency of cyclic stretching, which

leads to hastened fatiguing of the wall.57

Why only some aneurysms are subjected to such catastrophe

through routine activities is related to the vulnerable condition of

their wall. Before rupture, the wall may have biologically remod-

eled and deteriorated with time,33 decreasing the wall strength to

such a level that normal physical exertion could generate enough

pressure to push the wall tensile stress over the limit (ie, exceeding

the wall strength),33 rupturing the wall. Therefore, while the rup-

ture episode itself is triggered by temporary pressure and/or fre-

quency surge and wall failure, the predisposition of an intracra-

nial aneurysm wall to rupture is due to biologic degradation,

mediated by the interaction between hemodynamics and patho-

biology with time.

A Unifying Hypothesis
Understanding the nature and origin of the high-versus-low WSS

controversy is important in developing quantitative guidance for

physicians to make better intracranial aneurysm treatment deci-

sions.15,16 Currently, the source of such heterogeneous findings

remains elusive.16,17 Here, we speculate that this heterogeneity

may reflect the inherent complexity of natural history of intracra-

nial aneurysms and the diversity of growth and rupture mecha-

nisms. Understanding the biologic processes activated by differ-

ent hemodynamic conditions, such as high and low WSS, may

shed light on possible mechanisms that lead to intracranial aneu-

rysm growth and rupture.

To address the conflicting CFD findings, we draw on the cur-

rent understanding of hemodynamically induced pathobiologic

FIG 3. Heterogeneity of saccular aneurysms as a spectrum from type I (A) to type II (D) with various intermediate or combination types in
between (B and C). A, A small thin-walled, entirely translucent aneurysm (type I). B, A mostly thin-walled aneurysm with some thicker-walled
patches. C, A mostly thick-walled aneurysm with a few thin-walled patches. D, An aneurysm with an entirely thick, atherosclerotic wall (Type II).
Images adapted with permission from Kadasi et al 2012.50

AJNR Am J Neuroradiol 35:1254 – 62 Jul 2014 www.ajnr.org 1257



responses in better described vascular pathologies in the literature

(the pathogenesis of atherosclerosis and intracranial aneurysm).

Such knowledge, summarized in the Table, helps us conceptualize

possible roles of similar responses in intracranial aneurysm

pathophysiology.

High and Low WSS Can Drive Different Mechanistic Pathways of
Intracranial Aneurysm Growth and Rupture. We submit that ab-

errant hemodynamics of both low and high WSS can drive intra-

cranial aneurysm growth and rupture via different biologic

mechanisms:

1) Low WSS and a high oscillatory shear index can trigger

inflammatory-cell-mediated destructive remodeling.

2) High WSS and a positive WSS gradient can trigger mural-

cell-mediated destructive remodeling.

By the pathobiologic effects in the Table, abnormal hemody-

namic conditions of high and low WSS can disrupt the equilib-

rium between eutrophic and degradative processes in the intra-

cranial aneurysm wall (Fig 2B).23 Specifically, both high and low

WSS can incite proteolytic and oxidative damage, which causes

ECM degradation and cell death, thereby facilitating aneurysm

growth and rupture. This hypothesis lays the foundation for a

conceptual framework that helps us begin to dissect the complex-

ity of the hemodynamics-aneurysm pathophysiologic interaction.

Figure 4 illustrates the unified role of hemodynamics through-

out aneurysm development. Initiation of intracranial aneurysms

is induced by a high WSS and a positive WSS gradient.4,37

Through endothelial cell mechanotransduction, these hemody-

namic stresses initiate biochemical cascades when they exceed

certain thresholds, leading to local production and activation of

proteases (most important, matrix metalloproteinase �2 and

�9) by mural cells,25 massive internal elastic lamina damage,4

and apoptosis,25 which are responsible for media thinning and

bulge formation.37 Most interesting, inflammatory cell infiltra-

tion was not observed in early-stage intracranial aneurysm initi-

ation,25 and macrophage depletion did not attenuate aneurysm

formation, indicating that hemodynamic initiation of intracra-

nial aneurysms is not mediated by infiltrating inflammatory cells.

(M. Mandelbaum, J. Kolega, J.M. Dolan, A. Siddiqui, H. Meng,

December 2012, unpublished data).

After initiation, aneurysmal bulge enlargement typically ex-

poses the sac to increasingly lower WSS, leading to the biologic

pathway shown by the right branch in Fig 4. After a recirculation

zone forms in the sac, the flow environment is likely to be domi-

nated by low and oscillating WSS. This condition is exacerbated if

secondary vortices form and/or flow instability increases.58 Low

and oscillatory shear stress is known to elicit an inflammatory

response in the endothelium. Endothelial cells produce reactive

oxygen species, and upregulate surface adhesion molecules and

cytokines in the vessel wall and increase luminal permeability.59,60

A “sticky” and “leaky” endothelium, in combination with an in-

creased blood residence time, facilitates leukocyte transmigration

into the wall during aneurysm development. These inflammatory

infiltrates can massively produce matrix metalloproteinases to de-

grade the ECM,61 thus tipping the balance between eutrophic and

degradative processes and driving intracranial aneurysm growth

and rupture.23 Furthermore, such “disturbed flow” environments

also promote the formation of atherosclerotic plaques,23,62 which

exacerbate the effects of inflammatory cells. The inflammatory-

cell-mediated degradation becomes even more pronounced upon

the formation of a luminal thrombus, which can further trap mac-

rophages and neutrophils, and harbor proteases, reactive oxygen

species, and oxidized low-density lipoproteins.63 Because wall deg-

radation via this pathway relies on leukocyte infiltration, we term it

“inflammatory-cell-mediated destructive remodeling.”

On the other hand, impinging flow may persist after bulge

formation in some aneurysms, so that high WSS and positive WSS

gradient could remain prevalent in the aneurysmal sac. For exam-

ple, in intracranial aneurysms with high-curvature parent ves-

sels,64 high aneurysm angle,65 or high inflow angle,66 inflow from

the parent vessel can carry high inertia and impinge on the wall.

This hemodynamic condition could lead to the pathway shown by

the left branch in Fig 4. Contrary to the right branch, mural cells,

instead of inflammatory cells, are most likely responsible for the

destructive changes in the intracranial aneurysm wall in this path-

way, just as in initiation.25 Certainly, the high WSS environment

is not conducive to leukocyte infiltration, which requires suffi-

cient blood residence time and the endothelial cell responses

commonly elicited under low WSS and oscillatory flow.62,67 Sys-

temic depletion of macrophages does not suppress aneurysm de-

velopment induced by high WSS. Rather, in this pathway, pheno-

type-modulated smooth muscle cells are the source of proteolytic

activities.25 Therefore, we term it “mural-cell-mediated destruc-

tive remodeling.”

Although leukocyte infiltration is not thought to be involved

in the high-WSS-driven pathway, proinflammatory behavior

could still be playing a critical role. Recently, it was found that in

the internal elastic lamina damaged zones during intracranial an-

eurysm genesis, smooth muscle cells upregulated the proinflam-

matory proteins monocyte chemoattractant protein-1 and the

transcription factor nuclear factor-�B, (M. Mandelbaum, J. Ko-

lega, J.M. Dolan, A. Siddiqui, H. Meng, December 2012, unpub-

lished data) and produced matrix metalloproteinase �2 and �9,

which are required for aneurysmal degradation.25 These “inflam-

matory” smooth muscle cells lose some of their contractile phe-

notype by decreasing smooth muscle actin expression. In some

ways, smooth muscle cells under high WSS conditions could act

like inflammatory cells to cause aneurysmal remodeling.

While some intracranial aneurysms may be dominated by one

pathway, others could switch from one to another as the geometry

Vascular responses to aberrant WSS conditions reported in
literature

Pathobiologic Responses
to High WSS and Positive

WSS Gradienta
Pathobiologic Responses to Low

WSS and High OSIb

EC damage24,45 Proinflammatory ECs that are
“leaky” and “sticky”21,62

EC turnover25,72 Increased ROS62

MMP production by mural
cells25

Increased inflammatory cell
infiltration70

ECM degradation36 MMP production by macrophages61

Medial thinning36 SMC proliferation and migration63

Mural cell apoptosis25 Thrombus formation23,63

Note:—EC indicates endothelial cell; ROS, reactive oxygen species; MMP, matrix
metalloproteinase; OSI, oscillatory shear index; SMC, smooth muscle cell.
a From the literature on intracranial aneurysm genesis.
b From the literature on atherogenesis.
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changes (eg, during the initiation of blebs), as illustrated by the

double-headed arrows between the branches in Fig 4. In some

aneurysms, both biologic mechanisms might dominate different

parts of the sac, depending on the local hemodynamic condition.

The 3-way relationship among flow, pathobiology, and geometry

(Fig 2A) can lead to further complexities in intracranial aneurysm

pathophysiology, both longitudinally (at different time points)

and cross-sectionally (at different spatial regions of the aneu-

rysm). As these conditions change, so does the balance between

eutrophic and destructive processes, resulting in either stabiliza-

tion or rupture of the intracranial aneurysm (Fig 2B).

Taken together, high WSS and low WSS are 2 aberrant hemo-

dynamic conditions that could elicit pathologic remodeling path-

ways to drive intracranial aneurysm growth and rupture. Recog-

nizing the heterogeneity of aneurysm phenotypes (see “Different

Manifestations of Intracranial Aneurysms”), one cannot help but

ask if these 2 pathways might be responsible for the 2 basic phe-

notypes (type I and type II) and if their interchange might account

for the wide spectrum in between. We suspect that they do.

Emergence of Different Intracranial Aneurysm Phenotypes. We

further hypothesize that the high-WSS-driven, mural-cell-medi-

ated pathway is responsible for type I aneurysms, while the low-

WSS-driven inflammatory-cell-mediated pathway is responsible

for type II aneurysms. The interplay between these 2 pathways,

both longitudinally and cross-sectionally, contributes to the wide

spectrum of combined intracranial aneurysm phenotypes. This

concept is illustrated in Fig 5.

Small and transparent type I aneurysms develop relatively

quickly.68 Their walls lack inflammatory cells and other cell types,

as demonstrated by intraoperative47-49 and postmortem stud-

ies.52-54 It is possible that they are formed by impinging flow

through the high-WSS-driven degradation mechanisms, as illus-

trated on the left side of Fig 5. The resident mural cells produce

matrix maetalloproteinases under high WSS conditions, leading

to significant ECM degradation and cell death by anoikis (apo-

ptosis due to loss of ECM anchorage).69 This degradative process

may deplete the sac of resident cells and elastin fibers and reduce

collagen fibers, forcing the remaining ECM to stretch, creating a

stiff thin wall.19,54

On the other hand, the large, thick-walled, atherosclerotic type

II aneurysms appear to have developed during a longer period of

time through various attempts to heal the sac.47-49 Indeed, most

inflammatory cells found in aneurysm specimens came from this

type of aneurysm.52-54 We therefore conjecture that the natural

history of type II aneurysms (after initiation) is dominated by the

inflammatory-cell-mediated pathway, as illustrated on the right

side of Fig 5. The destructive remodeling here is accompanied by

increased inflammatory cell infiltration and smooth muscle cell

proliferation, especially after atherosclerotic plaque and/or

thrombus formation.63,70 These processes lead to large, athero-

sclerotic, and thrombotic intracranial aneurysm phenotypes.

We expect that both pathways can dominate different phases

of intracranial aneurysm natural history and/or different regions

of the growing aneurysm, thereby contributing to the wide spec-

trum of the combined type aneurysms. As the aneurysm geometry

changes, so does the dominant flow condition (jet or recircula-

tion) and the pathway it espouses.

SUMMARY
Aneurysms occurring in different locations and perienviron-

ments, with varied morphologies and flow dynamics, are associ-

ated with complex genetic and environmental contributing fac-

tors, which could modify the vascular response to hemodynamics.

As such, studies containing a limited cohort of intracranial aneu-

rysms are inevitably based on skewed samples. It is not surprising

that their findings sometimes do not converge. Additionally, con-

flicting CFD results have been rationalized by inconsistent pa-

rameter definitions, flawed experimental design, or variability in

assumptions and compromises adapted in CFD simulations.

FIG 4. A unified role of high and low WSS in aneurysm initiation,
growth, and rupture.

FIG 5. Two hypothesized, independent, hemodynamic-biologic
pathways that drive intracranial aneurysm growth and rupture (A) and
the proposed relationship between them and the spectrum of intra-
cranial aneurysm phenotypes (B).
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These factors aside, we believe there is intrinsic mechanistic com-

plexity concerning intracranial aneurysms, which underlies the

high-versus-low WSS controversy.

We submit that inconsistent findings about the role of WSS

are principally a result of the inherent heterogeneity in intracra-

nial aneurysm natural history and the diversity of hemodynami-

cally driven growth and rupture mechanisms. A novel concept

can help delineate such complexity: Aberrant hemodynamics in-

cluding both high WSS and low WSS can tip the balance that

maintains vascular homeostasis and can drive destructive remod-

eling to cause intracranial aneurysm progression and rupture. We

propose that 2 independent hemodynamically driven biologic

pathways could be associated with intracranial aneurysm growth

and rupture: an inflammatory-cell-mediated pathway that is in-

duced by low WSS and a high oscillatory shear index, and a mural-

cell-mediated pathway that is induced by high WSS and a positive

WSS gradient. Furthermore, these 2 hemodynamic-biologic

pathways may be responsible for the 2 aneurysm phenotypes:

large thick-walled atherosclerotic aneurysms (type II) and smaller

thin-walled translucent aneurysms (type I), respectively. These

processes reflect the variations in the tripartite interactions of ge-

ometry, flow, and pathobiology, which become apparent in the

spectrum of intracranial aneurysm phenotypes. Each phenotype

attempts to re-establish homeostasis between the eutrophic and

destructive forces. If homeostasis is achieved, the aneurysm stabi-

lizes; if not, it ruptures.

We argue that the high-versus-low WSS controversy is a man-

ifestation of the heterogeneity in intracranial aneurysm patho-

physiology and its intricate relationship with hemodynamics.

Future Directions

Going forward, we expect that large, multicenter, global studies

will be needed to obtain a more comprehensive picture

of intracranial aneurysm hemodynamic pathophysiology and to

develop more reliable risk-prediction models. This effort will

likely require better classification of aneurysms (eg, based on an-

eurysm size, location, phenotype, perienvironment, and patient

population), rather than treating them as a conglomeration. Dif-

ferent predictive models could be extracted from different classes

of datasets and applied to intracranial aneurysms that belong to

specific categories. For example, statistical analyses of small aneu-

rysms may produce a different set of predictive parameters (re-

lated to high WSS and a positive WSS gradient) from that of large

aneurysms (related to low WSS and a high oscillatory shear in-

dex). We envision that intracranial aneurysm cases could be

carefully classified and then subjected to the appropriate pre-

dictive models. The models should reflect the underlying

mechanisms driving aneurysm growth and rupture. As such,

intracranial aneurysm classification based on size alone may

not be highly accurate. An alternative strategy would be to

identify type I and II aneurysms from imaging and then to

perform subgroup risk analyses and management.

There is a need to study the role of hemodynamic-biologic

interactions in the natural history and rupture propensity of in-

tracranial aneurysms in experimental models. Animal models

commonly used for clinical studies are good for testing medical

devices and investigating hemodynamics71 but are generally bio-

logically deficient. On the other hand, current endogenous mod-

els34,37 capture some hemodynamic-biologic effects in the early

stages of aneurysm formation but lack the ability to study growth

and rupture. Therefore, improved animal models, aided by ad-

vancements in in vivo and molecular imaging, are needed to elu-

cidate the hemodynamic-biologic mechanisms driving aneurysm

growth, and models of aneurysm rupture must be developed to

study the hemodynamic and biologic mechanisms involved in

rupture.

Patient-specific CFD studies must be complemented by he-

modynamic-biologic mechanistic studies because these 2 ap-

proaches are mutually informative and beneficial. Analysis of pa-

tient-specific CFD results may generate new questions concerning

the pathophysiology of intracranial aneurysm (ie, which mecha-

nistic studies should be investigated). Meanwhile, mechanistic

studies based on animal models can help analyze and interpret the

results of patient-specific CFD studies to facilitate the generation

of future predictors.

The unifying hypothesis presented in this review may serve as

a starting point to guide the design of these future endeavors. We

anticipate that joint effort among clinicians, engineers, and basic

scientists focused on better understanding aneurysm pathophys-

iology will lead to better risk prediction and management of in-

tracranial aneurysms.
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52. Frösen J, Piippo A, Paetau A, et al. Remodeling of saccular cerebral
artery aneurysm wall is associated with rupture: histological anal-
ysis of 24 unruptured and 42 ruptured cases. Stroke 2004;35:2287–93

53. Kataoka K, Taneda M, Asai T, et al. Structural fragility and inflam-
matory response of ruptured cerebral aneurysms: a comparative
study between ruptured and unruptured cerebral aneurysms.
Stroke 1999;30:1396 – 401

AJNR Am J Neuroradiol 35:1254 – 62 Jul 2014 www.ajnr.org 1261



54. Kataoka K, Taneda M, Asai T, et al. Difference in nature of ruptured
and unruptured cerebral aneurysms. Lancet 2000;355:203– 03

55. Reynolds MR, Willie JT, Zipfel GJ, et al. Sexual intercourse and ce-
rebral aneurysmal rupture: potential mechanisms and precipi-
tants. J Neurosurg 2011;114:969 –77

56. Jiang J, Strother C. Computational fluid dynamics simulations of
intracranial aneurysms at varying heart rates: a “patient-specific”
study. J Biomech Eng 2009;131:091001

57. Foutrakis GN, Yonas H, Sclabassi RJ. Saccular aneurysm formation
in curved and bifurcating arteries. AJNR Am J Neuroradiol 1999;
20:1309 –17

58. Tremmel M, Dhar S, Levy EI, et al. Influence of intracranial aneu-
rysm-to-parent vessel size ratio on hemodynamics and implication
for rupture: results from a virtual experimental study. Neurosurgery
2009;64:622–30, discussion 630 –31

59. Bian C, Xu G, Wang JA, et al. Hypercholesterolaemic serum in-
creases the permeability of endothelial cells through zonula oc-
cludens-1 with phosphatidylinositol 3-kinase signaling pathway.
J Biomed Biotechnol 2009;2009:814979

60. Ross R, Glomset JA. The pathogenesis of atherosclerosis (first of two
parts). N Engl J Med 1976;295:369 –77

61. Galis ZS, Sukhova GK, Lark MW, et al. Increased expression of ma-
trix metalloproteinases and matrix degrading activity in vulnerable
regions of human atherosclerotic plaques. J Clin Invest 1994;94:
2493–503

62. Chiu JJ, Chien S. Effects of disturbed flow on vascular endothelium:
pathophysiological basis and clinical perspectives. Physiol Rev
2011;91:327– 87

63. Ross R. Mechanisms of disease: atherosclerosis—an inflammatory
disease. N Engl J Med 1999;340:115–26

64. Meng H, Wang Z, Kim M, et al. Saccular aneurysms on straight and
curved vessels are subject to different hemodynamics: implications
of intravascular stenting. AJNR Am J Neuroradiol 2006;27:1861– 65

65. Dhar S, Tremmel M, Mocco J, et al. Morphology parameters for
intracranial aneurysm rupture risk assessment. Neurosurgery 2008;
63:185–96, discussion 196 –97

66. Baharoglu MI, Schirmer CM, Hoit DA, et al. Aneurysm inflow-angle
as a discriminant for rupture in sidewall cerebral aneurysms: mor-
phometric and computational fluid dynamic analysis. Stroke
2010;41:1423–30

67. Honda HM, Hsiai T, Wortham CM, et al. A complex flow pattern of
low shear stress and flow reversal promotes monocyte binding to
endothelial cells. Atherosclerosis 2001;158:385–90

68. Horie N, Morikawa M, Fukuda S, et al. Detection of blood blister-
like aneurysm and intramural hematoma with high-resolution
magnetic resonance imaging. J Neurosurg 2011;115:1206 – 09

69. Michel JB. Anoikis in the cardiovascular system: known and un-
known extracellular mediators. Arterioscler Thromb Vasc Biol
2003;23:2146 –54

70. Gui T, Shimokado A, Sun Y, et al. Diverse roles of macrophages in
atherosclerosis: from inflammatory biology to biomarker discov-
ery. Mediators Inflamm 2012;2012:693083

71. Zeng Z, Kallmes DF, Durka MJ, et al. Sensitivity of CFD based he-
modynamic results in rabbit aneurysm models to idealizations in
surrounding vasculature. J Biomech Eng 2010;132:091009

72. Dolan JM, Meng H, Sim FJ, et al. Endothelial cells express a unique
transcriptional profile under very high wall shear stress known to
induce expansive arterial remodeling. Am J Physiol Cell Physiol 2012;
302:C1109 –18

1262 Meng Jul 2014 www.ajnr.org



EXPEDITED PUBLICATION
BRAIN

MRI Surrogates for Molecular Subgroups of Medulloblastoma
S. Perreault, V. Ramaswamy, A.S. Achrol, K. Chao, T.T. Liu, D. Shih, M. Remke, S. Schubert, E. Bouffet, P.G. Fisher,

S. Partap, H. Vogel, M.D. Taylor, Y.J. Cho, and K.W. Yeom

ABSTRACT

BACKGROUND AND PURPOSE: Recently identified molecular subgroups of medulloblastoma have shown potential for improved risk
stratification. We hypothesized that distinct MR imaging features can predict these subgroups.

MATERIALS AND METHODS: All patients with a diagnosis of medulloblastoma at one institution, with both pretherapy MR imaging and
surgical tissue, served as the discovery cohort (n � 47). MR imaging features were assessed by 3 blinded neuroradiologists. NanoString-
based assay of tumor tissues was conducted to classify the tumors into the 4 established molecular subgroups (wingless, sonic hedgehog,
group 3, and group 4). A second pediatric medulloblastoma cohort (n � 52) from an independent institution was used for validation of the
MR imaging features predictive of the molecular subtypes.

RESULTS: Logistic regression analysis within the discovery cohort revealed tumor location (P � .001) and enhancement pattern (P � .001)
to be significant predictors of medulloblastoma subgroups. Stereospecific computational analyses confirmed that group 3 and 4 tumors
predominated within the midline fourth ventricle (100%, P � .007), wingless tumors were localized to the cerebellar peduncle/cerebello-
pontine angle cistern with a positive predictive value of 100% (95% CI, 30%–100%), and sonic hedgehog tumors arose in the cerebellar
hemispheres with a positive predictive value of 100% (95% CI, 59%–100%). Midline group 4 tumors presented with minimal/no enhance-
ment with a positive predictive value of 91% (95% CI, 59%–98%). When we used the MR imaging feature– based regression model, 66% of
medulloblastomas were correctly predicted in the discovery cohort, and 65%, in the validation cohort.

CONCLUSIONS: Tumor location and enhancement pattern were predictive of molecular subgroups of pediatric medulloblastoma and
may potentially serve as a surrogate for genomic testing.

ABBREVIATIONS: CP/CPA � cerebellar peduncle/cerebellopontine angle cistern; FSL � fMRI of the Brain Software Library; SHH � sonic hedgehog; WNT �
wingless

Medulloblastoma is the most common malignant pediatric

brain tumor, accounting for 40% of childhood tumors in

the posterior fossa.1 Genomic characterization of medulloblas-

toma has recently demonstrated that medulloblastomas can be

subdivided into 4 distinct molecular subgroups: wingless (WNT),

sonic hedgehog (SHH), group 3, and group 4.2-4 These subgroups

have shown different clinical behaviors and may benefit from sub-

group-specific treatments. Despite the potential clinical utility of

genomic analyses, their translation into clinical practice to im-

prove treatment outcomes in children can be hampered by cost or

lack of access to molecular-analysis tools when treatment is initi-

ated. Immunohistochemistry markers have shown utility, but
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their use is still not widespread and interpretation can be

challenging.2,5

MR imaging, on the other hand, is performed in all patients

with brain tumor and remains the primary method for diagnosis,

surgical guidance, and surveillance of these tumors. Therefore,

MR imaging features specific to molecular subgroups of medul-

loblastoma could facilitate the real-time translation and integra-

tion of genomic-based studies into clinical practice. Prior studies

have shown that medulloblastomas present with heterogeneous

imaging features, including location and enhancement patterns.6

These phenotypic radiologic features may reflect underlying dif-

ferences in tumor biology.7,8 In this study, we hypothesized that

distinct MR imaging features predict molecular subgroups of pe-

diatric medulloblastoma.

MATERIALS AND METHODS
Patient Cohorts
After institutional review board approval, we retrospectively

identified a cohort of patients with medulloblastoma from Janu-

ary 1998 to January 2013 at Lucile Packard Children’s Hospital

(Stanford University, Palo Alto, California). Patients with both

treatment-naive MR imaging and surgical tissue available for mo-

lecular analysis were included in the discovery cohort. An inde-

pendent validation cohort of children with the same inclusion

criteria was assembled from the Hospital for Sick Children (To-

ronto, Ontario, Canada).

Molecular Analysis
NanoString-based assay (http://www.nanostring.com) was per-

formed to classify the medulloblastoma into the 4 main molec-

ular subgroups (WNT, SHH, group 3, and group 4) on the

basis of gene-expression profiling, as previously described.9

For most of the patient cohort, molecular analysis was con-

ducted on formalin-fixed paraffin-embedded tissue obtained

at diagnosis. One patient underwent molecular subgrouping

based on frozen tissue.

Imaging Technique
All patients from the discovery cohort underwent brain MR im-

aging at 1.5 or 3T (Signa or Discovery 750; GE Healthcare, Mil-

waukee, Wisconsin). We obtained the following sequences: axial

and coronal T2 FSE (TR/TE, 2700/100 ms), axial FLAIR (TR/TE,

9000/120 ms; TI, 2200 ms), precontrast T1 spin-echo and con-

trast-enhanced T1 spoiled gradient-recalled echo (TR/TE, 8/3 ms;

1-mm section thickness, 0 skip), followed by 2 planes of contrast-

enhanced T1 spin-echo (TR/TE, 600 –700/20 ms; 5-mm section

thickness, 0.5 skip). Many, but not all, patients underwent DWI

(TR/TE, 8300/70 ms at 1.5T and 10,000/80 ms at 3T; b-value of

1000 s/mm2; 3 directions; 4-mm thickness, 0 skip) and 2D gradi-

ent recalled-echo imaging (TR/TE, 570/30 ms at 1.5T; 700/25 ms

at 3T). For the validation cohort, pre- and at least 2-plane post-

contrast T1WI obtained at either 1.5T or 3T was used.

Imaging Analysis
Two board-certified radiologists (K.W.Y., J.A. [second-year neu-

roradiology fellow]) independently reviewed the MR images of

the discovery cohort blinded to clinical, pathologic, and molecu-

lar data. Consensus for discordant readings was decided between

the 2 attending neuroradiologists with Certificates of Added

Qualification (K.W.Y. [7 years’ experience] and P.B. [�30 years’

experience]).

The MR imaging features assessed included the following: tu-

mor location, enhancement pattern, cysts/cavities, hemorrhage/

mineralization, intracranial or leptomeningeal seeding, tumor

margin, necrosis as suggested by ring-enhancement, and region-

of-interest-based ADC analysis, as previously described.6 Specif-

ically, “tumor location” was defined as midline vermian/fourth

ventricle, cerebellar hemisphere, or cerebellar peduncle/cerebel-

lopontine angle cistern (CP/CPA). “Tumor margin” was charac-

terized as ill-defined if �50% of the margin could not be distin-

guished from the surrounding cerebellar parenchyma on the basis

of all imaging sequences. “Enhancement pattern” was defined as

minimal/none if �10% was estimated to enhance, solid if �90%

of the tumor volume was estimated to enhance, and heteroge-

neous if varying degrees of enhancement were seen in 10%–90%

of the tumor volume on the basis of radiologists’ visual assess-

ments. Low signal on 2D gradient recalled-echo was used to detect

hemorrhage/mineralization.

For the validation cohort, only the MR imaging features found

to be significant by the discovery cohort were used for tumor

characterization. Two reviewers (S. Perreault and K.W.Y.) inde-

pendently performed the imaging analysis blinded to clinical, his-

tologic, and molecular information. Any discrepant reads were

further weighed in by a third neuroradiologist (P.B.) for a final

consensus read.

Stereospecific Computational Map
(“Location Heat Maps”)
ROIs outlining the tumor margin were manually drawn in every

axial section by using OsiriX Imaging Software (http://www.

osirix-viewer.com [A.S.A.]), and proper placement was con-

firmed by a neuroradiologist (K.W.Y.). All images for each patient

were registered to a 1.0-mm isotropic brain atlas (Montreal Neu-

rological Institute) by using a mutual-information algorithm and

a transformation algorithm in 3D Slicer (www.slicer.org), fol-

lowed by visual inspection and a consensus by 2 independent

raters (A.S.A., T.T.L.) to ensure optimal alignment.10 All lateral-

ized medulloblastomas were projected to one side for analysis.

After image registration, the resulting transformation matrix was

used to map the ROI coordinates to the Montreal Neurological

Institute atlas space followed by a second round of visual inspec-

tion and consensus by the raters. The frequency of tumor occur-

rence in each voxel of the Montreal Neurological Institute atlas space

was then calculated to create a probabilistic radiographic atlas visu-

alized as 3D heat maps in Slicer and by using FSLView (http://fsl.

fmrib.ox.ac.uk/fsl/fslview/).

Neurosurgical Evaluation
Operative reports were independently reviewed by a blinded pe-

diatric neurosurgeon (K.C.). Surgical examinations regarding

primary tumor locations and areas of brain invasion were re-

corded and classified as midline vermian/fourth ventricle, cere-

bellar hemisphere, or CP/CPA.
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Pathologic Evaluation
Hematoxylin-eosin–stained slides of formalin-fixed paraffin-em-

bedded material were analyzed by an independent neuropathol-

ogist (H.V.) blinded to radiologic, clinical, or molecular informa-

tion. Medulloblastomas were categorized according to the 2007

WHO Classification of Tumors of the Central Nervous System.11

Statistical Analysis
Statistical analyses were performed by using the Fisher exact test

and �2 analysis for categoric data. A multivariable logistic regres-

sion model was developed to identify significant predictors of the

medulloblastoma subgroup. We explored potential multicolin-

earity among the independent variables, examining changes in

significance and exploring significant associations among inde-

pendent variables. Pseudo R-squared goodness of fit ascertained

by using the Cox and Snell method (Statistical Package for the

Social Sciences Statistics, Version 20.0; IBM, Armonk, New York)

was used for the above analyses. NanoString prediction and nor-

malization of data were performed by using the R statistical envi-

ronment (Version 2.5.1, http://www.r-project.org) as previously

described.9

Statistical analysis to identify areas of differential involvement

consisted of first constructing a contingency table comparing 2

differential phenotypes (eg, WNT versus groups 3 and 4, or SHH

versus groups 3 and 4) and the presence of tumor versus no tumor

involvement for each image voxel, with a 2-tailed Fisher exact test

performed on a voxelwise basis (using the FSL tool Randomize

[http://www.fmrib.ox.ac.uk/fsl/randomize/]). The resulting P

value representing the contingency table (ie, tumor involvement

of voxels in a particular phenotype) had �5% probability of oc-

curring by chance. Permutations with the threshold-free cluster

enhancement method previously described were applied to cor-

rect for multiple comparisons, and a family-wise error rate, to

ensure a false discovery rate of �0.05.12 A total of 3876 unique

permutations were performed for an exhaustive test for WNT

versus groups 3 and 4, and 10,000 permutations, for SHH versus

groups 3 and 4. The resulting corrected P value representing tu-

mor involvement of certain voxels in a particular phenotype had

�5% false discovery rate, adjusted for multiple comparisons.

These significant voxels were visualized by using FSLView.

RESULTS
Histology, Tumor Staging, and Molecular Subgroups
Forty-seven patients met the inclusion criteria and were included

in the discovery cohort (Table 1). Median age at diagnosis was

8.2 years (range, 0.9 –33.9 years). The 47 medulloblastomas

consisted of 31 classic (66%), 10 large-cell/anaplastic (21%), 4

desmoplastic (9%), and 2 other medulloblastoma histologic

features (4%).

NanoString assay demonstrated 4 WNT (9%), 13 SHH (28%),

13 group 3 (28%), and 17 group 4 (36%) medulloblastoma mo-

lecular subgroups (Table 1 and Fig 1).

MR Imaging Correlates of Molecular Features in the
Discovery Cohort
Tumor location was highly predictive of the molecular subgroups

(Figs 1 and 2 and On-line Figs 1 and 2). Seventy-five percent of

WNT tumors occurred along the CP/CPA. This location was

unique to this molecular subgroup (P � .001) and was associated

with a positive predictive value of 100% (95% CI, 30%–100%).

Cerebellar hemispheric location was characteristic of the SHH

tumors and accounted for 54% of this molecular subgroup (P �

.001, positive predictive value of 100% [95% CI, 59%–100%]).

Groups 3 and 4 were primarily midline and occupied the fourth

ventricle (100%, P � .001). Tumor location did not significantly

differ on the basis of age.

Group 3 was characterized by an ill-defined tumor margin

(63%), a feature not present in other subgroups (10%) (P � .03).

Only 3 other tumors demonstrated ill-defined margins, all in

the SHH subgroup. Minimal or no enhancement was charac-

teristic of group 4 medulloblastoma, present in 10 patients

(59%) compared with only 2 (7%) for the other subgroups

(P � .001, positive predictive value of 83% [95% CI, 52%–

97%]). Only 1 nonenhancing medulloblastoma belonged to

group 3. This feature also distinguished group 4 from group 3

medulloblastomas with a positive predictive value of 91%

(95% CI, 59%–98%).

The presence of hemorrhage/mineralization was assessed in 33

(70%) patients who had available 2D gradient recalled-echo se-

quences but was not found to correlate with specific molecular

groups. The other MR imaging features (cysts, peritumoral

edema, and tumoral necrosis) were not characteristic of specific

molecular subgroups. Twenty-two (47%) patients had available

DWI in the discovery cohort (WNT, 2/4; SHH, 8/13; group 3,

5/13; group 4, 7/17). Mean ADC did not significantly differ

among the molecular subgroups: WNT, 740 � 10�6 mm2/s

(range, 684 –796 mm2/s); SHH, 714 � 10�6 mm2/s (range, 655-

947 mm2/s); group 3, 733 � 10�6 mm2/s (range, 650–847 mm2/s);

group 4, 767 � 10�6 mm2/s (range, 661–813 mm2/s).

Stereospecific Computational Map by
Molecular Subgroup
Stereospecific computational analyses stratified by molecular

subgroup identified group 3 and 4 medulloblastomas occurring

predominantly in the midline/fourth ventricle (significant voxels,

Table 1: Cohort demographics
Discovery Cohort

Stanford (n = 47) (%)
Validation Cohort

Toronto (n = 52) (%)
Sex

Male 33 (70) 28 (54)
Female 14 (30) 24 (46)

Age (yr)
Median (range) 8.2 (0.9–33.9) 7.9 (1–1–15.2)
0–3 5 (11) 5 (10)
�3–16 37 (78) 46 (88)
�16 5 (11) 1 (2)

Histology
LCA 10 (21) 4 (8)
Classic 31 (66) 37 (71)
Desmoplastic 4 (9) 11 (21)
Other 2 (4) 0

Subgroup
WNT 4 (8) 10 (19)
SHH 13 (28) 11 (21)
Group 3 13 (28) 12 (23)
Group 4 17 (36) 19 (37)

Note:—LCA indicates large-cell anaplastic.
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P � .007–.05; displayed as red in On-line Figs 1 and 2, third

column), compared with WNT localization to the CP/CPA (sig-

nificant voxels, P � .003–.05; displayed as green in On-line Fig 1,

third column) and SHH tumors in the cerebellar hemispheres

(significant voxels, P � .02–.05 after multiple-comparisons cor-

rection; blue in On-line Fig 2, third column).

Neurosurgical Findings
Surgical inspection regarding the primary tumor location was

100% concordant with the presurgical MR imaging assessment.

The WNT tumors arose in the CP/CPA (75%); cerebellar SHH

tumors occurred in the cerebellar hemispheres (23% versus 0%

[P � .02]), and groups 3 and 4 commonly occurred in the mid-

line/fourth ventricle compared with other subgroups (80% versus

40% [P � .02]). Tumor invasion of the brain stem floor/cerebellar

peduncle differed among the groups: Adjacent brain invasion oc-

curred in only 1 case of SHH tumor (9%), whereas invasion oc-

curred in 77% for the other subgroups (P � .001).

A Model for Determining Tumor Molecular Subgroup
Using the Discovery Cohort
Multivariable logistic regression showed that location (CP/CPA,

cerebellar hemisphere, and midline/fourth ventricle, [P � .001]),

pattern of enhancement (P � .001), and definition of tumor mar-

gin (P � .01) were predictors of medulloblastoma subgroups.

With the logistic regression model based on location, pattern of

enhancement, and tumor margins, 69% of tumors were appro-

priately classified. The multivariable

model demonstrated a goodness of fit as

assessed by the pseudo R-squared good-

ness of fit (Cox and Snell method) of 0.76.

Validation Cohort
There was no significant difference in

terms of demographics, histology, and

molecular subgroup proportions between

the discovery (Stanford Lucile Packard

Children’s Hospital, n � 47 patients) and

the validation (Toronto Hospital for Sick

Children, n � 52 patients) cohorts (P �

.05) (Table 1). T1WI pre- and postgado-

linium images were used to address the

significant imaging features of tumor lo-

cation, margin, and enhancement pattern

identified by the discovery cohort.

The only predictor from the discovery

cohort that was not validated by the vali-

dation cohort was the tumor margin, with

no significant difference between group 3

and other subgroups (P � .7). This vari-

able was then removed from the multivar-

iate model, and predictors, including lo-

cation and pattern of enhancement, were

used to develop a second model. This sec-

ond multivariable model demonstrated a

goodness of fit as assessed by the pseudo

R-squared goodness of fit (Cox and Snell

method) of 0.67 in the discovery cohort

and 0.63 for the validation cohort. When we applied this model,

66% of medulloblastomas were correctly predicted in the discov-

ery cohort, and 65%, in the validation cohort (Table 2 and On-

line Fig 3).

DISCUSSION
Several studies have described heterogeneity of medulloblastomas

and have related these features to histologic subgroups, age, or

prognosis.6,8 Recently, genomic studies have identified 4 unique

molecular subgroups of medulloblastomas (WNT, SHH, group 3,

group 4) that are more predictive of clinical behavior and out-

come than either tumor histology (classic or “variants” [desmo-

plastic, large cell/anaplastic, extensive nodularity]) or clinical

staging system.2-4 For example, WNT tumors have shown good

prognosis regardless of histology, whereas group 3 tumors have

worse survival, independent of metastatic stage.2,13

The benefits of translating this information into the clinical

arena are numerous, given the significant neurotoxic effects of

current therapy.14,15 For example, the low-risk molecular WNT

medulloblastoma group could be stratified to surgery and chemo-

therapy only, without radiation that poses significant risk for cog-

nitive impairment in children, while high-risk medulloblastoma

molecular groups (groups 3 and 4) could require multimodal

therapies and more frequent tumor monitoring; they would be

ideal candidates for new targeted experimental therapies in clini-

cal trials. As noted by Robinson16 in a commentary letter, while

FIG 1. Patient characteristics of the discovery cohort according to the molecular subgroups and
MR imaging features. CH indicates cerebellar hemisphere; LCA, large-cell anaplastic; enhance-
ment pattern (asterisk), minimal to none, �10% tumor volume; solid, �90% tumor volume.
Beveled rectangles represent statistical significance (Fisher exact test [P � .005], except for
Ill-defined margins [P � .03]).
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no single tumor feature should be used alone to determine tumor

subtype or tailor treatment, MR imaging can offer additional op-

portunities. Because MR imaging is already universally used in

brain tumor diagnosis, identifying MR imaging correlates of mo-

lecular subgroups could further assist in this endeavor and play a

key role when access to molecular analysis is limited.

This is the largest comprehensive study to investigate MR im-

aging correlates of molecular subgroups of medulloblastoma. Tu-

mor location and pattern of gadolinium enhancement were found

to be predictive; by using a regression model, most medulloblas-

toma molecular subgroups were accurately identified. Further-

more, our model was validated by an independent cohort from a

second institution.

Using the NanoString assay, we were able to classify our me-

dulloblastoma cohort into 4 recently established molecular sub-

groups.2,4 Overall, our cohort recapitulated previously described

distinct clinical features of each molecular group.2,4 We observed

that SHH tumors accounted for more infants, most adults, and

females. Group 3 most commonly presented with metastases at

diagnosis; and desmoplastic tumors exclusively belonged in the

SHH subgroup.17

According to our model, location was a key feature predictive

of molecular subgroup. Our MR imaging– based tumor location

was also confirmed by surgical examination. Most WNT tumors

arose in the CP/CPA, SHH most commonly involved the cerebel-

lar hemispheres, and groups 3 and 4 were midline, filling the

fourth ventricle.

Prior studies have shown that desmoplastic medulloblastomas

frequently showed SHH molecular features and tended to involve

the cerebellar hemispheres, especially in adults,4,18,19 though fig-

ures have ranged from 17% to 100%, depending on the clinical

inclusion criteria used in these various studies.8,18-22 A cerebellar

hemispheric location of SHH medulloblastomas is consistent

with the results of the mouse models that have shown SHH tumor

origin from committed granule neuron precursors of the cerebel-

lum.23,24 While studies have also suggested that SHH tumors

could arise from the cochlear nucleus in the brain stem in younger

patients,25 we did not observe a difference in SHH tumor location

between infants and older patients. Our results are also consistent

with a study by Teo et al,26 which reported cerebellar hemispheric

involvement in 9 of 17 (53%) SHH medulloblastomas regardless

of age at diagnosis. In our study, SHH rarely invaded the brain

stem, consistent with a prior study that reported brain stem infil-

tration by WNT but not SHH tumors.22

However, our results of WNT tumors differ from those of Teo

et al26 in that while midline location was described for all 5/5

WNT tumors in that study, most of the WNT tumors in our study

involved the CP/CPA (8/14). In another study, Gibson et al22

reported 6/6 WNT tumors to be midline but infiltrating the dorsal

brain stem. Discrepancies among these studies could be attrib-

uted to the small sample sizes. Alternatively, tumors that have

cerebellar peduncle origin or involvement may have a “midline”

appearance, particularly if they are protruding medially. Previ-

ously, Jaiwal et al27 described CP/CPA tumor location in 14 of 140

(10%) medulloblastomas. While molecular analysis was not per-

formed in that study, it would be interesting to test these tumors

for the WNT pathway because this figure approximates overall

prevalence of WNT tumors.2 While we acknowledge that some

WNT tumors are midline, we report that a significant percentage

of these tumors involve the CP/CPA, which is a unique feature for

this subtype.

A significant percentage of medulloblastomas present mini-

mal or no enhancement.6,8 Rare cases of hemispheric desmoplas-

tic medulloblastoma have shown this feature as well.18 In our

study, nonenhancing tumors in the midline/fourth ventricle lo-

cation were characteristic of group 4 medulloblastomas. This is an

important observation because groups 3 and 4 are currently not

well-differentiated by using immunohistochemistry markers.2,5

The reason for the lack of enhancement in a significant subset of

FIG 2. Characteristic MR imaging features according to medulloblas-
toma molecular subgroups. A, In the top row, characteristic location
of WNT tumors in the CP/CPA region is shown. B, In the second row,
SHH tumors are predominantly located in the cerebellar hemi-
spheres. C, In the third row, group 3 tumors are located in the midline/
fourth ventricle and show enhancement and ill-defined features
against the adjacent brain parenchyma. D, In the fourth row, group 4
tumors are also located in the midline fourth ventricle but tend to
show minimal or no enhancement.

Table 2: Percentage correct with the model when applied to the
discovery cohort and validation cohort

Medulloblastoma
Subgroups

Percentage Correct in
Discovery Cohort

Percentage Correct in
Validation Cohort

Total 66% 65%
WNT 75% 50%
SHH 54% 73%
Group 3 92% 83%
Group 4 59% 58%
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group 4 tumors remains unknown, but molecular changes asso-

ciated with vascular permeability might be involved.

We did not find a correlation between molecular subgroups

and other MR imaging features in our discovery cohort. A prior

study showed that ring enhancement/necrosis and higher mean

ADC were more characteristic of large-cell/anaplastic medullo-

blastoma than classic medulloblastoma.6 This finding could be

explained by the fact that large-cell/anaplastic histology can be

present in 3 different molecular subgroups (group 3, group 4, and

SHH),2,17 or even in WNT tumors.13 Tumor margin against the

brain parenchyma was a useful predictor in our discovery but not

in the validation cohort. However, evaluation of tumor margins

was significantly limited because only pre- and postcontrast

T1WI were uniformly available in our validation cohort, without

a complete MR imaging dataset inclusive of multiplanar T2WI

(axial and coronal), FLAIR, and thin-section presurgical or

spoiled gradient-recalled echo sequences in the discovery cohort.

The definition of margins could have been either under- or over-

estimated, thereby potentially limiting its usefulness. Because this

feature could not be used in our validation cohort, the first model

could not be tested. A new model from our discovery cohort with-

out this limiting feature was developed. Our final algorithm was,

therefore, influenced by our discovery cohort but only because

one of the features could not be tested.

This study was also limited by its retrospective nature. Some

heterogeneity in imaging protocols reduced the sample size for

some components of our analysis. For example, features such as

mean ADC and hemorrhage/mineralization did not show a sig-

nificant difference between subgroups in our exploratory cohort,

but type II errors remain possible. To overcome such limitations,

our plan includes a multicenter prospective study.

CONCLUSIONS
MR imaging features of tumor location and enhancement pattern

were correlated with specific molecular subgroups of medullo-

blastoma and were validated by an independent cohort. This

study represents an important step in using MR imaging as a

surrogate to predict molecular subgroups of medulloblastoma.

Future study that incorporates quantitative MR imaging signa-

tures including perfusion, MR spectroscopy, high-order diffu-

sion, and susceptibility metrics, could add insight into formulat-

ing a more robust radiogenomics model for medulloblastoma.
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ORIGINAL RESEARCH
PATIENT PERSPECTIVES

Are We Effectively Informing Patients? A Quantitative Analysis
of On-Line Patient Education Resources from the American

Society of Neuroradiology
D.R. Hansberry, N. Agarwal, S.F. Gonzales, and S.R. Baker

ABSTRACT

BACKGROUND AND PURPOSE: The ubiquitous use of the Internet by the public in an attempt to better understand their health care
requires the on-line resources written at an appropriate level to maximize comprehension for the average user. The National Institutes of
Health and the American Medical Association recommend on-line patient education resources written at a third-to-seventh grade level.
We evaluated the readability of the patient education resources provided on the Web site of the American Society of Neuroradiology
(http://www.asnr.org/patientinfo/).

MATERIALS AND METHODS: All patient education material from the ASNR Web site and the Society of Neurointerventional Surgery Web site
were downloaded and evaluated with the computer software, Readability Studio Professional Edition, by using 10 quantitative readability scales:
the Flesch Reading Ease, Flesch-Kincaid Grade Level, Simple Measure of Gobbledygook, Coleman-Liau Index, Gunning Fog Index, New Dale-Chall,
FORCAST Formula, Fry Graph, Raygor Reading Estimate, and New Fog Count. An unpaired t test was used to compare the readability level of
resources available on the American Society of Neuroradiology and the Society of Neurointerventional Surgery Web sites.

RESULTS: The 20 individual patient education articles were written at a 13.9 � 1.4 grade level with only 5% written at �11th grade level.
There was no statistical difference between the level of readability of the resources on the American Society of Neuroradiology and
Society of Neurointerventional Surgery Web sites.

CONCLUSIONS: The patient education resources on these Web sites fail to meet the guidelines of the National Institutes of Health and
American Medical Association. Members of the public may fail to fully understand these resources and would benefit from revisions that
result in more comprehensible information cast in simpler language.

ABBREVIATIONS: AMA � American Medical Association; ASNR � American Society of Neuroradiology; CLI � Coleman-Liau Index; FKGL � Flesch-Kincaid Grade
Level; FRE � Flesch Reading Ease; GFI � Gunning Fog Index; NDC � New Dale-Chall; NFC � New Fog Count; RRE � Raygor Reading Estimate; SMOG � Simple Measure
of Gobbledygook; SNIS � Society of Neurointerventional Surgery

Easy accessibility and a seemingly unlimited supply of informa-

tion on the Internet have made it a frequently accessed re-

source by the public. In fact, almost 80% of Americans are regu-

larly on-line and up to 80% of them consult the Internet for

information on health-related topics.1,2 Patients and their fami-

lies are most apt to seek Internet materials about a new diagnosis,

the side effects of medications, a diagnostic or therapeutic proce-

dure, or other treatment options.3 The Internet is often accessed

both before and after an initial visit to a health care provider.

Perhaps not surprising, patients tend to value the Internet infor-

mation. In one study, it was reported as the second most impor-

tant resource, superseded in value only by consulting information

coming directly from the physician.4 As a result of the known

importance of on-line health care information, many organiza-

tions have published Internet-based resources pitched specifically

to patients.

However, by itself the delivery of health care–related informa-

tion does not necessarily mean that the patient or his or her family

will comprehend it. The American Medical Association has noted

that the average American reads at only an eighth grade level,

while those enrolled in Medicaid read at an even lower fifth grade

level.5 Limited health literacy, in particular, can be a barrier to

Received October 1, 2013; accepted after revision November 4.

From the Departments of Radiology (D.R.H., S.F.G., S.R.B.) and Neurological Surgery
(N.A.), New Jersey Medical School, University of Medicine and Dentistry of New
Jersey, Newark, New Jersey.

An abstract for this paper was accepted at: Annual Meeting of the American Soci-
ety of Neuroradiology, May 17–22, 2014, Montreal, Canada, under the title “Online
patient resources—the readability of neuroradiology-based education materials.”

Please address correspondence to Stephen R. Baker, MD, Department of Radiol-
ogy, New Jersey Medical School, Rutgers, The State University of New Jersey, 150
Bergen St, Room C320, Newark, NJ 07101-1709; e-mail: bakersr@njms.rutgers.edu

Indicates article with supplemental on-line table.

http://dx.doi.org/10.3174/ajnr.A3854

1270 Hansberry Jul 2014 www.ajnr.org



care, leaving patients with inadequate knowledge for making in-

formed health care decisions.6 Several studies have shown that

limited health literacy has been associated with poor understand-

ing of relatively simple instructions.7-9 These studies found that of

those with limited health literacy, 26% did not know when their

next appointment was scheduled, 42% did not understand what it

meant by “take medication on an empty stomach,” and 86% did

not understand the Medicaid application rights and responsibili-

ties section.7-9 A 2003 report from the American Medical Associ-

ation (AMA) that evaluated the health literacy of adults found

that those who did not graduate high school, those older than 65

years of age, Hispanic adults, black adults, those who did not

speak English before starting school, those without medical insur-

ance, those with disabilities, and prison inmates were more likely

to have below-basic health literacy.10 In an effort to broaden the

reach of patient education materials, the AMA and the National

Institutes of Health have recommended that they be written at a

third-to-seventh grade level.5,11

Despite these guidelines, many of the Web sites of several na-

tional physician organizations, including medical, surgical, and

subspecialty fields, have provided texts at a level too complex for

most of the public to comprehend.12-23 Recent reports that

evaluate the readability of patient education resources on ra-

diology Web sites, sponsored by major organizations such as

the Radiological Society of North America, the American Col-

lege of Radiology, the Society of Interventional Radiology, and

the Cardiovascular and Interventional Radiologic Society of

Europe, demonstrated that the material offered to the public is

written at a level well above the AMA and the National Insti-

tutes of Health recommendations.24,25

In this study, we investigated the level of readability of all pa-

tient education resources on the American Society of Neuroradi-

ology (ASNR) Web site by using a variety of quantitative readabil-

ity-assessment scales. Additionally, we analyzed patient education

resources from the Society of Neurointerventional Surgery

(SNIS) Web site because the ASNR patient education Web site has

links directly to the SNIS site.

MATERIALS AND METHODS
In September 2013, all patient education material available on the

ASNR (http://www.asnr.org/patientinfo/) and SNIS (http://

snisonline.org/patient-center) Web sites were downloaded into

Microsoft Word (Microsoft Corporation, Redmond, Washing-

ton). Copyright information, references, and images were re-

moved from the text. The ASNR Web site had 17 articles, which

were subdivided into 3 categories: neuroradiology, procedures,

and conditions. The patient education on the SNIS Web site was

directly referenced from the ASNR Web site and included 3 addi-

tional articles. All 20 articles were individually analyzed for their

level of readability, with 10 different quantitative readability scales

by using the software program Readability Studio Professional

Edition, Version 2012.1 (Oleander Software, Vandalia, Ohio).

The readability scales included the Flesch Reading Ease (FRE),26

Flesch-Kincaid Grade Level (FKGL),27 Simple Measure of Gob-

bledygook (SMOG),28 Coleman-Liau Index (CLI),29 Gunning

Fog Index (GFI),30 New Dale-Chall (NDC),31 FORCAST For-

mula,32 Fry Graph,33 Raygor Reading Estimate (RRE),34 and the

New Fog Count (NFC).27 The FRE readability scale reports scores

from 0 to 100, with higher scores indicating more readable text

(Table 1). The 9 additional readability scores report a number that

corresponds to an academic grade level (On-line Table).

The 9 readability scales that report scores corresponding to an

academic grade level were compared with a 1-way ANOVA test. A

Tukey Honestly Statistically Different post hoc analysis was con-

ducted for all ANOVA results with a P � .05. Additionally, the

patient education material available on the ASNR and SNIS Web

sites was compared by using an unpaired t test. Statistical analysis

was performed by using OriginPro (OriginLab, Northampton,

Massachusetts).

RESULTS
The FRE found that collectively, the 20 articles were written at a

difficult (30 –50) level, given its score of 34.9 � 12.9 (Fig 1 and

Table 2). The 9 other readability scales (CLI, NDC, FKGL,

FORCAST Formula, Fry Graph, GFI, NFC, RRE, and SMOG)

determined the readability of all 20 articles to be at the 13.9 � 1.4

grade level. Individually, the 9 scales found the level of readability

to range from the 11.4 (FORCAST Formula) grade level to the

15.5 (both the GFI and SMOG) grade level (Fig 1 and Table 2).

Only one (5%) of the articles, which was on MRI, was written

below the 11th grade level, and it was still difficult text to under-

stand with a readability score at the 10.3 grade level (Fig 1 and

Table 2). According to assessments using the NFC, CLI, NDC, and

RRE scales, the material was written at the 12.4 � 2.9, 13.2 � 2.0,

13.8 � 1.8, and 13.9 � 2.5 grade levels, respectively (Fig 1 and

Table 2). Analysis with the FKGL and Fry Graph revealed the pa-

tient education material to be even more difficult, with scores at the

14.1 � 2.6 and 15.2 � 2.0 grade levels, respectively (Fig 1 and Table

2). Only 3 articles (15%) were written at a level appropriate for view-

ers who had some level of high school education (10.3, 11.2, and 12.0

grade levels) (Table 2). Most of the articles, 65% (13/20), were writ-

ten for a reader with some level of college education (12.3–15.0 grade

levels), while 20% (4/20) were written for someone with a graduate

level of education (16.2–16.9 grade levels) (Table 2). There was no

statistical difference between the patient education materials found

on the ASNR Web site and those provided by the SNIS Web site

(Fig 2).

There was no statistical difference (P � .69) between the level

of difficulty of the patient education material when comparing the

ASNR and SNIS Web sites as assessed by the FRE readability scale.

Furthermore, there was no difference (P � .27) between these

Web sites as assessed by the 9 other readability scales. The 1-way

ANOVA demonstrated a statistical difference in the average readabil-

ity reported among the 9 readability scales, F (8,171) � 8.59, P �

.0001. The Tukey Honestly Statistically Different post hoc analysis

Table 1: The FRE readability scale scoring system
FRE Score Readability
0–30 Very difficult
30–50 Difficult
50–60 Fairly difficult
60–70 Standard
70–80 Fairly easy
80–90 Easy
90–100 Very easy
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found real differences with the CLI (13.2 � 2.0 grade level) and the

GFI (15.5 � 2.1 grade level) and SMOG (15.5 � 2.0 grade level)

scales. It also found differences among the FORCAST Formula

(11.4 � 0.5 grade level) and the Fry Graph (15.2 � 2.0 grade level),

GFI (15.5 � 2.1 grade level), NDC (13.8 � 1.8 grade level), RRE

(13.9 � 2.5 grade level), SMOG (15.5 � 2.0 grade level), and

FKGL(14.1 � 2.6 grade level). Last, it found differences between the

NFC (12.4 � 2.9 grade level) and the GFI (15.5 � 2.1 grade level) and

SMOG (15.5 � 2.0 grade level) and Fry Graph (15.2 � 2.0 grade

level) scales. Despite these statistical differences among some of

the readability scales, all patient education resources available on the

ASNR and SNIS sites were still written at advanced levels above the

National Institutes of Health and AMA recommendations.

DISCUSSION
Each of the patient education resources from the ASNR and SNIS

Web sites failed to meet the AMA and the National Institutes of

Health guidelines recommending a seventh grade level of read-

FIG 1. The readability of all the articles as measured individually by the 10 readability scales. The 9 other readability scales include the CLI, NDC,
FKGL, FORCAST Formula, Fry Graph, GFI, NFC, RRE, and SMOG; and their grade level is measured on the left y-axis (Grade Level). The FRE score
is measured on the right y-axis (FRE Score). The yellow area corresponds to the grade level recommendations from the National Institutes of
Health and the AMA. FRE scores of 0 –30 indicate the patient education resources are very difficult, 30 –50 are difficult, 50 – 60 are fairly difficult,
60 –70 are standard, 70 – 80 are fairly easy, 80 –90 are easy, and 90 –100 are very easy.

Table 2: The level of readability of each patient education article as measured by the 10 individual readability assessment scales
Document Web Site FRE CLI NDC FKGL FORCAST Fry GFI NFC RRE SMOG Avg SD

About neurointerventions SNIS 22 15.8 16 18.6 11.8 16 19 19 17 19 16.9 2.4
Acute stroke SNIS 50 11.6 14 12.4 10.2 12 13.8 11.9 13 14.5 12.6 1.4
Aneurysms SNIS 41 13.1 14 13 11.3 15 15.5 11.9 13 15.3 13.6 1.5
Alzheimer disease ASNR 33 13.3 14 14.6 11.7 16 16.2 14.1 17 16 14.8 1.7
Brain tumor ASNR 39 12.2 14 14 11.1 14 15.2 13.3 12 15.1 13.4 1.4
CT ASNR 44 11.3 11.5 11.7 11.2 14 13.9 10.1 11 13.7 12.0 1.4
Headache ASNR 29 14.2 14 14.9 11.8 17 15.7 11.6 17 15.6 14.6 2.0
Hearing loss ASNR 51 10.8 11.5 11.3 10.3 11 12.5 9.7 11 13.1 11.2 1.0
Is CT safe for my child? ASNR 25 12.9 16 18 11.3 17 14 11.4 13 18.1 14.6 2.7
MR angiography ASNR 43 12.3 11.5 11.1 11.2 16 14.2 9.1 12 13.5 12.3 2.0
MRI ASNR 54 10.2 9.5 9.8 10.8 11 11.7 8.5 9 12 10.3 1.2
Multiple sclerosis ASNR 29 13.5 16 16.9 11.4 16 19 18.9 17 17.6 16.3 2.5
Myelography ASNR 40 12.4 14 13.7 11.3 14 16.1 14.4 13 15.1 13.8 1.4
Percutaneous vertebroplasty ASNR 41 13.5 14 11.7 11.6 17 13.4 8.9 13 13.2 12.9 2.2
Should I be concerned about radiation? ASNR 16 15.1 16 16.1 12.2 17 19 15.4 17 17.9 16.2 1.9
Sinusitis ASNR 36 12.1 14 13.9 11.3 16 15.7 13.3 13 15.6 13.9 1.6
Stroke ASNR 42 12.8 11.5 12.4 11 14 14.5 11.2 13 14.3 12.7 1.3
Traumatic brain injury and concussion ASNR 37 12.6 14 13.2 11.4 16 16.2 12.3 13 15.3 13.8 1.7
What is neuroradiology? ASNR 0 19 16 19 12.3 17 16.6 11.6 17 19 16.4 2.8
Why subspecialty medicine? ASNR 25 15.6 14 14.7 11.8 17 17.1 11.9 17 16.1 15.0 2.1

Note:—Avg indicates average; FORCAST, FORCAST Formula; Fry, Fry Graph.
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ability. This finding held true regardless of the readability scale

used. Furthermore, the readability assessment scales determined

that the overwhelming majority, 85%, of the material was written

at the college level or higher. The complex nature of the textual

narratives provided by the ASNR and SNIS will likely hinder

widespread understanding of the material by the public. Their

narrative complexity may prevent effective transmission of health

care information. These discrepancies in content versus intent are

not a new phenomenon inasmuch as other Web sites have been

shown to have a disjunction between the level of complexity of

their patient education materials and the ability of the average

reader to understand them.13-15,20,23-25 A recent article from

JAMA Internal Medicine revealed that 16 major national physician

organizations had Web sites that presented patient education ma-

terials above the AMA and National Institutes of Health guide-

lines.22 That study did note that one organization had marginally

acceptable levels of readability of their resources (American Acad-

emy of Family Physicians), meeting the AMA and the National

Institutes of Health guidelines on some but not all readability

scales.22

Approximately 70% of patients have said that the on-line in-

formation they review has impacted their health care decisions.35

In an effort to better help these patients make informed health

care decisions, it is critical to revise current on-line resources so

they are in accord with the capabilities of the consumers of the

material. The AMA, National Institutes of Health, and Centers for

Disease Control and Prevention have developed instructional

guidelines on various ways to compose patient education narra-

tives at or below a seventh grade level.5,11,36 Web site developers

may also benefit from consulting organizations such as the Insti-

tute for Healthcare Improvement (www.ihi.org) when develop-

ing patient education resources for the Internet.

Specific suggestions for improvement include the following:

1) Simple identifying methods, such as using bold type to empha-

size major terms and categories, can facilitate patient comprehen-

sion.37 2) Using a font size between 12 and 14 points and avoiding

all capital letters, italics, and nontraditional fonts can augment

patient use of the Web site material.38 3) Avoiding the use of

medical terminology, unless absolutely necessary, could improve

patient comprehension as well.39 4) A major tool is the use of

videos. A study on the implementation of videos for patients with

breast cancer undergoing surgery showed that those who viewed

educational videos, despite low education levels, lack of insur-

ance, unemployment, and cultural diversity, were still able to

score �80% on questionnaires.40 When constructing these vid-

eos, one should also tailor the message to patients by including an

introduction addressing the purpose of the video and how it can

personally assist in their decision-making processes.41 5) Further-

FIG 2. The readability of all articles from both the ASNR and SNIS patient education Web sites as measured by the 9 readability scales that
correspond to academic grade level (CLI, NDC, FKGL, FORCAST Formula, Fry Graph, GFI, NFC, RRE, and SMOG). The yellow area corresponds to
the grade level recommendations from the National Institutes of Health and the AMA.
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more, the use of stories and pictures, which are often more mem-

orable than statistics and recommendations, can help alleviate

patient fears and address their emotional states.42 Recent studies

have demonstrated that pictorial aids enhance a patient’s recall,

comprehension, and adherence to treatments.43 For individuals

who perhaps understand the basic information and desire more

advanced resources, links to scientific information could be

provided.44

While the textual materials on the ASNR and SNIS Web sites

demonstrate a high level of readability, there are likely other fac-

tors that contribute to understanding of patient education mate-

rials. Perhaps most important, as mentioned above, the use of

images and videos can enhance the material and likely improve

the reader’s comprehension.40-42 The impact of multimedia

needs to be further studied to determine its impact on patients.

Additionally, terminology related to neuroradiology is often com-

plex. This may lead to unavoidably high readability scores. There

are important limitations of this study. It is still imperative to

address the complexity of the current text to improve its potential

for patient appreciation. Goals for future work include evaluation

of real patients to determine their understanding and comprehen-

sion of such resources.

CONCLUSIONS
Patient education resources available on the ASNR and SNIS Web

sites are written well above the AMA and National Institutes of

Health guidelines. Such information should be revised to the

third-to-seventh grade reading levels. To achieve greater compre-

hension by the average Internet viewer, modification of this ma-

terial into a simpler, easier-to-read format, would expand the

population who could benefit from the information related to

neuroradiology, its diagnostic procedures, and common condi-

tions in which neuroradiology plays a vital role.
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ORIGINAL RESEARCH
PATIENT SAFETY

Brain Radiation Doses to Patients in an Interventional
Neuroradiology Laboratory

R.M. Sanchez, E. Vano, J.M. Fernández, M. Moreu, and L. Lopez-Ibor

ABSTRACT

BACKGROUND AND PURPOSE: In 2011, the International Commission on Radiologic Protection established an absorbed-dose threshold
to the brain of 0.5 Gy as likely to produce cerebrovascular disease. In this paper, the authors investigated the brain doses delivered to
patients during clinical neuroradiology procedures in a university hospital.

MATERIALS AND METHODS: The radiation dose delivered to the brain was investigated in 99 diagnostic and therapeutic interven-
tional neuroradiology procedures. Brain doses were calculated in a mathematic model of an adult standard anthropomorphic
phantom by using the technical and radiation dose data of an x-ray biplane system submitted to regular quality controls and
calibration programs.

RESULTS: For cerebral embolizations, brain doses resulted in a maximum value of 1.7 Gy, with an average value of 500 mGy. Median and
third quartile resulted in 400 and 856 mGy, respectively. For cerebral angiography, the average dose in the brain was 100 mGy.

CONCLUSIONS: This work supports the International Commission on Radiologic Protection recommendation on enhancing optimization
when doses to the brain could be higher than 0.5 Gy. Radiation doses should be recorded for all patients and kept as low as reasonably
achievable. For pediatric patients and young adults, an individual evaluation of brain doses could be appropriate.

ABBREVIATIONS: AK � air kerma; CBCT � conebeam CT; DAP � dose-area product; ICRP � International Commission on Radiologic Protection; INR �
interventional neuroradiology

Interventional neuroradiology (INR) provides important bene-

fits to public health, but the use of ionizing radiation has inher-

ent risks that must be evaluated and minimized. The new technol-

ogy available has the potential to manage radiation risks properly

but also allows more complex procedures to be undertaken that

may require higher radiation doses for patients and staff. For in-

stance, the inclusion of conebeam CT (CBCT) in modern INR

laboratories offers advantages to patients in clinics but may also

contribute to increased radiation doses.1,2 The brain had tradi-

tionally been considered a highly radioresistant organ, but Shi-

mizu et al3 have recently reported a 9% excess relative risk per

Gray for stroke death with brain doses above 0.5 Gy. The Interna-

tional Commission on Radiologic Protection (ICRP) has reviewed

recent epidemiologic evidence suggesting that there are some tissue-

reaction (deterministic) effects, particularly those with very late man-

ifestation, in which threshold doses are or might be lower than

previously considered. Although uncertainty remains, medical prac-

titioners should be made aware that the absorbed-dose threshold for

circulatory disease may be as low as 0.5 Gy to the brain.4 Doses of

such magnitude to patients could be reached during some complex

interventional procedures; therefore, particular emphasis should be

placed on optimization in these circumstances. The ICRP has also

stated that in the case of pediatric patients, low-dose irradiation (1–2

Gy) to the developing brain of children can cause long-term cogni-

tive and behavioral defects, and infants treated before 18 months4 of

age are even more susceptible to cognitive impairment in adult life

after exposures to doses of �0.1 Gy.

Therefore, although these procedures have clear net clinical

benefits for patients, it is necessary to know the range of radiation

doses delivered to help INR specialists manage radiation risks so

that they can provide appropriate information and counseling

to their patients. There are few research articles on the topic of

patient doses in INR, and the existing articles focus most often on

the dose to the skin, the effective dose, or other dose indica-

tors,5-10 but they rarely deal with brain doses.
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Regulations in some countries of the European Union require

recording the radiation dose delivered to patients who undergo in-

terventional procedures. In the new Council Directive on protection

against ionizing radiation,11 the European Commission has stated

that “information relating to patient exposure forms part of the re-

port of the medical radiological procedure.” Modern INR units do

not currently provide radiation doses delivered to patient organs.

Instead, they can supply patient dose indicators like kerma area prod-

uct, also used as dose-area product (DAP),12 and air kerma (AK) at

the patient entrance reference point,13 provided they are suitably val-

idated by a specialist. Because these dose indicators are not generally

related directly to patient organ doses, which are the dosimetric

quantities relevant to evaluate the biologic effects, the estimation of

such doses requires individual calculation by a medical physicist.

In this work, brain doses delivered during INR procedures are

reported for a sample of patients at a university hospital. The calcu-

lation was performed by using a mathematic model of an anthropo-

morphic phantom and detailed irradiation parameters recorded

from clinical procedures (ie, all fluoroscopy runs and acquisition

series). The influence of other variables in brain doses such as the

DAP, AK, and beam collimation were also analyzed.

MATERIALS AND METHODS
Cases of diagnostic cerebral angiography and intracranial embo-

lization were recorded sequentially during a 3-month period. In-

terventions at carotid and cervical levels were excluded. All pro-

cedures were performed in a neuroradiology room equipped with

an Allura FD 10/20 (Philips Healthcare, Best, the Netherlands)

biplane x-ray unit. The frontal C-arm has a flat detector with a

48-cm diagonal, and the lateral C-arm has a flat detector with a

25-cm diagonal. When locating the patient’s head at isocenter,

with the image detectors 10 cm from the patient’s head and with

no collimation, the frontal detector covers approximately 27 � 27

cm2 and the lateral detector, 14 � 14 cm2. Both C-arms have

transmission ionization chambers installed at the x-ray tube exit

to monitor the DAP delivered to patients, which is included in

the patient dose reports. In most procedures, digital subtraction

angiography series are acquired at 2 images per second during

the first 10 seconds and at 1 image per second during the rest

of the time. The system has the ability to perform 2 types

of CT volumetric image acquisitions

(conebeam CT) depending on the CT

mode selected, either 313 images (low-

dose CT mode) or 622 images (high-

dose CT) over a 240° arc rotation with

the largest possible beam size. Whatever

the CT mode, the system always works

with the same technique: 120 kV, 250

mA, 5 ms, and 0.4-mm Cu �2 mm Al of

added filtration. At the end of all thera-

peutic procedures at our center, at least 1

CT series, approximately equivalent (in

DAP) to 2.7 DSA series or 38 DSA im-

ages (cerebral protocol at our center),

was acquired in the high-dose mode. For

some procedures, a 3D reconstruction

series obtained with rotational acquisi-

tion was performed.

The program PCXMC 2.0 Rotation (http://www.stuk.fi/sateilyn-

hyodyntaminen/ohjelmat/PCXMC/en_GB/pcxmc/)14 was used

to calculate brain doses. This program calculates organ-equiva-

lent doses and effective dose in a mathematic model of an anthro-

pomorphic phantom of different ages and sizes. The program

performs Monte Carlo simulations throughout the anthropo-

morphic phantom by using patient dose indicators (DAP, inci-

dent air kerma, and so forth) and geometric and physical param-

eters of the different x-ray projections (kilovolt, added filtration,

C-arm angulation, and so forth). All calculations were performed

on the standard phantom (Fig 1) corresponding to an adult mea-

suring 179 cm and weighing 73 kg and containing the anatomic

data based on the mathematic model of Cristy and Eckerman.15

Detailed information of the geometric and physical parame-

ters was recorded for each beam projection at series level on the

x-ray system and extracted with the help of Philips support engi-

neers. This information, now directly available from the DICOM

Radiation Dose Structured Reports, provided the x-ray system has

been upgraded to allow this functionality, includes generator and

x-ray tube setting potential (kilovolt), tube current (milliam-

pere), pulse duration (milliseconds), added filtration, beam col-

limation, and C-arm angulations per projection for all fluoros-

copy runs and DSA acquisition series. DAP and AK were also

provided for each projection, then verified and corrected by a

medical physicist, taking into account the couch and mattress

attenuation in the frontal C-arm and the calibration of the DAP

meter.

For the calculation of brain doses, DAP was used. The Philips

Allura FD 20/10 has distances from the focus to rotation axis of 81

and 76.5 cm for the frontal and lateral C-arms, respectively. All

data used to calculate patient doses were obtained from the data

recorded at the radiation unit during clinical procedures, with the

exception of the positioning of the patient whose brain is to be

centered at the C-arm isocenter (a precondition of the conebeam

CT acquisitions). The x-ray beam characteristics were introduced

in the software by using the kilovolt and added filtration used on

each beam projection. A fixed inherent filtration of 2.5 mm Al and

anodic angles of 11° and 9° for the frontal and lateral x-ray tubes,

FIG 1. Anthropomorphic phantom used for brain-dose calculation. On the left, a posterior beam
projection on the phantom head is shown. On the right, details of the phantom cranium and brain.
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respectively, were also used. Wedge compensation filters were not

used in our center for these procedures.

The brain doses calculated were compared with patient dose

indicators (DAP and AK) and beam collimation.

RESULTS
Of 99 procedures recorded, 61 were cerebral angiographies and 38

were cerebral embolizations. On average, the diagnostic cases

have lower DAP (64.5 Gy � cm2) than the therapeutic ones (230

Gy � cm2). The average number of projections (fluoroscopy runs

and DSA acquisitions) was 49 for cerebral angiographies and

159 for therapeutics. A total of 9031 beam projections were pro-

cessed for the brain-dose calculations. The main statistical param-

eters for brain doses are presented in Table 1. Figure 2 shows the

frequency histograms. Thirty-four percent of therapeutic proce-

dures had brain doses of �500 mGy. The total number of proce-

dures (n � 99) corresponds to 81 patients because 14 patients

underwent �1 procedure in the 3 months. If one takes into ac-

count the repetition of procedures, of the 38 patients with at least

1 therapeutic procedure, the fraction of patients with brain doses

of �500 mGy is 40%, and with doses of �1000 mGy, 19%. Ten of

15 patients with brain doses greater than 500 mGy underwent �1

procedure.

Figure 3 presents brain doses versus DAP and AK. Lines

show Pearson correlation coefficients of �0.9 for both vari-

ables. Figure 4 shows the brain dose relative to the AK ratio

represented versus the weighted average field size for each pro-

cedure. The average field size for each patient is weighted by

the DAP of each projection. An average difference of a factor of

2 can be observed in brain doses between the greatest and

smallest field sizes.

The dose delivered during a CBCT series was 23.5 Gy � cm2

in terms of DAP for the high-dose CBCT, which yielded a

calculated 32 mGy to the brain and 1.65 mSv of effective dose

(ICRP-103).16 In the case of the low-dose CBCT, which uses

half the projections with the same settings, brain and effective

doses were also halved.

FIG 2. Frequency histogram with brain doses for cerebral angiography and embolization. Average brain dose resulted in 100 mGy for cerebral
angiography and 500 mGy for embolizations.

FIG 3. The brain dose for the 99 procedures is represented versus the 2 main dose indicators provided by modern interventional x-ray units,
DAP and AK. Linear regression presents good correlation.

Table 1: Main statistics for brain doses (in mGy) for cerebral
angiography and embolization

Cerebral
Angiography

Cerebral
Embolization

No. 61 38
Minimum 26 155
Maximum 568 1678
Mean 100 500
SD 92 346
1st Quartile 45 250
Median 73 397
3rd Quartile 123 645
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DISCUSSION
Doses as high as 1.7 Gy have been delivered to the brain during a

therapeutic procedure in the sample of procedures included in

this work. In 34% of these procedures in our institution, the dose

exceeded 500 mGy (ie, the new dose threshold set by the ICRP).

Given that, in some cases, several procedures are performed on

the same patient, 40% of the patients in the sample investigated

received �500 mGy in the brain. In diagnostic procedures, ex-

ceeding this threshold dose is unlikely. The ICRP has fixed the

dose threshold when the probability of radiation injury is �1%.

In the case of death from stroke, the excess of relative risk reported

by Shimizu et al3 is 3% between 0 and 0.5 Gy and approximately

11% for 1.5 Gy. Most of these therapeutic procedures are clearly

justified for clinical reasons (they are life-saving), more particu-

larly when they are expected to prevent stroke death, but the ra-

diation doses to the brain reported in this article show that opti-

mization, as recommended by the ICRP, is essential, especially in

young patients with long life expectancies after interventions.

Figure 5 shows age histograms for the sample of patients in-

vestigated. Values for mean, median, and first quartile are quite

similar for angiographies and embolizations. The average age of

patients was 56 years, with a median of 60 years and a 25th per-

centile of 47 years; in both types of procedures, there was 1 patient

younger than 15 years. Therefore, in such procedures, radiation

risks must be taken into account, especially with pediatric patients

and young adults.

When we compared scientific articles already published, we

found that most publications reported patient dose indicators like

DAP, AK, or skin dose. Miller et al5 reported DAP in a multicenter

survey in the United States, with an average DAP of 320 Gy � cm2

for embolizations, 39% higher than in this work (230 Gy � cm2).

Sandborg et al8 investigated skin doses to the head during INR

cases and reported an average DAP for embolization of 189 Gy �

cm2. Thierry-Chef et al7 investigated brain doses in a sample of 49

pediatric patients undergoing intracranial embolizations. De-

pending on the beam collimation (not reported in the article), the

average brain dose could range from 68 to 490 mGy for the high

and low levels of collimation, respectively. In this survey, mainly

focused on adult patients, the average brain dose was 500 mGy.

A good correlation was shown between DAP and AK in the

sample investigated, probably because of the simple irradiation

geometry of the cranial procedures and the level of collimation.

These findings make it possible to estimate brain doses with rea-

sonable accuracy if the dose indicators (DAP and KA), available in

most modern interventional x-ray units, are properly calibrated.

The variability found in the literature on DAP values and brain

doses indicates that a diligent mode of operation is essential to

optimize radiation doses. Figure 3 shows that if one uses a beam

size as small as possible, important dose reductions can be

achieved and that when one uses x-ray beams with high filtration,

brain doses can be reduced drastically during fluoroscopy runs

and DSA acquisitions.

The dose delivered to the brain during a high-dose CBCT re-

sulted in 32 mGy, 32% of the mean brain dose for a diagnostic

procedure. In embolizations, with a higher mean dose (500 mGy),

1 high-dose CBCT represented 6% of the total brain dose. Other

studies17,18 have reported lower values of CBCT doses in the head

as shown in Table 2. These lower values are mainly consequences

of the use of automated exposure controls to adjust the dose re-

quired to a minimum for each projection and, in some cases, of a

lower number of projections. However, the ratio effective dose

over the DAP is of the same order of magnitude (Table 2).

Koyama et al,19 who measured doses in a phantom with a protocol

but without automated exposure control and similar kilovolt and

milliampere-second settings, reported brain doses similar to

those in this study.

FIG 4. For the 99 procedures, the brain dose is related to the average
weighted field size. In both images, one can appreciate how brain
doses are almost doubled when the field size rises from 8 to 15 cm or
more.

FIG 5. Age histograms for the sample of patients in this survey.
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The approach and process for calculating brain doses have

some limitations. It was assumed that all fluoroscopic series were

delivered to the brain, when, in fact, most procedures start at

the femoral artery and a small part of the initial fluoroscopy could

be made in the abdomen. Another source of inaccuracies could

result from taking for granted that the patient brain is always

centered at the C-arm isocenter, which happens not to be the case

in some parts of the procedure. Therefore, in some cases with a

large fluoroscopy time at leg or aortic levels and in cases in which

the lesion is located at the brain peripheral region, a small over-

estimation of brain doses may be observed. Our approach could,

therefore, be considered as a conservative estimation of brain

doses in INR procedures.

CONCLUSIONS
The dose delivered to the brain of patients undergoing interven-

tional neuroradiology procedures may be relevant enough to pro-

duce radiation side effects and must be minimized as much as

possible. The radiation dose to patients should be monitored for

all interventional procedures by using the standardized dose in-

dicators DAP and AK and should be included in the patient clin-

ical report. For interventions of high complexity and high radia-

tion doses, an individual dose calculation to some sensitive

organs/tissues like the brain, eye lenses, or skin may be needed,

especially for pediatric patients and young adults and patients

likely to undergo repeat procedures. To optimize the procedures

and minimize patient doses, one must reduce the number of se-

ries, the number of frames per series, and the frame rates to the

minimum necessary; collimate the radiation beam to the region of

interest; reduce the detector-to-patient distance; and use x-ray

beams with high-added filtration. It is also important to have a

quality-assurance program to ensure that the x-ray dose rate re-

mains within acceptable values.
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Table 2: Comparison of dose parameters in CBCT with other
authorsa

DAP
(Gy � cm2)

Brain
Equivalent

Dose (mGy)

ED
ICRP-10316

(mSv)
ED/DAP

(mSv/�Gy � cm2�)
Koyama et al

(2010)19
— 14–37 0.47–1.2 —

Kim et al (2012)17 5.99–9.61 5–6 0.38–0.87 0.06–0.09
Bai et al (2013)18 9.4 � 2 6 0.30 � 0.08 0.03–0.035
This study 11.75–23.5 16–32 0.83–1.6 0.09

Note:—ED indicates effective dose estimated with the parameters from the docu-
ment ICRP-103.
a Kim et al and Koyama et al provide a range of dose estimations for several situations
(kilovolt, collimation, or gantry tilt). Bai et al provide mean values � SD for a sample
of patients, except for the brain dose, for which they provide a phantom estimation.

1280 Sanchez Jul 2014 www.ajnr.org

http://eur-lex.europa.eu/JOHtml.do?uri=OJ:L:2014:013:SOM:EN:HTML
http://eur-lex.europa.eu/JOHtml.do?uri=OJ:L:2014:013:SOM:EN:HTML
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PATIENT SAFETY

Repeated Head CT in the Neurosurgical Intensive Care Unit:
Feasibility of Sinogram-Affirmed Iterative Reconstruction–

Based Ultra-Low-Dose CT for Surveillance
I. Corcuera-Solano, A.H. Doshi, A. Noor, and L.N. Tanenbaum

ABSTRACT

BACKGROUND AND PURPOSE: Patients in the neurosurgical intensive care unit undergo multiple head CT scans, resulting in high
cumulative radiation exposures. Our aim was to assess the acceptability of a dedicated, special-purpose sinogram-affirmed iterative
reconstruction– based ultra-low-dose CT protocol for neurosurgical intensive care unit surveillance head CT examinations, comparing
image quality with studies performed with our standard-of-care sinogram-affirmed iterative reconstruction low-dose CT and legacy
filtered back-projection standard-dose CT protocols.

MATERIAL AND METHODS: A retrospective analysis was performed of 54 head CT examinations: ultra-low-dose CT (n � 22), low-dose
CT (n � 12), and standard-dose CT (n � 20) in 22 patients in the neurosurgical intensive care unit. Standard-dose CT was reconstructed by
using filtered back-projection on a Somatom Sensation 64 scanner. Ultra-low-dose CT and ultra-low-dose CT examinations were per-
formed on a Siemens AS�128 scanner with commercially available sinogram-affirmed iterative reconstruction. Qualitative and quantita-
tive parameters, including image quality and dose, were evaluated.

RESULTS: Sinogram-affirmed iterative reconstruction ultra-low-dose CT represented a 68% lower dose index volume compared with
filtered back-projection standard-dose CT techniques in the same patients while maintaining similar quality and SNR levels. Sinogram-
affirmed iterative reconstruction low-dose CT offered higher image quality than filtered back-projection standard-dose CT (P � .05) with
no differences in SNR at a 24% lower dose index volume. Compared with low-dose CT, ultra-low-dose CT had significantly lower SNR (P �

.001) but demonstrated clinically satisfactory measures of image quality.

CONCLUSIONS: In this cohort of patients in the neurosurgical intensive care unit, dedicated ultra-low-dose CT for surveillance head CT
imaging led to a significant dose reduction while maintaining adequate image quality.

ABBREVIATIONS: CTDIvol � dose index volume; FBP � filtered back-projection; IR � iterative reconstruction; LDCT � low-dose CT; NICU � neurosurgical
intensive care unit; SAFIRE � sinogram-affirmed iterative reconstruction; SDCT � standard-dose CT; ULDCT � ultra-low-dose CT

CT by using iterative reconstruction (IR), an alternative to legacy

filtered back-projection (FBP), is now ubiquitously available. IR

methods loop iteratively through the image reconstruction, reducing

noise, with each pass permitting the use of lower levels of ionizing

radiation while preserving acceptable image quality.1,2 IR methods

have been successfully applied in cardiovascular,3,4 thoracic,5-8 ab-

dominal,9,10 and head CT applications.11-14 This study used a com-

mercially available advanced IR technique, sinogram-affirmed itera-

tive reconstruction. Sinogram-Affirmed Iterative Reconstruction

(SAFIRE) is a raw data and image domain–based15 noise-modeling

technique with 5 user-selectable strength levels. Previous work estab-

lished the feasibility of SAFIRE for the study of body regions15-20 and

more recently in head CT21 applications.

Patients in the neurosurgical intensive care unit (NICU) typ-

ically undergo multiple head CT examinations, resulting in high

cumulative radiation exposures. In this study, we evaluated radi-

ation dose and image quality of head CTs obtained with a NICU-

designated ultra-low-dose (ULDCT) protocol (120 dose-modu-

lated effective milliampere-second), with a dose index volume

(CTDIvol) approximately 80% below the recommended reference

level in the current American College of Radiology guidelines.22

We compared these studies with our standard-of-care low-dose
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(LDCT) IR protocol (290 dose-modulated effective mAs), also

SAFIRE-based, and with our legacy standard-dose (SDCT) FBP

protocol (350 fixed milliampere-second). To our knowledge, the

use of SAFIRE to support ultra-low-dose head CT for the re-

peated, approximately daily surveillance examinations in the vul-

nerable NICU population has not been reported.

MATERIALS AND METHODS
Patients
The institutional review board approved this retrospective single-

center study, with a waiver of informed consent. Our institutional

radiology data base was queried to identify NICU patients who

underwent head CT by using ULDCT from December 2012

through February 2013. Sixty head CT examinations of 28 con-

secutive NICU patients were reviewed. We selected patients who

underwent head CT using ULDCT, having at least 1 LDCT and/or

SDCT for comparison. Six patients were excluded from the image

analysis, 4 due to the lack of LDCT or SDCT available for com-

parison and 2 due to metallic artifacts caused by surgical material.

Fifty-four head CT examinations, ULDCT (n � 22), LDCT (n �

12), and SDCT (n � 20), from 22 patients were included for

analysis.

CT Protocol Selection
Scanner selection was based on availability. If the patient was

scanned on the non-IR-equipped machine, a FBP-based SDCT

was performed. If the IR-equipped scanner was available, our

standard clinical LDCT was used for the initial evaluation. If the

patient was seen subsequently, the surveillance ULDCT protocol

was used whenever the IR-capable scanner was available. Because

NICU patients underwent multiple examinations, many had

SDCT and LDCT along with ULDCT examinations on sequential

days, affording the opportunity to assess quality and dose across

the examination types in individual patients.

CT Data Acquisition
SDCT was performed with FBP on a variety of clinical scanners

unequipped with IR capability, most on a Somatom Sensation 64

scanner (Siemens, Erlangen, Germany). LDCT and ULDCT were

performed on a Definition AS�128 scanner (Siemens). CT data

parameters are summarized in Table 1.

Radiation Dose Assessment
The CT dose index volume in milligrays and the dose-length

product were extracted from the scan-dose page. Effective dose in

millisieverts was estimated by multiplying the dose-length prod-

uct with a constant region-specific conversion coefficient of

0.0023 mSv/(mGy � cm).23 Minimum, mean, and maximum

doses of CTDIvol, dose-length product and effective dose in the 3

subgroups were compared.

The difference in doses was calculated by subtracting the mean

CTDIvol used in examinations with ULDCT from the mean

CTDIvol of SDCT. The mean CTDIvol obtained from LDCT was

subtracted from the SDCT values; and ULDCT, from LDCT. A

percentage difference was also calculated. The same analysis was

performed with the dose-length product and effective dose.

Image Quality Analysis

Quantitative Analysis. A board-certified radiologist with 1 year

of neuroradiology experience (A.N.), not involved in the subjec-

tive analysis, performed the quantitative measurements. ROIs

were placed in the white matter by using an analysis and viewing

workstation (Advantage Workstation 4.6; GE Healthcare, Mil-

waukee, Wisconsin). We drew identical circular 10-mm2 ROIs in

the corona radiata, avoiding volume-averaging with sulci, cis-

terns, and gray matter. The following quantitative parameters

were acquired for each set of images:

1) Signal (S), defined as the mean CT attenuation values in

Hounsfield units.

2) Image noise (IN), defined as the SD of CT attenuation

values.

3) SNR � (Mean WM Region of Interest)/(SD WM Region of

Interest) or (S)/(IN).

Qualitative Analysis. Two board-certified neuroradiologists,

with 10 and �25 years of experience (A.H.D., L.N.T.) indepen-

dently analyzed the 3 sets of images. Readers were blinded to

reconstruction methods and radiation dose. Readers were asked

to evaluate image granularity, defined as the overall graininess or

mottle; gray matter–white matter differentiation, defined as the

perceived contrast between the gray and white matter; and overall

image quality of each CT image on a 5-point scale (Table 2).

Direct pair-wise blinded comparison was performed within

each of the ULDCT-SDCT, LDCT-SDCT, and ULDCT-LDCT

image sets for each patient. Window and level settings were stan-

dardized for initial review, but each reader was also allowed to

vary the settings. Image quality scores were averaged across both

readers for analysis and are presented as mean value and SD.

Statistical Analysis
Statistical analyses were performed by using the commercially

available IBM Statistical Package for the Social Sciences software

(Version 20; IBM, Armonk, New York). Radiation variables were

Table 1: CT protocolsa

FBP SAFIRE

SDCT LDCT ULDCT
Scanner type Siemens Somaton Sensation 64 scanner Siemens Definition AS�128 Siemens Definition AS�128
kV(peak) 120 100 100
mAs 350 290 120
Section thickness 4.8 5 5
Reconstruction kernel J40 J40f J40f
Pitch 0.6 0.6 0.6
Rotation time (sec) 0.5 0.5 0.5

a In-plane, through-plane, and lens protective dose-modulation (X-CARE; Siemens) were used.
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compared by using the Student t test for paired samples. A non-

parametric paired Wilcoxon test was used to perform inter-CT

protocol comparisons between the image quality parameters. Nu-

meric data were expressed as mean � SD. Image quality scores,

signal, image noise, and SNR for each set of CT images were ana-

lyzed. Difference was considered statistically significant at P �

.05. Interobserver agreement for assessment of image quality was

quantified by weighted � statistics.24

RESULTS
Patient Groups
Scans of 22 patients (12 men, 10 women; mean age, 59 � 0.81

years; range, 21– 87 years) were analyzed. Ten patients had scans

with ULDCT, LDCT, and SDCT techniques; 10 had scans with

ULDCT and SDCT; and 2, with ULDCT and LDCT. The mean

time interval between initial imaging with SDCT and ULDCT

follow-up was 2.3 days; between SDCT and LDCT, it was 6.5 days;

and between LDCT and ULDCT, 8.3 days.

All patients underwent CT examinations only for clinical as-

sessment or follow-up. The reasons for scanning included isch-

emic stroke (n � 7), external ventricular drain placement (n � 5),

hemorrhagic stroke (n � 4), subdural hematoma (n � 1), aneu-

rysmal subarachnoid hemorrhage (n � 3), deep brain stimulation

placement (n � 1), and brain tumor (n � 1).

Radiation Exposure
Differences in mean CTDIvol, dose-length product, and effective

dose between groups were statistically significant (all, P � .01).

A 68% reduction of the mean CTDIvol (15.55 mGy) was found

with ULDCT compared with 48.38 mGy in the SDCT group. A

67% reduction of the mean dose-length product (273.39 mGy �

cm) and 68% of the mean effective dose (0.62 mSv) were found

when using ULDCT compared with the 843.30 mGy � cm and 1.93

mSv of SDCT, respectively.

When we used LDCT compared with the SDCT, a 24% reduc-

tion of the mean CTDIvol and a 21% reduction of the mean dose-

length product and the mean effective dose was found.

A 57% reduction of the mean CTDIvol and a 59% reduction of

the mean dose-length product and the mean effective dose were

found when using ULDCT compared with the LDCT scans

(Tables 3 and 4).

Quantitative Analysis
ULDCT was comparable with SDCT with respect to SNR, albeit

with a significant increase of image noise (P � .001). The signal

was significantly higher in ULDCT scans (P � .007). LDCT was

comparable in terms of signal, image noise, and SNR with SDCT.

ULDCT, performed with a 58% lower tube current setting than

LDCT, had an expected relatively higher image noise (P � .003)

and lower SNR (P � .001). No significant differences were found

in the signal (Table 5 and Fig 1).

Qualitative Analysis
The interobserver agreement in the assessment of image qual-

ity parameters was good (� � 0.64). No significant difference

in overall quality was found between ULDCT and SDCT. The

scores for ULDCT were significantly higher than those for

SDCT for GM-WM differentiation (P � .004), while ULDCT

was associated with significantly more granularity (P � .023).

LDCT was associated with significantly less granularity (P �

.032) and better overall quality (P � .022) compared with

SDCT and resulted in a significant improvement of GM-WM

differentiation (P � .034). Scores of the ULDCT and LDCT

protocols for GM-WM differentiation were comparable, while

LDCT was associated with significantly less granularity and

better overall quality (P � .003) (Table 6 and Fig 2). Image

examples are provided in Figs 3 and 4.

DISCUSSION
Concern over the potential dangers of high radiation exposures

from CT scans has been growing in recent years.25 We were par-

ticularly interested in reducing the cumulative exposure for the

vulnerable NICU patient population—subjects who typically un-

dergo multiple, often daily, head CT examinations for days to

weeks; thus, we adopted a specific ultra-low-dose clinical protocol

for these surveillance studies.

IR techniques reduce image noise, allowing the use of lower

CT doses while preserving image quality.26 Recently, a second-

generation variation of iterative reconstruction for CT, SAFIRE,

has become available for clinical use. To the best of our knowl-

edge, this is the first study to evaluate the efficacy and adequacy of

an extremely low-dose, special-purpose head CT protocol

(CTDIvol, 15.55 mGy) by using SAFIRE, against standard-of-care

examinations by using IR and FBP in the same patient. We com-

Table 3: Radiation dose for the ULDCT, LDCT, and SDCT
ULDCT
(n = 22)

LDCT
(n = 12)

SDCT
(n = 20)

CTDIvol (mGy)
Max 20.46 54.71 60.69
Min 11.77 26.79 33.80
Mean 15.55 36.47 48.38

DLP (mGy � cm)
Max 375.00 958.00 1128.20
Min 188.00 471.00 574.65
Mean 273.39 668.58 843.30

ED (mSv)
Max 0.86 2.20 2.59
Min 0.43 1.08 1.32
Mean 0.62 1.53 1.93

Note:—Max indicates maximum; Min, minimum; DLP, dose-length product; ED, ef-
fective dose.

Table 2: Grading system for the qualitative assessment
Score Granularity GM-WM Differentiation Overall Quality

1 Much more than expected Much worse than expected Much worse than expected
2 More than expected Worse than expected Worse than expected
3 Normal, as expected Normal, as expected Equal, as expected
4 Less than expected Better than expected Better than expected
5 Much less than expected Much better than expected Much better than expected

AJNR Am J Neuroradiol 35:1281– 87 Jul 2014 www.ajnr.org 1283



pared 3 clinical CT protocols: 350 fixed milliampere-second

SDCT with FBP, 290 effective milliampere-second LDCT, and

120 effective milliampere-second ULDCT (both LDCT and

SDCT reconstructed with SAFIRE), performed on a consecutive

group of NICU patients.

When the ULDCT studies were compared with SDCT, image

overall quality was equivalent despite a 66% relative dose reduc-

tion. At a relative dose reduction of 17%, SAFIRE-based LDCT

scored significantly higher for subjective image quality, with no

differences in noise compared with SDCT images reconstructed

with FBP. When the 2 SAFIRE techniques were compared,

ULDCT had significantly higher image noise and lower image

quality than LDCT. This finding was consistent with expectations

that image quality will be proportional to the dose level used when

all other parameters are fixed. Our findings are concordant with

previous studies using SAFIRE-based CT. Kalra et al18 compared

the use of abdominal CT reconstructed with SAFIRE with CT

reconstructed with FBP and demonstrated a 50% reduced dose

and, in some patients, a 75% reduced dose when using SAFIRE

without a loss of diagnostic value. Similarly, Winklehner et al19

showed the potential to reduce the radiation dose by �50% in

body CTA studies by using SAFIRE without a deterioration in

image quality. In a chest CT study, Pontana et al16 demonstrated

a 50% lower dose while image quality was preserved. SAFIRE has

also been recently applied in the study of

cervical spine CT, providing better im-

age quality for intervertebral disks, the

neural foramina, and ligaments com-

pared with FBP, while reducing the radi-

ation dose by approximately 40%.20

Korn et al21 recently published the first

study of the use of SAFIRE in head CT

and demonstrated that at 20% dose re-

duction, image quality was better with

SAFIRE than with standard-dose FBP.

In the literature, there is a wide vari-

ation of dose-reduction results by using

SAFIRE,15-21 which makes it difficult to

compare results. Differences might be

partially explained by the inconsistency

FIG 1. Boxplot diagrams. Signal, image noise, and SNR for SDCT, LDCT, and ULDCT are depicted. The line across the middle of the box identifies
the mean sample value; boxes extend from the 25th to the 75th quartile, and whiskers, down to the minimum (min) and maximum (max) values.

Table 4: Radiation dose for the ULDCT, LDCT, and SDCT
SDCT-ULDCT

(100% - [ULDCT/SDCT] � 100)
SDCT-LDCT

(100% - [LDCT/SDCT] � 100)
LDCT-ULDCT

(100% - [ULDCT/LDCT] � 100)
Percentage reduction

Difference CTDIvol

66% 10% 62%
65% 20% 56%
68% 24% 57%

Difference DLP
67% 15% 61%
67% 18% 61%
67% 21% 59%

Difference ED
67% 15% 61%
67% 17% 60%
68% 21% 59%

Note:—DLP indicates dose-length product; ED, effective dose.

Table 5: Quantitative analysis: signal, image noise, and SNR in ULDCT, LDCT, and SDCTa

ULDCT SDCT P LDCT SDCT P ULDCT LDCT P
S (HU) 32.94 � 4.16 29.59 � 4.97 .007 31.67 � 4.27 29.59 � 4.97 .359 32.94 � 4.16 31.67 � 4.27 .320
IN (HU) 5.05 � 0.92 4.40 � 0.89 .001 3.81 � 0.40 4.40 � 0.89 .154 5.05 � 0.92 3.81 � 0.40 .003
SNR 6.71 � 1.38 6.91 � 1.45 .251 8.35 � 1.2 6.91 � 1.45 .164 6.71 � 1.38 8.35 � 1.2 .001

Note:—S indicates signal; IN, image noise.
a Data are presented as mean and SD.

Table 6: Qualitative analysis of granularity: GM-WM differentiation and overall quality in ULDCT, LDCT, and SDCTa

ULDCT SDCT P LDCT SDCT P ULDCT LDCT P
Granularity 2.82 � 0.47 3.38 � 0.58 .023 4 � 0.42 3.38 � 0.58 .032 2.82 � 0.47 4 � 0.42 .003
GM-WM diff 3.50 � 0.67 2.90 � 0.59 .004 3.79 � 0.49 2.90 � 0.59 .034 3.50 � 0.67 3.79 � 0.49 .277
Overall quality 3.25 � 0.45 3.25 � 0.52 .908 4.08 � 0.51 3.25 � 0.52 .022 3.25 � 0.45 4.08 � 0.51 .003

Note:—GM-WM diff indicates gray matter–white matter differentiation.
a Data are presented as mean and SD.
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in the method used to calculate dose reductions26 and by the use

of different scanners in those studies.

There are several aspects of our study that complement the pub-

lished material to date. The ULDCT, LDCT, and SDCT scans were all

obtained in the same patient cohort so that a more accurate intrapa-

tient comparison could be performed. Additionally, we focused ex-

clusively on the acceptability of a special-purpose, dedicated protocol

for NICU patients—a vulnerable population subset in whom the

frequent, repeated use of the head CT is of particular concern. Our

approach used a significantly dose-reduced SAFIRE protocol, 58%

lower than our routine clinical IR protocol and 53% lower than the

low-dose protocol used in the Korn et al study.21 While they reported

a CTDIvol of 47.8 mGy in their low-dose CT protocol,21 similar to

the dose in our clinical standard LDCT, our ULDCT had a mean

CTDIvol of 15.55 mGy, representing a 67% reduction in comparison,

and it was 79% lower than the 75-mGy limit recommended by the

American College of Radiology guidelines.22

An optimal CT protocol uses the lowest dose and provides

the appropriate image quality for the clinical circumstances for

which it is intended. Head CT is a critical tool for the surveil-

lance of the NICU population, typically used serially to moni-

tor and guide treatment. We presumed that a protocol with

drastically reduced doses would be adequate for these surveil-

lance examinations used primarily to follow known abnormal-

ities such as hematoma size, catheter position, and ventricular

caliber and that they would be clinically acceptable at a some-

what reduced level of quality and low contrast detectability

than a routine CT. This retrospective study confirmed that this

ULDCT approach provided acceptable quality for these sur-

veillance examinations in the NICU population.

An important question concerns the level of dose reduction

obtained before diagnostic accuracy is impaired. An optimal

combination of SAFIRE and dose reduction has not yet been es-

tablished. This study demonstrated the ability of reducing the

FIG 2. Qualitative analysis of granularity, GM-WM differentiation, and overall quality in ULDCT, LDCT, and SDCT. Data are presented as mean
and SD.

FIG 3. Comparison of SDCT-reconstructed FBP, LDCT, and ULDCT with SAFIRE obtained during 1 week in a 66-year-old NICU patient. Initial scan
performed as an FBP SDCT (A) shows the reference image quality. Follow-up SAFIRE LDCT 24 hours later (B) and ULDCT SAFIRE (C) performed 72
hours after the initial examination, at approximately the same level as A.
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dose up to 69% and maintaining diagnostic quality for this special

purpose.

We acknowledge several study limitations. First, the retrospec-

tive design and the small sample size, with only 12 cases with

dedicated ULDCT and LDCT for comparison, requires a confir-

mation of our findings in a prospective trial and a larger popula-

tion. Second, while reviewers were blinded to protocol and recon-

struction technique, blinding was not perfect because the varied

use of scanner and reconstruction methods left subtle but recog-

nizable differences in the appearance of the datasets. Third, dif-

ferent scanners were used for the SAFIRE and FBP groups; hence,

we are unable to exclude the possible influence of different detec-

tor efficiency, image thickness, and reconstruction kernels on im-

age quality and radiation dose. Finally, these results apply only to

the specified protocols and CT scanners and will not translate

exactly to other protocols and scanners, though the fundamentals

with respect to a radiation-vulnerable population should apply in

a vendor and IR agnostic fashion.

CONCLUSIONS
This study suggests that ULDCT with SAFIRE is a viable tech-

nique to significantly decrease radiation exposure while pre-

serving image quality for the surveillance of the NICU popu-

lation who are undergoing repeated head scanning. ULDCT

could replace conventional CT for follow-up evaluations of the

brain whenever serial examinations are performed or

anticipated.
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ORIGINAL RESEARCH
PATIENT SAFETY

Artifact Reduction of Different Metallic Implants in
Flat Detector C-Arm CT

S.-C. Hung, C.-C. Wu, C.-J. Lin, W.-Y. Guo, C.-B. Luo, F.-C. Chang, and C.-Y. Chang

ABSTRACT

BACKGROUND AND PURPOSE: Flat detector CT has been increasingly used as a follow-up examination after endovascular intervention.
Metal artifact reduction has been successfully demonstrated in coil mass cases, but only in a small series. We attempted to objectively and
subjectively evaluate the feasibility of metal artifact reduction with various metallic objects and coil lengths.

MATERIALS AND METHODS: We retrospectively reprocessed the flat detector CT data of 28 patients (15 men, 13 women; mean age, 55.6
years) after they underwent endovascular treatment (20 coiling � stent placement, 6 liquid embolizers) or shunt drainage (n � 2) between
January 2009 and November 2011 by using a metal artifact reduction correction algorithm. We measured CT value ranges and noise by using
region-of-interest methods, and 2 experienced neuroradiologists rated the degrees of improved imaging quality and artifact reduction by
comparing uncorrected and corrected images.

RESULTS: After we applied the metal artifact reduction algorithm, the CT value ranges and the noise were substantially reduced (1815.3 �

793.7 versus 231.7 � 95.9 and 319.9 � 136.6 versus 45.9 � 14.0; both P � .001) regardless of the types of metallic objects and various sizes of
coil masses. The rater study achieved an overall improvement of imaging quality and artifact reduction (85.7% and 78.6% of cases by 2
raters, respectively), with the greatest improvement in the coiling group, moderate improvement in the liquid embolizers, and the smallest
improvement in ventricular shunting (overall agreement, 0.857).

CONCLUSIONS: The metal artifact reduction algorithm substantially reduced artifacts and improved the objective image quality in every
studied case. It also allowed improved diagnostic confidence in most cases.

ABBREVIATIONS: CCF � carotid cavernous fistula; FDCT � flat detector CT; MAR � metal artifact reduction; HU � Hounsfield unit

Flat panel detectors have been used in radiography and fluoros-

copy with the advantages of offering a higher dynamic range,

dose reduction, direct digital readout, and a higher frame rate of

dynamic image acquisition.1 Earlier reports about projection data

by C-arm-based flat detector– equipped angiography were pub-

lished in the 2000s.2,3 With the advances of flat detector technol-

ogy, the angiographic suites equipped with C-arm flat detectors

can generate 3D angiography and high-resolution volume images

with soft-tissue contrast resolution. Today, the term “flat detector

CT” (FDCT) refers to CT images with a series of projection data

using a C-arm-based flat detector system, known as angiographic

CT.4 This technology has gained popularity and provided a num-

ber of important clinical applications.5

As a crucial tool for follow-up examinations in the angio-

graphic suite, FDCT detects most intraparenchymal hemorrhages

in emergency situations6,7 and can recognize intracranial compli-

cations early during endovascular surgery, such as coiling of an

intracranial aneurysm, stent placement, or other interventional

procedures.7 However, severe artifacts stemming from metallic

objects remarkably degrade the image quality of FDCT and pre-

vent visualization of the adjacent brain parenchyma or hemor-

rhage. Prell et al8 described a metal artifact reduction (MAR)

algorithm that significantly improved imaging quality in the

FDCT of 7 patients. Further studies based on a previous MAR
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algorithm8 have demonstrated the success in coiling and stent-

assisted coiling FDCT and CT angiography.9,10 However, the

comparison of the efficacy of artifact reduction for various sizes

and types of metal objects was seldom discussed. In this study, we

investigated whether a MAR prototype software could reduce ar-

tifacts stemming from different high-attenuation implants and

improve the diagnostic confidence of radiologists.

MATERIALS AND METHODS
Our institutional review board approved this study. We retro-

spectively reprocessed consecutive postinterventional FDCT im-

ages of 28 patients (15 men, 13 women; mean age, 55.6 years;

range, 13– 85 years) between January 2009 and November 2011.

Twenty patients had aneurysms or carotid cavernous fistulas

(CCFs) and were treated with endovascular coiling and stent

placement. One patient had a left CCF, treated with 35% n-BCA.

Five patients had cerebral AVMs or dural arteriovenous fistulas

and were treated with Onyx (Covidien, Irvine, California). Two

had hydrocephalus and were treated with ventricular shunt

drainage.

All images were obtained from a flat panel angiographic C-

arm system (Axiom Artis; Siemens, Erlangen, Germany) with the

same FDCT protocol. The high-quality FDCT scan protocol in-

cluded an acquisition range of 200° (20 seconds for acquisition,

1240 � 960 projection matrix, 0.4° angular increment) and 496

projections. The uncorrected FDCT images were reconstructed

by using the dedicated software syngo InSpace 3D (Siemens).

All images were then postprocessed by using an MAR proto-

type software on an off-line workstation (MAR_VB21, Version

10; Siemens). The MAR algorithm investigated in this work is a

modification and, additionally, an extension of a recently pub-

lished MAR algorithm.8 The algorithm consists of several steps.

Initially, an uncorrected volume image is reconstructed from the

measured data. By segmenting the metal objects in this volume,

one can obtain a binary metal volume image. For each projection,

this binary volume is forward-projected to yield a binary projec-

tion image of metal regions on the detector in the respective po-

sition. The projection data contained in these metal regions are

generated by rays through metal objects, and thus these data are

responsible for the artifacts. The data

along the metal region boundaries are

used to replace these data by a nonlinear

interpolation procedure. The so-far cor-

rected volume is used for a second nor-

malized MAR correction step.11 This step

includes, additionally, iterative improve-

ments of the metal region boundaries to

enhance the consistency of the corrected

data as a whole. Finally, a procedure min-

imizing the total variation is applied to

reduce residual streaks.

The uncorrected and corrected image

volumes were reformatted to stacks of

transverse images with section thick-

nesses of 2.5 mm for the following

analysis.

Image Analysis and Statistical Analysis

Objective Assessment. An experienced neuroradiologist

(S.-C.H.) placed the first region of interest (ROI1) of 1.5 � 1.5

cm2 in exactly the same location of the brain parenchyma closest

to the metal objects in both uncorrected and corrected images. A

second same-size region of interest (ROI0) was placed in the paren-

chyma in the section above or below the metal artifacts, which was

used for the brain parenchyma reference without metal artifact inter-

ference (Fig 1).

The range of Hounsfield unit (HU) values in the region of

interest was defined as the difference of maximal (max) and min-

imal (min) values,

HU range � HUmax � HUmin,

and the noise was defined as the SD of HU values in the region of

interest.

Subjective Assessment. Two neuroradiologists (S.-C.H. and

C.-C.W.) evaluated each examination independently on the com-

mercialized PACS viewer of our hospital. All images were anony-

mized; the raters were blinded to patient information and types of

metal objects. The raters compared uncorrected and corrected

images according to the artifacts around the metal objects and

rated improved diagnostic confidence by using a 5-score system:

(�1 � worse metal artifacts, 0 � no substantial change of metal

artifacts, 1 � mild reduction of artifacts but not helpful for the

diagnosis, 2 � marked reduction of metal artifacts and improved

diagnostic confidence, 3 � no residual artifacts).

Statistical Analysis
We divided the patients into 3 groups according to the metal objects,

including coiling � stent placement, liquid embolizers (n-BCA or

Onyx), and shunts. The coiling group was further divided into 3

subgroups according to the coil lengths (�25 cm, �25 cm but �100

cm, �100 cm). We used paired t tests to compare the range and noise

of ROI1 between uncorrected and corrected images and between

ROI0 and ROI1 in the corrected images. We calculated the overall

interrater agreement by raw statistics and analyzed the reliability of

the agreement by using � statistics. We used the �2 and Fisher exact

FIG 1. Hounsfield unit value range and noise were measured by two 1.5 � 1.5 cm2 square ROIs.
The first region of interest (ROI1) is placed in the region with most severe artifacts in the vicinity
of the metal implant (A). The second region of interest (ROI0) is placed in the section just above
the target metal object, which is degraded by metallic artifacts (B).
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tests to calculate the significance of the results. A 2-tailed level of

P � .05 was considered significant.

RESULTS
The images of all patients demonstrated streak artifacts and were

processed by the MAR algorithm successfully. The results are

summarized in Table 1.

Comparison among Metal Objects
The application of the MAR algorithm did not compromise the im-

age quality in the section without metal artifact contamination

(ROI0) in all cases. The Hounsfield unit

range and noise of ROI1 were higher in the

coiling group compared with the liquid em-

bolizer group (n-BCA or Onyx) or the ven-

tricular shunt group in the uncorrected im-

ages, but no significant difference existed

(Fig 2). A significant reduction of metal ar-

tifacts was achieved in all volume images of

various metal objects, which showed a

lower Hounsfield unit range and noise (P �

.001) (Fig 3). The Hounsfield unit range

and noise of ROI1 in the corrected images

remained significantly higher than those of

ROI0 in the coiling group, but no signifi-

cant difference existed in the other groups

(Fig 2).

Comparison among Various Coil Lengths

In the coiling group, the Hounsfield unit range and noise of ROI1

were related to the coil length before the MAR algorithm correc-

tion; however, no significant difference existed (Fig 4). A signifi-

cant reduction of metal artifacts was achieved in all patients with

different metal objects (P � .05). Except for the noise in the sub-

group length between 25 and 100 cm, the Hounsfield unit range

and noise of ROI1 in the corrected images showed no significant

difference compared with those of ROI0 in the other subgroups (Fig 3).

FIG 2. A, Comparison of Hounsfield unit range among different objects. B, Comparison of noise among different metal objects.

FIG 3. Illustrative case 1. FDCT without MAR (A) and with MAR (B) of a left-side ICA aneurysm
post– coil embolization. The metal artifacts are significantly reduced, and the postcorrected
images enable clearer evaluation of adjacent parenchyma.

Table 1: Quantitative assessment of metal artifacts before and after reduction

Objects

HU Range

P Value

Noise

P ValueBefore After % Change Before After % Change
ROI0 (n � 28) 247.2 � 37.5 247.3 � 37.3 0.04 NS 36.3 � 4.8 36.2 � 4.7 0.2 NS
Coiling � stenting (n � 20) 2005.6 � 804.0 282.6 � 55.8 85.9 �.001 251.7 � 94.4 42.9 � 10.3 82.9 �.001

�25 cm (n � 6) 1613.7 � 709.7 296 � 44.7 81.7 .006 198.4 � 83.8 42.8 � 7.3 78.4 .007
25–100 cm (n � 7) 1954.9 � 634.2 257.6 � 23.5 86.8 �.001 238.6 � 49.3 38.9 � 5.6 83.7 �.001
�100 cm (n � 7) 2392.3 � 945.6 296 � 80.7 87.6 .001 310.3 � 113.5 46.9 � 15.0 84.9 .001

Liquid embolizer (n � 6) 1377.3 � 646.6 428.5 � 259.0 68.9 .019 206.0 � 86.3 56.9 � 21.6 72.3 .007
Shunt (n � 2) 1226.5 � 259.5 368.0 � 76.4 70.9 NS 109.8 � 2.6 44.0 � 0.7 60 .013
Overall (ROI1) (n � 28) 1815.3 � 793.7 319.9 � 136.6 82.3 �.001 231.7 � 95.9 45.9 � 14.0 80.2 �.001

Note:—NS indicates no significance.
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Subjective Assessment of Image-Quality Improvement
The results of the observer study are summarized in Tables 2 and

3. The overall agreement of the 2 raters was 85.7% (� � 0.517). No

case had more severe artifacts or worse imaging quality after MAR

correction. The number of cases in which the raters agreed on

significant artifact reduction and improved image quality (score

of �2) was �95% in the coiling group, 50% in the liquid embo-

lizer group, and none in the shunt group.

DISCUSSION
An angiographic suite equipped with flat panel detectors can pro-

vide in-room CT-like images before or after neurointerventional

procedures without transferring patients to another conventional

CT scanner. These images can identify the relationship of the

metal implants and provide early recognition of rebleeding or

intracranial procedure-related complications, such as incomplete

stent deployment, stent migration, stent fracture, or coil disloca-

tion.12-14 However, the metallic artifacts stemming from metal

objects hinder clear visualization of a hematoma or parenchyma

surrounding metal objects.14

Prell et al15 demonstrated successfully reducing metal artifacts

by using their version of a MAR algorithm in a small series of 7

patients who had cerebral aneurysms and were treated with coil-

ing or clipping. Other studies, based on their own versions of a

MAR algorithm, have further demonstrated the visualization use-

fulness of the stent strut and parent vessels in stent-assisted coil-

ing.9,10 However, the efficacy of the MAR algorithm, as described

above in managing different metal objects, has not been reported,

to our knowledge.

The patients in our study did not undergo FDCT before the

operation. Therefore, we chose the brain parenchyma in a higher

or lower section, which was free of metallic artifacts, as the inter-

nal reference of imaging quality. We demonstrated that the Sie-

mens MAR software remarkably reduces artifacts and corrects

image quality to a level close to the imaging quality of the native

image by using adjacent parenchyma as the internal reference.

Although the Hounsfield unit range and noise of the corrected

images remained slightly higher than those of native images, no

significant differences existed. We noticed that in most cases, cer-

tain darker areas surrounding the implants remained after MAR

correction. These artifacts may be the secondary artifacts intro-

duced by the correction scheme and may be the reason the imag-

ing quality remained inferior to that of native images.15,16 In our

results, the types of metal objects and the coil lengths did not affect

the results of the investigated MAR algorithm.

In assessing subjective image quality, we demonstrated that

the MAR software substantially improved the visibility of the

metal object vicinity, in which image qualities were most severely

degraded before correction. Consequently, the overall imaging

quality of surrounding regions improved in �78% of the cases

following MAR. Nearly all coiling cases had increased diagnostic

confidence following MAR. In contrast, the rater score was lower

in the liquid embolizer group, though the Hounsfield unit range

and noise in the corrected images showed no difference from

FIG 4. A, Comparison of Hounsfield unit range among different coil lengths. B, Comparison of noise among different coil lengths.

Table 2: Results of the observer study rating the imaging quality with MAR

Objects

Rater 1 Score

P Value

Rater 2 Score

P Value−1 0 1 2 3 −1 0 1 2 3
Coiling � stenting 0 0 0 18 2 0 0 1 13 6
Liquid embolizer 0 0 2 4 0 0 0 3 3 0
Shunt 0 0 2 0 0 0 2 0 0 0
Overall 0 0 4 22 2 .002 0 2 4 16 6 �.001

Table 3: Inter-rater agreement of the observer study
Overall

Agreement
Rater 1,

Score ≤ 2 (%)
Rater 2,

Score ≤ 2 (%) �

Overall imaging
quality

0.857 85.7 78.6 .517
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those of the coiling group. Our explanation is that liquid emboli-

zer shape and distribution were typically irregular and scattered in

these cases. Despite significant artifacts reduction, the blurred re-

gions and the secondary artifacts introduced by the replaced im-

aging content of the original x-ray data accumulated in the central

regions and significantly hindered the image interpretation (On-

line Fig 1). Therefore, only half of the cases achieved higher diag-

nostic confidence following MAR. None of the ventricular shunt-

ing group provided additional diagnostic information following

MAR because the shunt artifacts were typically limited to the tip of

the shunt and were minor, which explains why most cases could

be interpreted easily without requiring MAR correction (On-

line Fig 2).

The main limitation of our study was the relatively small num-

ber of cases. We only analyzed 6 patients receiving liquid emboli-

zers and 2 patients undergoing ventricular drainage. Although the

sample size was small, the MAR application resulted in promising

results for correcting metal artifacts and improving image quality,

indicating the need for further research. In the coiling group, we

chose coil length rather than aneurysm packing attenuation as the

coil attenuation parameter. Because the coil masses are irregular

and bilateral in CCF cases, it is difficult to apply the formula of the

aneurysm packing attenuation in these cases. Our results indicate

the correlation of coil length with artifact severity and achieving

reduced metal artifacts in all subgroups of different coil lengths.

These findings may provide indirect evidence that the MAR soft-

ware successfully reduces metal artifacts, regardless of various

coiling densities.

CONCLUSIONS
We demonstrated using the MAR prototype to reduce streak ar-

tifacts substantially around different metallic implants on FDCT

and to improve objective and subjective imaging quality.
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ORIGINAL RESEARCH
BRAIN

Diffusion-Weighted Imaging with Dual-Echo Echo-Planar
Imaging for Better Sensitivity to Acute Stroke

S.J. Holdsworth, K.W. Yeom, M.U. Antonucci, J.B. Andre, J. Rosenberg, M. Aksoy, M. Straka, N.J. Fischbein,
R. Bammer, M.E. Moseley, G. Zaharchuk, and S. Skare

ABSTRACT

BACKGROUND AND PURPOSE: Parallel imaging facilitates the acquisition of echo-planar images with a reduced TE, enabling the incor-
poration of an additional image at a later TE. Here we investigated the use of a parallel imaging– enhanced dual-echo EPI sequence to
improve lesion conspicuity in diffusion-weighted imaging.

MATERIALS AND METHODS: Parallel imaging– enhanced dual-echo DWI data were acquired in 50 consecutive patients suspected of
stroke at 1.5T. The dual-echo acquisition included 2 EPI for 1 diffusion-preparation period (echo 1 [TE � 48 ms] and echo 2 [TE � 105 ms]).
Three neuroradiologists independently reviewed the 2 echoes by using the routine DWI of our institution as a reference. Images were
graded on lesion conspicuity, diagnostic confidence, and image quality. The apparent diffusion coefficient map from echo 1 was used to
validate the presence of acute infarction. Relaxivity maps calculated from the 2 echoes were evaluated for potential complementary
information.

RESULTS: Echo 1 and 2 DWIs were rated as better than the reference DWI. While echo 1 had better image quality overall, echo 2 was
unanimously favored over both echo 1 and the reference DWI for its high sensitivity in detecting acute infarcts.

CONCLUSIONS: Parallel imaging– enhanced dual-echo diffusion-weighted EPI is a useful method for evaluating lesions with reduced
diffusivity. The long TE of echo 2 produced DWIs that exhibited superior lesion conspicuity compared with images acquired at a shorter
TE. Echo 1 provided higher SNR ADC maps for specificity to acute infarction. The relaxivity maps may serve to complement information
regarding blood products and mineralization.

ABBREVIATIONS: DW � diffusion-weighted; GRAPPA � generalized autocalibrating partially parallel acquisition; GRE � gradiant-recalled echo; PI � parallel
imaging; R2 � relaxivity map

Diffusion-weighted imaging plays a key role in evaluating mul-

tiple neurologic diseases, including stroke.1-7 In DWI, the

image intensity reflects the rate of water diffusion at a given loca-

tion, but DWI also remains sensitive to T1 and T2 relaxation (and

proton attenuation). T1 relaxation effects can be mitigated by

using a long TR to allow longitudinal relaxation. Due to the in-

sertion of the diffusion gradients and the associated TE prolonga-

tion, however, T2 effects cannot be mitigated during image acqui-

sition. Thus, T2 and diffusion effects are entangled on DWI,

though it is often clinically important to differentiate their relative

contribution to the final image. Therefore, the quantitative ADC

images are produced, which remove the T2 weighting effect.8,9

The most efficient, reliable, and thereby conventional method

for DWI acquisition is with the EPI technique. A significant lim-

itation of diffusion-weighted (DW)-EPI is the presence of suscep-

tibility artifacts, which manifest as geometric distortion, signal

drop-out, and image blurring. To reduce such artifacts in DW-

EPI, parallel imaging (PI)10,11 can be used to accelerate EPI.12,13

In PI-enhanced EPI, the echo train is shortened, thereby reducing

TE. A short TE in DWI is typically considered as advantageous

because it results in a higher SNR and reduces the T2 contrast.

However, because many lesions with reduced diffusivity also have

prolonged T2 values compared with the surrounding tissue,14 a

short TE may reduce the conspicuity of ischemic lesions.

With the hypothesis that improved conspicuity of lesions with

reduced diffusivity can be achieved by longer TEs than in conven-
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tional practice, 1 option is to simply increase the TE (within rea-

sonable limits) of a DWI acquisition. Another option is to in-

crease the b-value (which also increases the contribution of

reduced diffusion in the signal). Unfortunately, both approaches

reduce the SNR of the ADC image (computed from the b�0 and

the DWI), which is used for diagnostic specificity. Another option

is to add a second DW echo within the same TR15,16—an ap-

proach that does not significantly impact the overall scanning

time. Figure 1 depicts this dual-echo DWI approach, with 2 EPI

trajectories acquired for 1 diffusion-preparation period (echo 1 and

echo 2, respectively). Here, echo 2 is used to increase the sensitivity to

lesions, and echo 1 provides a higher SNR image used to calculate the

ADC. Furthermore, relaxivity (R2) maps can be calculated from the 2

b�0 images to potentially reveal an additional source of image con-

trast without additional scanning time.

In this work, we imaged patients clinically suspected of acute

or subacute stroke by using a PI-enhanced dual-echo DW-EPI

sequence on a 1.5T clinical scanner to explore the impact that a

longer TE might have on clinical management and patient out-

come. Our aim was to evaluate the 2 diffusion-weighted echoes

(echo 1 and echo 2) obtained from the dual-echo sequence on

image quality, lesion quality, and diagnostic quality metrics, and

to evaluate relaxivity maps calculated from the 2 echo images as a

potential additional source of image contrast.

MATERIALS AND METHODS
Patient Studies
All data were acquired on an inpatient 1.5T MR imaging system

(Signa HD; GE Healthcare, Milwaukee, Wisconsin) equipped

with an 8-channel head coil. With institutional review board ap-

proval, 50 consecutive adult patients who were clinically sus-

pected of stroke were scanned with the dual-echo DWI sequence

between January 13, 2011, and April 6, 2011. The product DWI

sequence used as part of standard of care at our institution was

used as the criterion standard comparison DWI sequence for this

study. We also acquired additional routine MR images relevant to

the clinical scenario: T2-weighted FLAIR, T2-weighted gradient-

recalled echo (GRE), fast spin-echo, MRA of the circle of Willis,

and bolus perfusion imaging. The final clinical diagnosis was

based on the imaging findings that were correlated with appropri-

ate clinical symptoms (Table 1).

Imaging Sequence and Reconstruction
Our generalized autocalibrating partially parallel acquisition

(GRAPPA)-accelerated DWI sequence was modified to include a

second-echo EPI trajectory succeeding a second 180° refocusing

pulse (Fig 1). Patient data were acquired by using the following

imaging parameters: GRAPPA acceleration factor of R � 3, FOV �

FIG 1. Dual-echo DWI pulse sequence showing the section-select module (blue); diffusion preparation period (yellow); and the first and second
imaging echoes (echoes 1 and 2 acquired at 2 different TEs, TE1 and TE2) separated by a 180° refocusing pulse.

Table 1: Clinical history of the 50 patients who were suspected of
stroke and scanned for this studya

Clinical History
No. of

Patients

No. of Patients
with Lesions with

Reduced Diffusivity
Moyamoya disease 5 5
Transient ischemic attack 16 5
Stroke 14 14
Cavernous malformation 3 2
Hemorrhage 5 5
Vasospasm post-subarachnoid

hemorrhage
3 3

Metabolic disease 1 0
Brain tumor 2 1
Headache 1 1
Total No. of patients 50 36

a The number of patients with lesions with reduced diffusivity present on �1 of the
scanned DWI sequences is also shown.
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24 cm, acquisition matrix � 192 � 192, 5-mm/0-mm section thick-

ness/gap, partial Fourier encoding with 24 overscans, TE1/TE2 �

48/105 ms, Stejskal-Tanner diffusion preparation,17 tetrahedral en-

coding (4 diffusion directions) with b � 1000 s/mm2, and 1 T2-

weighted (b � 0) image. Each volume was acquired by using 3 inter-

leaves. The fully sampled b � 0 image was formed after combining

the 3 interleaves and was used to enable the estimation of GRAPPA

weights. These estimated GRAPPA weights were applied to all inter-

leaves of all acquired volumes separately, including the b � 0 volume

itself.13 A TR of 3 seconds was used to keep T1 saturation effects small

in the brain parenchyma (resulting in 95.8% and 99.3% T1 recovery

at 1.5T, assuming a T1 � 950 ms/600 ms for gray and white matter,

respectively18). A maximum of 23 sections was permitted in a TR of

3 seconds, and the total scanning time was 2 minutes 15 seconds. The

product DWI sequence scanned routinely at our institution was used

as the criterion standard DWI sequence for this study, which used a

PI-enhanced (sensitivity encoding–type) EPI sequence with the fol-

lowing parameters: matrix size � 128 � 128, acceleration factor R �

2, partial Fourier encoding, TR/TE � 8 seconds/70 ms, twice-refo-

cused19,20 diffusion preparation, 23 sections with a 5-mm/0-mm sec-

tion thickness/gap, partial Fourier encoding with 16 overscans, 3 dif-

fusion directions with b � 1000 s/mm2, one T2-weighted (b � 0)

image, and a scanning time of 50 seconds.

The postprocessing of the dual-echo DWI data was performed

by using a compiled and multithreaded Matlab code (Version

7.8.0; MathWorks, Natick, Massachusetts). Both echoes (echo 1

and echo 2) were reconstructed and sent to our hospital image

data base (PACS). These DWI datasets included the isotropic

DWI from the 2 echoes (E1 and E2); the isotropic ADC calculated

from the b � 0 and b � 1000 s/mm2 from echo 1; and the relax-

ivity maps, R2, calculated from the average of the b � 0 and b �

1000 s/mm2 relaxivity maps as follows:

R2 �
1

2
(RE1 � RE2) �

1

2 �log(B02 / B01)

TE2 � TE1
�

log(DW2 / DW1)

TE2 � TE1
�,

where B0 represents the b � 0 s/mm2 image, and DW, the b �

1000 s/mm2 image at 2 TEs.

FIG 2. Assessment of readers A, B, and C of image quality, lesion
conspicuity, and diagnostic confidence. Nominal values of 3–7 repre-
sent reader grading compared with the product DW-EPI (assigned as
4), represented by the percentage of total assigned values. Note that
values of 1–2 (corresponding to “nondiagnostic” and “poor”) are not
shown because these values were not assigned in this study.

Table 2: Agreement among readers on specific ratings using a
weighted � statistic (N � 50)a

Echo 1 Echo 2

Diag
Conf Conspicuity Quality

Diag
Conf Conspicuity Quality

A vs B �0.05 0.10 0.00 0.07 �0.00 �0.09
A vs C 0.10 0.13 0.31 0.16 0.13 �0.09
B vs C 0.02 �0.02 0.00 0.09 0.14 0.31

Note:—Diag Conf indicates diagnostic confidence.
a All ratings are with P � .14.

Table 3: Preference for the second echo over the first echo
Reader Fraction Percentage 95% CI P Value (1-tailed)

Reader A 35/50 70% (55%–82%) .003
Reader B 38/50 76% (62%–87%) �.001
Reader C 34/50 68% (53%–80%) .008

Table 4: Percentage of cases rated greater than the product DWI
(N � 50)

Echo 1 Echo 2

Diag
Conf Conspicuity Quality

Diag
Conf Conspicuity Quality

A vs B 92% 84% 100% 96% 98% 100%
A vs C 78% 66% 100% 96% 98% 92%
B vs C 96% 92% 100% 96% 94% 94%

Note:—Diag Conf indicates diagnostic confidence.

Table 5: Mean (SD) of ratings (N � 50)
Diagnostic
Confidence Conspicuity Quality

Echo 1 Echo 2 Echo 1 Echo 2 Echo 1 Echo 2
Reader A 5.7 (0.9) 6.4 (0.7) 5.1 (1.0) 6.3 (0.9) 6.3 (0.5) 5.5 (0.6)
Reader B 4.8 (0.7) 5.6 (0.6) 4.4 (0.9) 6.0 (0.7) 5.8 (0.4) 4.5 (1.0)a

Reader C 5.8 (0.6) 6.4 (0.8) 5.2 (0.7) 6.1 (0.9) 6.1 (0.3) 4.8 (0.7)b

a P � .004.
b P � .002; all others, P � .0001.
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Imaging Evaluation
Three blinded board-certified neuroradiologists (readers A–C)

with 7 years’, 5 years’, and 1 year experience, respectively, inde-

pendently evaluated the DWIs of echo 1 and echo 2 for lesions

with reduced diffusivity in 50 patients admitted for possible

stroke. Each reader, blinded to the clinical symptoms and final

diagnosis, first viewed the DWI from echo 1, followed by the DWI

from echo 2, by using the reference product DWI as the criterion

standard. The neuroradiologists made following evaluations:

1) Presence/absence of DWI-hyperintense lesions on echoes 1

and 2 (yes/no)

2) Diagnostic confidence for each echo DWI (echo 1 and 2) rel-

ative to the reference image

3) For cases with DWI-hyperintense lesions, the lesion conspicu-

ity of each echo image relative to the reference image

4) For cases without DWI-hyperintense lesions, the image qual-

ity of each echo image relative to the reference image

5) Overall preference for the DWI from echo 1 or echo 2 (binary

forced choice).

Diagnostic confidence, lesion conspicuity, and image quality

for the DWI echo images were scored on the following 7-point

Likert scale: 1, nondiagnostic; 2, poor; 3, acceptable; 4, compara-

ble with product DWI (the criterion standard); 5, above average;

6, very good; and 7, outstanding.

Reader B made the following additional evaluations:

1) The number of new lesions seen on the DWI of echo 2 com-

pared with that of echo 1

2) The presence of something new on the DWI of echo 2 com-

pared with that of echo 1 (yes/no)

3) Clinical impact: if additional information was garnered from

the DWI of echo 2, would this alter clinical management, such

as therapy or clinical referral? (0, no; 1, possible; 2, yes).

FIG 3. Comparison of the vendor-supplied (product) DWI, echo 1, and echo 2 DWI acquired from the dual-echo sequence on 3 patients (from
left to right). The ADC (calculated from echo 1) shows the presence of reduced diffusivity in each lesion (far right column). A, A 62-year-old
female patient with stroke. B, A 49-year-old male patient with vasospasm and infarction post-aneurysm clipping. C, An 88-year-old woman
presenting with strokelike symptoms. Note that the small infarct in the splenium of the corpus callosum present on the dual-echo DWIs was
initially missed on the product DWI.
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For this last scenario, a representative case might be one in

which echo 2 identified additional focal lesions in the same vas-

cular territory. In such a case, clinical management would likely

not be altered (score 0). However, if other lesions were seen in new

vascular distribution, a more detailed clinical investigation may

ensue for a potential embolic source (score 1). Alternatively, if

echo 2 identified a new lesion in a case previously interpreted as

having negative findings, management may alter in terms of pa-

tient risk stratification for future stroke or initiating therapies for

the current lesion or for future stroke prevention (score 2).

Lesion conspicuity and diagnostic confidence took into ac-

count the readers’ ability to readily observe lesions against the

background tissue, as well as lesion delineation. Diagnostic con-

fidence, clinical impression, and clinical impact were assessed in

the context of other imaging data (ADC, FLAIR, GRE). Small

lesions on echo 2 that were difficult to confirm on ADC were given

independent assessments from the readers as to whether their

presence increased or decreased diagnostic confidence. Final clin-

ical diagnosis was made by using all clinical and imaging material

(including previous examinations, if available) and served as

ground truth for the study.

Lesions detected by echo 2 were validated for the presence of

acute infarction by using the ADC from echo 1. If these lesions did

not have reduced diffusivity, FLAIR images were used to identify

possible associated parenchymal T2 hyperintensity. Extra-axial

hemorrhage was excluded from this assessment.

Relaxivity Maps
The relaxivity maps were viewed and weighed

against all other imaging data for potential

complementary diagnostic information.

Statistical Analysis
All statistical analyses were performed with

STATA, Release 11.1 (StataCorp, College

Station, Texas). Agreement among read-

ers was assessed by a linearly weighted �

statistic. Preference for echo 1 or echo 2

was tested with an exact binomial test

with a null value of 0.5. Tests for superi-

ority compared with standard imaging

were performed with 2-tailed Wilcoxon

signed rank tests with a null median of

4 on the Likert scale (comparable with

product DWI). Tests for differences in

ratings between echo 1 and echo 2 were

performed by using 2-tailed Wilcoxon

signed rank tests. There was no correction

for multiple comparisons.

RESULTS
Table 1 shows the clinical diagnoses of

all the patients who were referred for

diagnostic work-up for stroke-like

symptoms. Lesions with reduced diffu-

sivity were found in 36 of the 50 pa-

tients. Readers B and C were in perfect

agreement in assessing the presence of

lesions with reduced diffusivity, and both differed from reader

A in 4 cases (2 patients with lesions that had reduced diffusiv-

ity, and 2 lesions without reduced diffusivity; � � 0.80; 95%

CI, 0.58 – 0.95).

There was little agreement among readers for specific ratings

(Table 2), yet all 3 readers preferred the DWI of echo 2 over echo

1 for patients with lesions with reduced diffusivity (Table 3). Echo

1 and echo 2 images were consistently preferred over the product

DWI (reference) image (Table 4). For all readers, echo 1 had bet-

ter image quality than echo 2 because echo 1 was subjectively a

more aesthetically pleasing and higher SNR image. However, echo

2 was rated higher than echo 1 for lesion conspicuity and diagnos-

tic confidence (Table 5). Figure 2 depicts individual reader assess-

ment of image quality, lesion conspicuity, and diagnostic confi-

dence for echoes 1 and 2, respectively, as a percentage of the total

assigned values per reader. The median values for echo 1 and 2

assessments for all patients were the following: 6 and 5, respec-

tively, for image quality; and 5 and 6, respectively, for lesion con-

spicuity and diagnostic confidence.

Seventy-two new lesions were identified on echo 2 DWI (that

were not seen on echo 1) in 46% of evaluated patients. Of these, 67

were confirmed as lesions with reduced diffusivity based on the

ADC generated from echo 1. Three lesions were too small to as-

sess; 2 were deemed to represent edema associated with T2 pro-

longation based on ADC. The 72 newly identified lesions with

reduced diffusivity on echo 2 were seen in 18 patients with acute

FIG 4. Examples of improved lesion detection of echo 2. A, A 56-year-old man status post
posterior fossa tumor resection. Right cerebellar injury is more conspicuous on echo 2 and was
confirmed to have reduced diffusion based on ADC. B, A 39-year-old man with known Moya-
moya disease status post right superficial temporal artery to middle cerebral artery anastomosis
presented with acute strokelike symptoms. Superficial temporal cortical lesion (closed arrow)
and a punctate putaminal lesion (arrowhead) are confirmed with reduced diffusivity based on
the ADC map. Also note improved delineation of a small subdural hematoma on echo 2 (open
arrow).
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infarction and 3 patients with intracranial

hemorrhage. Of the 18 patients with acute

infarction, 2 had embolic infarcts from

cardiac causes, 4 had infarcts related to

underlying Moyamoya disease, 4 had

ischemic lesions related to vasospasm and

prior aneurysm coiling/clipping, 1 had isch-

emic changes adjacent to operative site, and

7 patients had infarcts that were not other-

wise specified clinically. Due to its added

sensitivity to diffusion lesions, it was pre-

dicted that echo 2 would have impacted

stroke work-up in 16% of cases (8 patients)

and potentially influenced 32% of cases (16

patients).

Figure 3 is representative of a case in

which the routine product DWI sequence

demonstrated lower diagnostic confi-

dence compared with echoes 1 and 2.

Figure 4 depicts 2 cases in which echo

2 demonstrates improved lesion conspi-

cuity compared with echo 1. These pa-

tients had recently undergone surgery,

and the findings on echo 2—while not

likely to alter clinical management as de-

termined during the radiologists’ read-

ings— better defined the nature of the

postoperative changes (such as local isch-

FIG 5. Examples in which additional lesions identified by echo 2 suggested a potential under-
lying mechanism of stroke and potentially altered diagnostic impression and clinical manage-
ment. A, A 60-year-old woman with vasospasm after subarachnoid hemorrhage. B, A 65-year-
old woman with embolic infarcts who also had lesions in the right cerebral hemisphere more
inferiorly (not shown). On both patients, echo 2 showed missed sites of reduced diffusivity on
the contralateral hemisphere (arrows), suggesting multiple vascular distribution involvement
(vasospasm in multiple vascular territories or embolic source). Note that the lesions were ret-
rospectively observed on echo 1 (but not on the product DWI).

FIG 6. Examples in which the heightened sensitivity of echo 2 prompted further assessment by using ADC. A, A 61-year-old woman with
hemorrhage from a cavernous malformation. Bright signal around the lesion was seen on echo 2 (and product) DWI and was confirmed as edema
around a hemorrhage site (open arrows). B, A 69-year-old man with strokelike symptoms. Example of acute and subacute (closed arrows)/
chronic stroke (open arrows) on echo 2 DWI, also present on the product DWI. Also note the arrowhead on echo 1 showing unwanted
heightened coil sensitivity in the posterior brain region.
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emia and/or hemorrhage), potentially revealing etiologies for

perioperative symptoms.

Figure 5 depicts examples in which echo 2 identified lesions with

reduced diffusivity that were missed on echo 1. Here, a site of reduced

diffusivity (confirmed on ADC, formerly missed by both echo 1 and

the reference DWI) in the contralateral cerebral hemisphere was

identified, raising the possibility of an embolic source of infarction.

In 2 cases, echo 2 revealed lesions that would not have been

deemed acute (hyperintense lesions on echo 2 DWI but not con-

firmed by ADC and associated with high signal on FLAIR). In 1 such

case, echo 2 revealed a halo of hyperintense signal resembling edema

(Fig 6A), prompting the readers to review the ADC map. In another

case, echo 2 identified both acute (low signal on ADC) and subacute

(isointense to slightly bright signal on ADC) evolving areas of infarc-

tion (Fig 6B) as hyperintense foci. Without the aid of ADC, echo 2

thus overestimated regions of acute ischemia in this case.

Figure 7 shows both echo 1 and echo 2 DWI and ADC of a patient

with multiple embolic infarcts. Fourteen new lesions were found on

the DWI of echo 2 in this patient, all of

which were confirmed as lesions with de-

creased diffusivity on ADC of echo 1.

Relaxivity Maps
The R2 maps were deemed useful in sev-

eral regards. Both acute and chronic in-

farcts demonstrated low R2 values that

were readily apparent. Even small areas

of ischemia were identified on the R2

maps. For instance, R2 maps frequently

identified lesions presumed to represent

chronic small-vessel ischemic disease in

the periventricular and subcortical white

matter, a finding typically identified on

FLAIR and T2-weighted images. The R2

maps identified areas of subarachnoid,

old cerebellar, and intraventricular hem-

orrhage (including some foci that were

difficult to visualize on the GRE scan).

Mineralization was depicted as regions of

high R2 and was particularly notable in

the basal ganglia (Fig 8).

DISCUSSION
This work investigated an alternative-ap-

proach DWI with the use of a PI-enhanced

dual-echo sequence. Typically, DWI se-

quences use the shortest TE available by the

vendor to avoid significant T2-weighting.

The primary underlying concern is that a

longer TE will result in a lower SNR, and a

higher rate of false-positive lesions (that is,

lesions that do not have reduced diffusivity)

on DWI from increased T2-weighting.

However, many lesions with reduced diffu-

sivity also have a prolonged T2 value com-

pared with the surrounding tissue6,8; thus,

DWI studies may benefit from a longer TE.

Improved conspicuity of ischemic lesions

bought by long TEs has also incidentally been observed in a compar-

ison among DWI acquired with different imaging parameters.9

The findings in this work support the use of a DWI approach

that achieves both a high effective resolution through the use of PI

and a long TE to draw the radiologist’s attention to acute ischemic

lesions. However, because PI effectively shortens the TE, one ap-

proach is to “waste” sequence time and use a longer TE, and the

other is to incorporate a more sensitive second echo at a reason-

able TE, as done in this work, and thereby use the information

from both echoes. With the acquisition of 2 echoes acquired at

different TEs within 1 diffusion-preparation period, we found

that one can use echo 2 for improved sensitivity to ischemic le-

sions with reduced diffusivity.

Radiologist Ratings
This study found that the DWI from echo 2 was useful for lesion

delineation and improved detection compared with the DWI

FIG 7. Case illustrating why echo 1 is more useful than echo 2 for calculating ADC maps used for
the validation of acute infarct. Select images of a 66-year-old woman with embolic infarcts. DWI
and ADC maps for echo 1 (A) and echo 2 (B) are shown. The DWI of echo 2 was found to have
much higher sensitivity to acute lesions (confirmed on the ADC of echo 1) than echo 1. However,
because the ADC of echo 2 is plagued by noise, echo 1 is considerably more useful for calculating
ADC maps used for the validation of acute stroke (closed white arrows). The open white arrows
represent areas where it can be difficult to rule out stroke from heightened coil sensitivity in
(particularly posterior) regions of the brain.
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from echo 1 and the product DWI. Echo 2 was rated higher than

both echo 1 and the reference product DWI for lesion conspicuity

and diagnostic confidence (Fig 2). Echo 1 was rated as better than

the product DWI sequence. While several lesions showed higher

signal intensity on the product DWI than on echo 1 (related to the

intermediate TE of the product DWI [70 ms] between that of echo

1 [48 ms] and that of echo 2 [105 ms]), echo 1 was preferred for its

ability to resolve lesions.

Seventy-two additional lesions were identified on echo 2 (that

were not seen on echo 1 in the initial reading) in 23 patients

diagnosed with acute infarct. Of these, 93% were deemed le-

sions with “reduced diffusion” on ADC, 4% were too small to

assess, and the remaining 3% were chronic lesions. As a result,

of the 50 patients scanned for this study, the findings on echo 2

were predicted to have impacted stroke work-up in 16% of

cases (8 patients) and potentially influenced 32% of cases (16

patients).

Echo 2 was rated lower than echo 1 for image quality—pre-

sumably on the basis of its reduced SNR. However, our data sug-

gest that the benefit of heightened lesion conspicuity and diagnos-

tic quality of echo 2 far outweighs the resultant decrease in image

quality during clinical image interpretation. This benefit becomes

particularly evident in the scoring of the 14 studies with negative

findings. Despite consistently scoring echo 2 as having lower im-

age quality, the clinical confidence in a

negative study remained high. We specu-

late that this reflects the high sensitivity

associated with echo 2. In addition, the

more uniform background signal associ-

ated with echo 2 allowed greater reliability

in radiologic interpretation and in distin-

guishing infarct from heightened coil sen-

sitivity at the periphery of the image. This

observation, coupled with improved sen-

sitivity to lesions with reduced diffusivity,

likely increased confidence in interpret-

ing examinations as having negative find-

ings when correlated with subsequent

studies.

Representative Cases
Figure 3 is representative of a case in

which the routine product DWI sequence

demonstrated lower diagnostic confi-

dence, due to inferior image quality, com-

pared with echoes 1 and 2. In this case, a

small infarct present on the dual-echo

DWI on Fig 3C was initially missed on the

product DWI, a finding that could have

prompted further clinical investigation

for the source or altered risk for future

stroke. Figures 4 and 5 show cases in

which echo 2 demonstrated improved le-

sion conspicuity and diagnostic confi-

dence compared with echo 1. Figure 5 also

shows an example of a missed contralat-

eral lesion that would have changed the

clinical management of the patient be-

cause it raised the possibility of an embolic source of infarction.

Note that many lesions detected on echo 2 could be seen retrospec-

tively, either by a side-by-side comparison with echo 1 or the product

DWI, or simply by scrolling through the images at a considerably

slower rate than is performed in a typical clinical practice.

Of the lesions that were either too small to assess or deemed

chronic, we would argue that an image with heightened sensi-

tivity to lesions with a relatively small false-positive rate is

preferred over a less sensitive technique where one may miss

lesions. Figure 6 shows 2 examples in which the heightened

sensitivity of echo 2 to both acute and chronic lesions

prompted radiologists to probe other imaging sequences to

render the final imaging impression. In these instances, the

radiologists still preferred echo 2 because combining the infor-

mation obtained in echo 2 with the ADC generated from echo

1 improved specificity and guided their diagnostic process.

Nevertheless, for any TE, DWI contains mixed contributions

from diffusion, proton attenuation, and T2 effects.9 Even by

using a single-shot EPI technique, T2 contrast on DWI is never

completely eliminated because the TE is too long (mainly due

to the presence of the diffusion-preparation time). Thus, in-

terpreting echo 2 in isolation can yield false-positive results.

DWI should be used to screen for lesions and then should be

FIG 8. A sample case showing the potential contribution of the R2 map. A 69-year-old female
patient with vasospasm after subarachnoid hemorrhage. The low-R2 lesion is more conspicuous
than the corresponding T2 hyperintensity on the FLAIR image. On the basis of DWI/ADC, this
area represents acute right MCA territory infarction. The potential contribution of the R2 map
with regard to timing of stroke and its evolution is unknown but prompts future investigation.
The R2 map also shows more conspicuous mineralization in the basal ganglia than the gradient-
recalled echo image (arrowhead).
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interpreted with reference to images obtained with other se-

quences, such as FSE, FLAIR, and the ADC map.21

Practical Considerations
While the DWI of echo 2 was considered superior to that of echo

1 in all measures apart from image quality, one must acquire a

higher SNR echo 1 image to produce an ADC map to aid diagnostic

specificity. Figure 7 shows echo 1 and echo 2 DWI and ADC maps of

a patient with multiple embolic infarcts—illustrating the difficulty of

decoupling noise from the infarct on the ADC of echo 2. Figure 7 also

demonstrates that echo 2 can be more reliable in distinguishing in-

farct from heightened coil sensitivity present at the periphery of the

image (particularly the posterior brain regions) on echo 1.

Relaxivity Maps
Another advantage of the dual-echo approach is that R2 maps can

be computed from the b�0 and b�1000 images acquired from

the first and second echo, to reveal a potentially useful, additional

image contrast typically acquired with a separate scan (Fig 8).

Although not thoroughly studied, R2 maps were particularly use-

ful for visualizing hemorrhagic material and hemorrhagic trans-

formation within a stroke, areas of mineralization, and new and

old areas of infarction. In this capacity, relaxivity maps generated

from the dual-echo process might provide complementary infor-

mation otherwise obtainable only by requisite sequences such as

FLAIR or GRE, though further research will be needed to fully

explore this observation.

Limitations
With a PI factor of 3 to shorten the EPI readout coupled with the

clinical DWI parameters used in this work, it was possible to ac-

quire echo 2 with no increase in overall scanning time compared

with its single-echo alternative, because its incorporation exploited

the dead time of the sequence (ie, for 23 sections, the second echo fit

within the TR of 3 seconds that we typically use clinically at our

institution). However, a caveat of the dual-echo approach is that the

scanning time will increase if one desires thinner sections or a higher

spatial resolution than used in this work. For example, a section

thickness of 3 mm coupled with 38 sections to maintain the same

brain coverage as used here will result in an �25% increase in scan-

ning time compared with the single-echo alternative (for the same

in-plane resolution and TR used in this study).

Another limitation of this study is our use of the Stejskal-

Tanner diffusion preparation, rather than the twice-refo-

cused19,20 diffusion preparation sequence that minimizes eddy

current effects. We purposely chose the Stejskal-Tanner approach

to help minimize the TE of echo 2—to increase the SNR and avoid

excessive T2 contrast; however, this resulted in eddy current–in-

duced artifacts that manifested as blurring in the final DWI of

both echoes. These artifacts can be reduced with the use of eddy

current– correction methodology.22,23

Future Work
There are additional ways one may be able exploit a dual-echo

sequence to reveal useful information. Because both echoes share

the same coil sensitivity profile, one can “flatten” the DWI by

removing the coil sensitivity.24 While one cannot decouple pro-

ton attenuation from coil sensitivity by using this approach, the

resulting image contrast may be an interesting one to explore and

will be the subject of further investigation.

CONCLUSIONS
The PI-enhanced dual-echo DWI approach is a useful method for

evaluating DWI lesions. Echo 2 can be used for added sensitivity

in detecting lesions with reduced diffusivity; echo 1, for higher

SNR ADC maps, while R2 maps calculated from both echoes may

provide a potential source of complementary information. We

also demonstrated that many new lesions became apparent on

echo 2 that predominantly reflected acute ischemia or brain in-

jury, and we maintain that the TE in DWI can be exploited to draw

the radiologist’s attention to such lesions.
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Perfusion-Based Selection for Endovascular Reperfusion
Therapy in Anterior Circulation Acute Ischemic Stroke

S. Prabhakaran, M. Soltanolkotabi, A.R. Honarmand, R.A. Bernstein, V.H. Lee, J.J. Conners, F. Dehkordi-Vakil,
A. Shaibani, M.C. Hurley, and S.A. Ansari

ABSTRACT

BACKGROUND AND PURPOSE: Controversy exists about the role of perfusion imaging in patient selection for endovascular reperfusion
therapy in acute ischemic stroke. We hypothesized that perfusion imaging versus noncontrast CT- based selection would be associated
with improved functional outcomes at 3 months.

MATERIALS AND METHODS: We reviewed consecutive patients with anterior circulation strokes treated with endovascular reperfusion
therapy within 8 hours and with baseline NIHSS score of �8. Baseline clinical data, selection mode (perfusion versus NCCT), angiographic
data, complications, and modified Rankin Scale score at 3 months were collected. Using multivariable logistic regression, we assessed
whether the mode of selection for endovascular reperfusion therapy (perfusion-based versus NCCT-based) was independently associated
with good outcome.

RESULTS: Two-hundred fourteen patients (mean age, 67.2 years; median NIHSS score, 18; MCA occlusion 74% and ICA occlusion 26%) were
included. Perfusion imaging was used in 76 (35.5%) patients (39 CT and 37 MR imaging). Perfusion imaging–selected patients were more likely to
have good outcomes compared with NCCT-selected patients (55.3 versus 33.3%, P � .002); perfusion selection by CT was associated with similar
outcomes as that by MR imaging (CTP, 56.; MR perfusion, 54.1%; P � .836). In multivariable analysis, CT or MR perfusion imaging selection remained
strongly associated with good outcome (adjusted OR, 2.34; 95% CI, 1.22–4.47), independent of baseline severity and reperfusion.

CONCLUSIONS: In this multicenter study, patients with acute ischemic stroke who underwent perfusion imaging were more than 2-fold
more likely to have good outcomes following endovascular reperfusion therapy. Randomized studies should compare perfusion imaging
with NCCT imaging for patient selection for endovascular reperfusion therapy.

ABBREVIATIONS: DEFUSE-2 � Diffusion and Perfusion Imaging Evaluation for Understanding Stroke Evolution Study 2; ERT � endovascular reperfusion therapy;
MRP � MR perfusion; THRIVE � Totaled Health Risks in Vascular Events

Endovascular reperfusion therapy (ERT) for acute ischemic

stroke has been associated with mixed results. In trials of care-

fully selected patients with middle cerebral artery occlusion, a

benefit of intra-arterial thrombolysis over placebo was seen when

patients were treated within 6 hours.1,2 However, subsequent sin-

gle-arm studies of mechanical embolectomy have observed less

impressive results3,4 and suggest that outcomes are related to sev-

eral key factors, including patient characteristics (age, co-morbid-

ities, and stroke severity) and treatment factors (time to reperfu-

sion).5-10 Radiographic features, including pretreatment tissue

status by NCCT of the head, brain MR imaging, and perfusion

imaging (CTP or MR perfusion [MRP]), may improve patient

selection.5,8,9,11 Few studies have compared NCCT-based selec-

tion with perfusion imaging– based selection of patients for ERT

following acute ischemic stroke.12,13 We, therefore, sought to

compare NCCT selection with perfusion imaging selection as a

predictor of good outcome following ERT. We hypothesized that

perfusion imaging– based selection would be associated with bet-

ter functional outcomes at 3 months compared with NCCT-based

selection alone.

MATERIALS AND METHODS
Data Sources
We analyzed a retrospective registry of consecutive patients

treated with endovascular therapy at 4 tertiary stroke centers from

January 2007 to December 2012. Participating hospitals submit-
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ted information on consecutive patients with ischemic stroke

treated with ERT, de-identified for compliance with the Health

Insurance Portability and Accountability Act. Institutional review

board approval was granted from each participating center.

Inclusion criteria for this study were patients with acute isch-

emic stroke who presented within 8 hours of symptom onset with

anterior circulation large-vessel occlusions and pretreatment Na-

tional Institutes of Health Stroke Scale score of �8. Data were

analyzed regarding demographics, previous medical history, pre-

treatment stroke severity by NIHSS score, time of symptom onset,

treatment with intravenous tissue plasminogen activator, mode

of selection for ERT (NCCT versus CTP or MRP), time of groin

puncture, location of arterial occlusion on angiography, reperfu-

sion status, radiographic interpretation of hemorrhages, and clin-

ical outcomes. The site of occlusion was determined angiographi-

cally as the most proximal ipsilateral lesion with a TICI 0 or 1

perfusion grade. Successful reperfusion was defined as TICI 2b or

higher on the final angiographic image.14 Symptomatic hemor-

rhage was defined as a parenchymal hematoma type 1 or 2 by

using the European Cooperative Acute Stroke Study definition15

associated with an increase of �4 in the NIHSS score and any wire

perforation resulting in subarachnoid hemorrhage. Patients with

an mRS score of �2 at 90 days were considered to have good

clinical outcomes. Pretreatment Totaled Health Risks in Vascular

Events (THRIVE) scores were calculated on the basis of published

criteria.6 The THRIVE score has been validated as a simple pre-

treatment scoring tool to predict clinical outcome, mortality, and

symptomatic hemorrhage after ERT and is calculated on the basis

of age, NIHSS score, and history of atrial fibrillation, diabetes, and

hypertension.

Imaging Acquisition and Interpretation
Site-specific imaging acquisition and software application details

are included in the On-line Appendix. Imaging-based patient se-

lection for ERT was dependent on local site determination of CT,

CTP, or MRP eligibility criteria. Both qualitative visual inspection

and volumetric measurements were used at sites. General imaging

inclusion criteria were based on published or consensus guide-

lines: 1) NCCT with less than one-third hypoattenuation in the

MCA territory; or 2) core infarct volume with less than one-third

of the MCA territory or �70 mL, and perfusion abnormality to

core infarct mismatch ratio of �1.2, which was increased to 1.8

after 2009, consistent with the Diffusion and Perfusion Imaging

Evaluation for Understanding Stroke Evolution Study 2

(DEFUSE-2) trial.16 Sites used similar relative and absolute

thresholds for the definition of core infarct (cerebral blood vol-

ume of �2 mL/100 g on CTP or DWI hyperintensity with de-

creased ADC on MR imaging) and abnormal perfusion to esti-

mate the ischemic penumbra (MTT � 6 seconds on CTP or time-

to-maximum of the tissue residue function � 6 seconds on MRP).

However, these guidelines were used by neurointerventional phy-

sicians at each site without central adjudication.

In a post hoc analysis of perfusion-based selected cases, we

calculated mismatch ratios of abnormal perfusion volume to core

infarct volume. Determinations of the core infarct and penumbra

volumes were performed by using the ABC/2 method on postpro-

cessing software (On-line Appendix) at each site.17 Two indepen-

dent raters also performed measurements in a sample of 10 de-

identified CTP and MRP scans, respectively, and demonstrated

high reproducibility (CTP: Kendall � � 0.822, P � .002; MRP:

Kendall � � 0.810, P � .016).

Endovascular Reperfusion Therapy
Following transfemoral arterial access and modest (2000 – 4000

U) anticoagulation with heparin, Merci (14X or 18 L; Concentric

Medical, Mountain View, California) or Penumbra reperfusion

(041/054; Penumbra, Alameda, California) catheters were ad-

vanced coaxially over 021/032-inch microcatheters and/or 0.014/

.016-inch microwires to the thromboembolic occlusion per pub-

lished methods for clot retrieval or aspiration3,4; stent retrievers

were used in a minority of cases because these were available only

after 2011.18,19 Intra-arterial thrombolysis with tPA (Genentech,

San Francisco, California) was performed as an adjunct with me-

chanical thrombectomy by embedding the microcatheter in the

clot and by using a pulse-spray technique. Major indications for

intra-arterial tPA use were partial ineffectiveness of retrieval/as-

piration, intraprocedural clot fragmentation with distal migra-

tion, or concomitant distal thromboemboli.

Statistical Analysis
Using univariable tests, we compared demographic, clinical, and

outcome data among NCCT- and perfusion-selected patients by

using �2 (or the Fisher exact if appropriate) tests for categoric

variables and t tests (or Mann-Whitney if appropriate) for con-

tinuous variables. We then assessed univariable associations be-

tween these factors and good clinical outcome after ERT (defined

as an mRS score of 0 –2 at 90 days). A multivariable logistic re-

gression analysis was performed to identify independent predic-

tors of good outcome. Candidate variables were selected on the

basis of statistically significant univariable relationships with

good outcome. The fitness of the model was tested by using the

Hosmer-Lemeshow test. All P values are 2-sided, with P � .05

considered statistically significant. Analyses were performed by

using the Statistical Package for the Social Sciences software (Ver-

sion 21; IBM, Armonk, New York).

RESULTS
Among 262 patients treated with ERT at 4 tertiary hospitals in the

Chicago region, 48 were excluded due to vertebrobasilar artery

occlusion (n � 32), isolated anterior cerebral artery occlusion

(n � 3), isolated posterior cerebral artery occlusion (n � 1), initial

NIHSS � 8 (n � 5), treatment �8 hours from symptom onset

(n � 4), and missing outcome data (n � 3). Among the 214

patients who met our inclusion criteria (mean age, 67.2 � 16.0

years; male, 40.7%), the median NIHSS score was 18 with 74.3%

presenting with MCA occlusions, while 25.7% had occlusions in-

volving the ICA and MCA.

Seventy-six (35.5%) patients were selected by using perfusion

imaging (CTP: 39, 18.2%; MRP: 37, 17.3%). Selection mode var-

ied by hospital with sites contributing 10.5%–34.2% of perfusion-

selected cases (P � .001). During the study period, the use of

perfusion imaging selection increased from 21.1% in year 1 to

56.5% in year 6 (P � .215). Median onset to groin puncture was

311 (interquartile range, 242–380) minutes but improved during
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the study period (year 1: 350 minutes to year 6: 228 minutes; P �

.060). Mechanical thrombectomy devices were commonly used

and often in combination: Merci (n � 106), Penumbra (n �

160), and stent retrievers (n � 15). TICI 2b or 3 reperfusion

was achieved in 52.4% and did not vary by site (range, 45.9%–

69.8%; P � .081) or with time (P � .280). Symptomatic hem-

orrhage occurred in 9.8% of patients and did not vary by site

(range, 3.0%–13.3%; P � .349). Good outcome was observed

in 41.1% of patients at 3 months. The mortality rate at 3

months was 16.4%.

When we compared those patients selected by perfusion im-

aging with those selected by NCCT alone, perfusion imaging–

selected patients were older, had slightly lower NIHSS scores,

more frequently had MCA occlusions and received multimodal

(lytic plus mechanical) intra-arterial therapies, and had higher

rates of TICI 2b or 3 reperfusion after treatment (Table 1). Other

factors such as receipt of IV tPA before ERT, onset-to-arrival and

onset-to-groin puncture times, THRIVE score, and symptomatic

hemorrhage rates were similar between groups.

Perfusion-selected patients were more likely to have good out-

comes at 3 months compared with NCCT-selected patients (any

perfusion: 55.3% [CTP: 56.4% and MRP 54.1%] versus NCCT:

33.3%, P � .002). Good outcome among perfusion-selected pa-

tients ranged from 42.3% to 70.8% across the 4 sites (P � .213).

Perfusion-selection patients also had lower 3-month mortality

rates (7.9% versus 21.0%, P � .012). In post hoc analyses of pa-

tients selected by perfusion imaging, the median core infarct

volume was 15.7 mL (interquartile range, 5.6 – 41.7 mL), and isch-

emic penumbra volume was 103.8 mL (interquartile range, 64.7–

154.0 mL). The median mismatch ratio

was 5.8 (interquartile range, 2.5–17.6).

Only 9 (11.8%) of the perfusion-selected

patients had mismatch ratios of �1.8.

Those achieving good outcome also

had lower NIHSS and THRIVE scores,

were more likely to have received IV tPA

before ERT, had TICI 2b or 3 reperfu-

sion after treatment, and were less likely

to have symptomatic hemorrhages (Ta-

ble 2). Other factors, including the loca-

tion of arterial occlusion and mode of

therapy, were similarly distributed by

outcome.

In multivariable analysis (Table 3) to

identify predictors of good outcome

(mRS 0 –2) and adjusting for factors

significantly associated with the mode

of selection or with outcome (age, cal-

endar year, initial NIHSS score, IV tPA

use, location of occlusion, mode of

therapy, final TICI, symptomatic

hemorrhage), perfusion selection re-

mained independently associated with

good outcome (adjusted OR, 2.3; 95%,

CI 1.23%– 4.47%).

DISCUSSION
In a multicenter study, we observed that

patients selected for ERT by perfusion imaging were more than

2-fold more likely to have good functional outcomes compared

with NCCT-selected patients, despite an older age and modest

delays in time to treatment. These results were independent of

other known predictors of good outcome, including stroke sever-

ity, comorbidities, IV tPA utilization, and TICI reperfusion score.

Our data are consistent with some previously published work

that observed higher rates of good outcome ranging from 41% to

67% by using perfusion selection for ERT compared with historic

controls.20 Others have noted that perfusion selection attenuates

or negates the influence of time so that good outcomes can be

achieved in similar proportions after 8 hours compared with �8

hours by using perfusion imaging.21,22 However, 2 retrospective

prior studies comparing perfusion selection with NCCT selection

have failed to show a benefit of one approach over the other.12,13

Hassan et al13 demonstrated equivalent discharge outcomes,

symptomatic hemorrhage rates, and mortality rates in a retro-

spective analysis comparing NCCT- versus CTP-based patient se-

lection. The methodology for qualitative and quantitative pen-

umbral assessment was MTT � 20% of the affected region or a

presumed mismatch ratio of �1.2. Sheth et al12 also performed a

multicenter retrospective analysis and found no difference in clin-

ical outcomes with NCCT, CTP, or MR imaging– based selection.

However, this study provided no specific parameters used for ad-

vanced imaging selection and likely lacked standardized patient-

selection approaches in each subgroup. Neither study performed

post hoc core infarct/penumbra analyses. Lack of standardized

and/or less stringent perfusion imaging criteria may explain their

Table 1: Univariable analysis of characteristics associated with perfusion imaging selection
Perfusion Selection

(n = 76)
NCCT Selection

(n = 138) P Value
Age (yr) �.001

Mean (SD) 72.4 (14.1) 64.4 (16.3)
Male, No. (%) 26 (34.2) 61 (44.2) .154
Onset to arrival time (min) .520

Median (IQR) 245 (123.5–300.0) 241.5 (180.0–320.0)
Initial NIHSS score .018

Median (IQR) 18 (13–20) 19 (16–22)
Initial THRIVE score .529

Median (IQR) 4 (3–5) 4.5 (3–6)
IV tPA prior to ERT, No. (%) 31 (40.8) 67 (48.6) .275
Location of occlusion, No. (%) �.001

Middle cerebral artery 68 (89.5) 91 (65.9)
Internal carotid artery 8 (10.5) 47 (34.1)

Mode of IA therapy .028
Lytic only 3 (3.8) 0
Mechanical only 44 (57.9) 95 (68.8)
Lytic � mechanical 29 (38.2) 43 (31.2)

Onset-to-GP time in minutes .366
Median (IQR) 348 (225.75–399.75) 309 (245.5–375.0)

Symptomatic hemorrhage, No. (%) 4 (5.3) 17 (12.3) .148
TICI 2b/3 reperfusion, No. (%) 46 (62.5) 65 (47.1) .036
Year .215

2007 4 (5.3) 15 (10.9)
2008 9 (11.8) 22 (15.9)
2009 18 (23.7) 29 (21.0)
2010 17 (22.4) 35 (25.4)
2011 15 (19.7) 27 (19.6)
2012 13 (17.1) 10 (7.2)

Note:—IQR indicates interquartile range; IA, intra-arterial; GP, groin puncture.
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null results compared with our findings. Additionally, Sheth et

al12 noted that CT perfusion or MR imaging selection added ap-

proximately a 60-minute delay to treatment. Although we also

observed a 40-minute delay with perfusion selection, the potential

improved selection and association with better outcomes may

justify this approach. It should be acknowledged that perfusion-

based selection may result in higher proportions of treated pa-

tients with good outcomes, though fewer patients overall may

actually receive ERT compared with NCCT-based selection.

Studies of imaging-based selection in acute ischemic stroke

have produced mixed results, at least partly due to the variability

of techniques, postprocessing software algorithms, and defini-

tions of core infarct and penumbra that parse oligemia from true

ischemia.23 Critics of perfusion-based patient-selection strategies

for acute stroke intervention cite the limited MR imaging acces-

sibility; additional time required for im-

aging, resulting in endovascular treat-

ment delays; the lack of standardized

postprocessing perfusion software; fail-

ure to quantitatively model the dynamic

properties of in vivo cerebral perfusion

(ie, contrast delay-dispersion correction

and retrograde pial collateral supply);

and an inability to differentiate a true

penumbra (ischemic tissue destined to

infarct without reperfusion) versus

false penumbra (oligemic tissue that will

survive). Furthermore, a measurement

made 1 or 2 hours before reperfusion

may not be a reliable indicator of tissue

fate; real-time measurement of tissue

perfusion at the time of reperfusion

therapy is preferred.

Prior clinical trials of perfusion-

based selection for intravenous and in-

tra-arterial reperfusion therapies have

produced mixed results. In the desmote-

plase studies, the phase 3 trial showed no

benefit of delayed thrombolysis based

on perfusion imaging selection, defined

as a mismatch (penumbra-to-infarct)

ratio of �1.2, despite promising phase 2

study results.24-26 However, post hoc

analyses suggested that a minimal mis-

match volume of 60 mL would have led to a benefit in favor of

desmoteplase.27 Other intravenous thrombolytic phase 2 trials

confirmed potential benefit in delayed treatment by using MR

diffusion–perfusion imaging– based patient selection.28,29 In the

DEFUSE-2 trial, endovascular reperfusion was associated with a

5-fold increase in favorable clinical outcomes among patients

with target mismatch (defined as ratio of �1.8), while no benefit

was seen among patients without target mismatch. The trial used

standardized MR imaging postprocessing software (RAPID;

iSchemaView Inc, Palo Alto, California), which allowed uniform

definitions of core infarct, severe perfusion abnormalities, and

hence possibly a more accurate measurement of penumbra.16 Our

data are consistent with the DEFUSE-2 study, in which large mis-

match ratios (median, 5.8 in our study) were also observed. These

data suggest that perfusion imaging selection, if optimized with

standardized parameters that best define mismatch and true pen-

umbra, may identify patients most likely to benefit while exclud-

ing those who may incur harm from reperfusion therapy.

In contrast, the recently reported Mechanical Retrieval and

Recanalization of Stroke Clots Using Embolectomy trial found no

benefit of ERT over medical treatment, irrespective of a favorable

perfusion imaging profile (“penumbral” versus “nonpenumbral”

pattern).30 Most interesting, patients with a penumbral pattern

were found to have better outcomes and smaller infarct growth,

suggesting a protective effect. It is therefore possible that penum-

bral selection, as in our study, identifies those patients destined

for better outcomes irrespective of treatment. The Mechanical

Retrieval and Recanalization of Stroke Clots Using Embolectomy

Table 2: Univariable analysis of characteristics associated with good outcome (mRS 0 –2) at
3 months

Good Outcome
(n = 88)

Poor Outcome
(n = 126) P Value

Age (yr) .891
Mean (SD) 67.0 (15.6) 67.4 (16.3)

Male, No. (%) 36 (40.5) 51 (40.9) .949
Onset-to-arrival time in minutes .627

Median (IQR) 240 (139.0–304.5) 250 (178.5–366.0)
Initial NIHSS score .009

Median (IQR) 18 (12.25–21.0) 19 (16–22)
Initial THRIVE score .004

Median (IQR) 4 (3–5) 5 (4–6)
IV tPA prior to ERT, No. (%) 49 (55.7) 49 (38.9) .015
Location of occlusion, No. (%) .607

Middle cerebral artery 67 (76.1) 92 (73.0)
Internal carotid artery 21 (23.9) 34 (27.0)

Mode of ERT .488
Lytic only 2 (2.3) 1 (0.8)
Mechanical only 54 (61.4) 85 (67.5)
Lytic � mechanical 32 (44.4) 40 (31.7)

Onset to GP time in minutes .790
Median (IQR) 306.5 (240.0–385.0) 315 (242.75–379.75)

Symptomatic hemorrhage, No. (%) 3 (3.4) 18 (14.3) .009
TICI 2b/3 reperfusion, No. (%) 64 (72.7) 47 (37.9) �.001
Year .147

2007 7 (8.0) 12 (9.5)
2008 10 (11.4) 21 (9.8)
2009 21 (23.9) 26 (20.6)
2010 29 (33.0) 23 (18.3)
2011 13 (14.0) 29 (23.0)
2012 8 (9.1) 15 (11.9)

Note:—IQR indicates interquartile range; GP, groin puncture.

Table 3: Multivariable model for good outcome (mRS 0 –2 at
3 months) with the following dependent variables: age, calendar
year, initial NIHSS score, IV tPA use, selection mode, location of
occlusion, mode of therapy, final TICI score, and symptomatic
hemorrhagea

Adjusted OR 95% CI P Value
Selection mode .010

NCCT only (reference) – –
Perfusion imaging 2.34 1.23–4.47

Initial NIHSS score (per point) 0.92 0.87–0.98 .006
IV tPA prior to IAT 2.12 1.13–3.96 .019
TICI score �.001

TICI �2b (reference) – –
TICI 2b or 3 4.26 2.27–8.03

Note:—IQR indicates interquartile range; IAT, intra-arterial therapy.
a Hosmer-Lemeshow test for goodness of fit: P � .229.
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trial identified significant delays in randomization, ranging from

5 to 6 hours, suggesting relatively late CTP/MRP acquisitions.

Penumbral patterns noted at various time points after stroke on-

set (early versus late) may also be indicative of differing risk pro-

files so that early imaging may mark those with a high risk of

infarct growth and deterioration, while late imaging may identify

those with good collateral flow that protects against infarct

growth and deterioration.31,32 Further work related to imaging

techniques with respect to reproducibility, standardized defini-

tions of optimal parameters, and postprocessing methodologies

for distinguishing penumbra from infarct core are clearly needed.

Our study has several limitations. First, we did not prospec-

tively adjudicate NCCT or perfusion imaging selection for ERT.

While ASPECTS and mismatch criteria have been developed and

may have been used at our sites,11,16 decisions regarding eligibility

were determined by the local treating physicians by using differ-

ing modalities and software platforms. In addition, CTP and MRP

may have differing accuracies for predicting infarct core and pen-

umbra and differing spatial coverage so that CTP may provide

only limited coverage23; however, outcomes among those selected

by CT versus MR perfusion were not different in our study. Sec-

ond, our results are not generalizable to posterior circulation

strokes. Besides different natural histories compared with ante-

rior circulation stroke, posterior circulation stroke has challenges

in perfusion imaging selection. Only small studies using MRP

have been conducted in posterior circulation stroke, and none has

clearly demonstrated its utility in selection for ERT.33 Third, out-

comes following ERT are also dependent on time to reperfu-

sion.10 Capturing reperfusion times is often challenging in clinical

practice due to infrequent sequential angiographic runs and the

possibility of slow and steady reperfusion or partial followed by

complete reperfusion. Fourth, the type of mechanical thrombec-

tomy device was not controlled for in the study, though a minority

(15 patients) was treated with the new generation of stent retriev-

ers. Recent advances in retrievable-stent technology may lead to

earlier and higher rates of reperfusion with minimal symptomatic

hemorrhage.18,19

Fifth, all data in the registry were entered by local sites without

central adjudication and were aggregated post hoc in a de-identi-

fied manner. We do not know how many patients were excluded

from ERT on the basis of NCCT or perfusion imaging results;

therefore, we cannot comment on outcomes in those who did not

receive ERT. Grading TICI scores, in particular, can demonstrate

significant interobserver variability, depending on whether the

primary arterial occlusion was completely or partially recanalized,

the presence of distal emboli, and the role of pial collaterals. Grad-

ing final reperfusion can also demonstrate site-reported bias in

favor of better scores, compared with central adjudication, as

demonstrated in the solitaire flow restoration device versus the

Merci retriever in patients with acute ischaemic stroke (SWIFT)

trial.19 However, our hospitals have participated in large endovas-

cular clinical trials, and consensus definitions were used to define

key variables such as TICI grade and symptomatic hemorrhage.

Angiographic collateral grade was also not systematically docu-

mented or available on post hoc review. Sixth, bias from the treat-

ing physicians may have resulted in use of perfusion selection for

specific subgroups of patients, which could account for the differ-

ence in outcomes. Seventh, we also did not adjust for site charac-

teristics such as volume of cases per year or operator experience,

which may influence outcomes.34 However, site performance as

measured by rates of TICI 2b or 3 reperfusion and symptomatic

hemorrhage were not different by site. Last, residual or unmea-

sured confounding could account for some or all of our results.

CONCLUSIONS
In a multicenter study, we observed nearly double the rates of

good outcome following ERT for acute ischemic stroke among

patients selected by perfusion imaging compared with NCCT

alone. Nevertheless, the added “costs” in terms of time delays,

imaging acquisition and interpretation, and health care resource

use need to be carefully considered. Quality improvement efforts

in light of the recent endovascular stroke trials should focus on

strategies to reduce throughput delays in onset-to-treatment

times, especially with perfusion-based selection.
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Differentiation of Tumor Progression from Pseudoprogression
in Patients with Posttreatment Glioblastoma Using

Multiparametric Histogram Analysis
J. Cha, S.T. Kim, H.-J. Kim, B.-j. Kim, Y.K. Kim, J.Y. Lee, P. Jeon, K.H. Kim, D.-s. Kong, and D.-H. Nam

ABSTRACT

BACKGROUND AND PURPOSE: The multiparametric imaging can show us different aspects of tumor behavior and may help differenti-
ation of tumor recurrence from treatment related change. Our aim was to differentiate tumor progression from pseudoprogression in
patients with glioblastoma by using multiparametric histogram analysis of 2 consecutive MR imaging studies with relative cerebral blood
volume and ADC values.

MATERIALS AND METHODS: Thirty-five consecutive patients with glioblastoma with new or increased size of enhancing lesions
after concomitant chemoradiation therapy following surgical resection were included. Combined histograms were made by using
the relative cerebral blood volume and ADC values of enhancing areas for initial and follow-up MR imaging, and subtracted
histograms were also prepared. The histogram parameters between groups were compared. The diagnostic accuracy of tumor
progression based on the histogram parameters of initial and follow-up MR imaging and subtracted histograms was compared and
correlated with overall survival.

RESULTS: Twenty-four pseudoprogressions and 11 tumor progressions were determined. Diagnosis based on the subtracted histogram
mode with a multiparametric approach was more accurate than the diagnosis based on the uniparametric approach (area under the
receiver operating characteristic curve of 0.877 versus 0.801), with 81.8% sensitivity and 100% specificity. A high mode of relative cerebral
blood volume on the subtracted histogram by using a multiparametric approach (relative cerebral blood volume �ADC) was the best
predictor of true tumor progression (P � .001) and worse survival (P � .003).

CONCLUSIONS: Multiparametric histogram analysis of posttreatment glioblastoma was useful to predict true tumor progression and
worse survival.

ABBREVIATIONS: CCRT � concurrent chemoradiotherapy; RANO � Response Assessment in Neuro-Oncology; rCBV � relative cerebral blood volume

The current standard treatment protocol for glioblastomas is

surgical resection followed by 6 weeks of radiation therapy

plus concomitant temozolomide chemotherapy (CCRT) and 6

cycles of adjuvant temozolomide chemotherapy. This protocol

increases median survival from 12 to 15 months.1

However, during the treatment, subacute treatment-related

reactions called pseudoprogression frequently occur as edema

and contrast enhancement on MR imaging.2-5 Pseudoprogres-

sion is most commonly seen on the first MR imaging performed

within 2 months after CCRT. Tumors with hypermethylation of

the O6-methylguanine-DNA methyltransferase promoter gene

show pseudoprogression more frequently.6

As shown in previous studies, enlarged enhancing lesions on con-

ventional MR images may actually represent pseudoprogression in

up to 46.8%–64% of cases.7,8 The Response Assessment in Neuro-

Oncology (RANO) Working Group9 proposed that within the first

12 weeks of completion of radiation therapy, when pseudoprogres-

sion is most prevalent, tumor progression can only be determined if

most of the new enhancement is outside the radiation field or if there

is pathologic confirmation of progressive disease.

There has been much effort to differentiate progression from

pseudoprogression by using advanced MR imaging techniques

such as DWI and dynamic susceptibility contrast PWI. On DWI,

ADC values are higher in necrotic tissue than in recurrent tumor

tissue because of the high cellularity of tumor tissue.10 However,

the use of DWI is limited due to the heterogeneity of tumor
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content. Reduced diffusion represents not only highly cellular tu-

mor areas but also inflammatory processes.11

On PWI, high relative cerebral blood volume (rCBV) is con-

sidered active neovascularization and viable tumor.11,12 Kong et

al6 reported that rCBV � 1.47 had 81.5% sensitivity and 77.8%

specificity for differentiating pseudoprogression from tumor pro-

gression. Kim et al13 reported a histogram analysis of rCBV, in

which a peak height position of �1.7 showed 90.2% sensitivity

and 91.1% specificity for differentiating tumor recurrence from

mixed and treatment change groups. However, rCBV analysis has

limitations because most lesions have variable tumor fractions;

therefore, mean rCBV and histogram-based metrics may be

influenced by the rCBV from both tumoral and nontumoral

components.14

To overcome these limitations, Mangla et al12 evaluated 2 con-

secutive MR imaging studies after treatment and showed that in

patients with pseudoprogression, there was a 41% mean decrease

in rCBV, while in tumor progression, there was a 12% increase in

rCBV from pretreatment to posttreatment. Baek et al8 performed

histogram analysis on 2 consecutive MR imaging studies of post-

treatment glioblastomas and revealed that the percentage change

of skewness and kurtosis of normalized CBV can differentiate

pseudoprogression from true tumor progression with a sensitivity

of 85.7% and a specificity of 89.2%.

In this study, in addition to the evaluation of 2 consecutive MR

imaging studies, we tried a multiparametric approach—that is,

the combined use of DWI and PWI. We hypothesized that a mul-

tiparametric approach may overcome the limitations of each im-

aging technique. DWI and PWI have characteristic functional or

physiologic parameters such as ADC/cellularity and CBV/tumor

angiogenesis. If we use these multiple parameters simultaneously,

these multiparametric analyses can reveal different aspects of tu-

mor behavior and may have added value for differentiating tumor

progression from pseudoprogression.

The aims of this study were to compare the change of com-

bined rCBV � ADC histograms in 2 consecutive MR imaging

studies between true tumor progression and pseudoprogression

and to compare the diagnostic efficacy of a uniparametric-versus-

multiparametric approach.

MATERIALS AND METHODS
Study Population
Between April 2008 and July 2010, one hundred sixty consecutive

patients underwent surgical treatment for glioblastoma in our

institution. Of the 160 patients, 35 met the following criteria: 1)

standard treatment for glioblastoma; 2) new or increased size of a

measurable enhancing lesion (�1 cm) within the radiation field

within 180 days after CCRT; 3) 2 consecutive MRIs with dynamic

susceptibility contrast perfusion and DWI at the time of increased

lesion size and within 3 months after the initial MR imaging; 4)

�2 follow-up MRIs or pathologic diagnosis; and 5) MRIs without

significant artifacts that prevented dynamic susceptibility con-

trast perfusion analysis. This retrospective study was approved by

the institutional review board in the hospital, and the require-

ment for informed consent was waived.

There were 18 men and 17 women (age range, 24 –70 years;

mean, 49 years). The interval between the operation and initial

MR imaging (at the time of increased lesion size) was 123.5 � 34.7

days (range, 79�204 days), the interval between initial MR imag-

ing and first follow-up MR imaging was 53.7 � 36.0 days (range,

19�142 days), and the interval between the first and second fol-

low-up MR imaging was 59.3 � 17.5 days (range, 29�95 days). In

3 patients, craniotomy and tumor removal were performed for

pathologic diagnosis.

True tumor progression and pseudoprogression were con-

firmed after adjuvant temozolomide according to the RANO cri-

teria.9 More specifically, pseudoprogression was defined as stable

or decreased size of an enhancing lesion at �2 consecutive fol-

low-up MR imaging studies compared with the initial MR imag-

ing. Tumor progression was defined as increased size of the en-

hancing lesion at �2 consecutive follow-up MR imaging studies

compared with the initial MR imaging or pathologically revealed

recurrent tumor. Group categorization was performed with a

qualitative method by consensus of 2 neuroradiologists (J.C.,

S.T.K.).

MR Imaging Protocol
MR imaging was performed at 3T (Achieva; Philips Healthcare,

Best, the Netherlands) with an 8-channel sensitivity encoding

head coil.

Contrast-enhanced axial spin-echo T1-weighted imaging was

acquired after intravenous injection of contrast material (gadot-

erate meglumine, Dotarem; Guerbet, Aulnay-sous-Bois, France),

0.1 mmol/kg of body weight by power injector, with the following

parameters: TR/TE � 500/10 ms, section thickness � 5 mm, ac-

quisition matrix � 256 � 226.

Spin-echo EPI DWI (TR/TE � 3000/76 ms, section thick-

ness � 5 mm, acquisition matrix � 128 � 128, b-value � 0, 1000

s/mm2) and dynamic susceptibility contrast PWI (TR/TE �

1720/35 ms, flip angle � 40°, section thickness � 5 mm, acquisi-

tion matrix � 128 � 128, fifty volumes, acquisition time � 1

minute 30 seconds) were performed. All MR images were ac-

quired with the same FOV (240 � 240 mm).

FIG 1. Histogram parameters. Mode is the value with the maximum
frequency on the histogram. Median is the middle value. Kurtosis is a
measure of whether the data are peaked (high kurtosis) or flat (low
kurtosis) relative to a normal distribution. Skewness is a measure of
asymmetry. Negative skew means that the left tail is longer; positive
skew means that the right tail is longer.
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rCBV Map Analysis
Dynamic susceptibility contrast perfusion images were processed

by using a dedicated software package (nordicICE; Nordic-

NeuroLab, Bergen, Norway). An rCBV map was generated by

using an established tracer kinetic model applied to the first-pass

data.15 Gamma variate fitting was applied to avoid a recirculation

effect. As described previously, the dynamic curves were corrected

mathematically to reduce contrast agent leakage effects.16,17 The

rCBV maps were normalized by dividing the rCBV value in the

region of interest by the rCBV value of normal-appearing white

matter defined by a neuroradiologist (J.C.).

Histogram Analysis
For each tumor, a region of interest was drawn on the contrast-

enhanced T1-weighted images, including whole enhancing le-

sions, on each section by using MRIcro software (http://www.

mccauslandcenter.sc.edu/mricro/mricro.html) from the initial (MR

imaging obtained at the time of increased lesion size) and fol-

low-up MR imaging (first follow-up MR imaging obtained

within 3 months after the initial MR imaging) by a neuroradi-

ologist (J.C.). The cerebral cortex was avoided when drawing

the region of interest. Before data analysis, rCBV and ADC

maps were coregistered to the contrast-enhanced T1-weighted

FIG 2. A 54-year-old man with glioblastoma who underwent tumor removal followed by CCRT. Sixty-eight days after CCRT, the enhancing
lesion developed around the surgical cavity (A). On follow-up MR imaging performed 52 days after CCRT (B), the size of enhancing lesion was
increased, suggestive of tumor progression. However, a subtracted 3D histogram shows a decreased population (blue) of high rCBV voxels (C),
and an increased population (red) of low rCBV/high ADC components. Craniotomy and tumor removal were performed, and pathologic findings
showed radiation necrosis, suggestive of pseudoprogression.
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FIG 3. A 70-year-old man with glioblastoma who underwent tumor removal followed by CCRT. One hundred forty-two days after CCRT, the
enhancing lesion developed in the genu of corpus callosum (A). On follow-up MR imaging performed 54 days after CCRT (B), the enhancing lesion
was stable or somewhat decreased in size, suggestive of pseudoprogression. However, the 3D histogram shows a markedly increased population
(coded as red) of high rCBV voxels with relatively low ADC values (C). Eventually, the enhancing lesion increased in size on follow-up MR imaging
(D) performed after 67 days from first follow-up MR imaging (B), and tumor progression was diagnosed.
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images by using affine transformation with normalized mutual

information18 as a cost function.

For histogram analysis, rCBV and ADC values within the re-

gion of interest were extracted by using Matlab software (Math-

Works, Natick, Massachusetts). Only ADC values of 5�3000 and

rCBV of 0.3�12 were considered meaningful, because beyond

these ranges, the values may be from noise, cystic or necrotic

areas, or CSF. Combined 3D histograms were made by using ac-

quired rCBV and ADC values of each voxel (ADC range, 0�3000;

interval, 100; rCBV range, 0�12, interval, 0.4; total, 900 bins).

From the histogram, mean, SD, maximum frequency, mode, kur-

tosis, and skewness of ADC values and rCBV on the initial and

follow-up MR imaging were calculated (Fig 1).

To evaluate the change in the histogram between initial and

follow-up MR imaging, we subtracted the histograms of initial

MR imaging from the histograms of follow-up MR imaging. The

histogram subtraction was performed with a uniparametric ap-

proach (subtraction of ADC and rCBV histograms indepen-

dently) and multiparametric approach (the combined ADC �

rCBV 3D histogram of the initial MR imaging was subtracted

from the combined 3D histogram of the follow-up MR imaging).

Then, the mode of the ADC value and rCBV of the subtracted

histogram were calculated.

Statistical Analysis
Statistical analyses were performed by using the IBM SPSS Statis-

tics, Version 20 (IBM, Armonk, New York). The mean, SD, max-

imum frequency, mode, kurtosis, and skewness of ADC values

and rCBV between the progression group and the pseudoprogres-

sion group were compared by using the Mann-Whitney test for

initial and follow-up MR imaging. The mode of the ADC values

and the rCBV of the subtracted histogram with uniparametric and

multiparametric approaches were compared between the 2

groups by using the Mann-Whitney test. The diagnostic perfor-

mance (sensitivity, specificity, accuracy) of tumor progression

based on the increased size of the enhancing lesion, histogram

parameters of the initial and follow-up MR imaging, and the sub-

tracted histogram were compared by using a receiver operating

characteristic curve analysis. Subsequently, multivariable step-

wise logistic regression analysis was used to determine the signif-

icant predictors for the differential diagnosis between true pro-

gression and pseudoprogression.

We used the date of surgical resection to determine overall

survival, and survival curves were calculated by using the Kaplan-

Meier method. We compared overall survival between tumor

progression and pseudoprogression using the log-rank test, and

we correlated the parameters of histogram and mode of the sub-

tracted histogram with overall survival.

RESULTS
Histogram Analysis
Twenty-four cases of pseudoprogression (Fig 2) and 11 cases of

tumor progression (Fig 3) were determined on the basis of stable

or decreased size of the enhancing lesion on the consecutive fol-

low-up study (n � 32) or pathologic diagnosis (n � 3).

On the histogram analysis (Tables 1 and 2), at initial MR im-

aging, all parameters of ADC values and rCBV did not show any

significant difference between the 2 groups. At follow-up MR im-

aging, the mean (P � .001) and SD (P � .001) of the rCBV were

larger in the progression group than in the pseudoprogression

group. Maximum frequency (P � .001), kurtosis (P � .030), and

skewness (P � .039) of rCBV were smaller in the progression

group than in the pseudoprogression group. The parameters of

ADC values did not differ significantly between the groups on

follow-up MR imaging.

On the subtracted histogram (Fig 4, Table 3), the mode of

rCBV was higher (P � .003) and the mode of ADC (P � .008) was

lower in the progression group with a uniparametric approach.

However, with a multiparametric approach, only the mode of

rCBV was higher (P � .001) in the progression group than in the

pseudoprogression group. On multivariable logistic regression

analysis, the multiparametric mode of rCBV was the only inde-

pendently differentiating parameter (P � .005).

Diagnostic Performance of Histogram Parameters
On the histogram analysis of the initial and follow-up MR imag-

ing studies, the most significant parameter was the mean rCBV of

the follow-up MR imaging. For the subtracted histogram, receiver

operating characteristic curve analysis (Fig 5) showed that the

Table 1: Histogram parameters of the initial MRIa

Pseudoprogression
(n = 24)

Progression
(n = 11) P Value

ADCb

Mean 1404.9 � 195.4 1376.0 � 145.0 .570
SD 468.0 � 118.9 368.5 � 117.3 .055
Max freq 0.15 � 0.05 0.16 � 0.05 .356
Mode 1154.2 � 196.7 1240.9 � 186.8 .320
Kurtosis 4.89 � 3.27 4.54 � 2.29 .972
Skewness 1.14 � 0.65 0.91 � 0.64 .434

rCBV
Mean 1.72 � 0.59 1.72 � 0.55 .804
SD 1.25 � 0.45 1.18 � 0.52 .722
Max freq 0.24 � 0.09 0.24 � 0.09 .972
Mode 0.93 � 0.48 0.93 � 0.30 .562
Kurtosis 8.74 � 4.84 8.71 � 7.52 .434
Skewness 1.89 � 0.69 1.72 � 0.99 .570

Note:—Max freq indicates maximum relative frequency.
a Numbers represent means.
b Unit of ADC value � 10�6mm2/s.

Table 2: Histogram parameters of the follow-up MRIa

Pseudoprogression
(n = 24)

Progression
(n = 11) P Value

ADCb

Mean 1402.4 � 187.7 1345.5 � 204.5 .546
SD 404.0 � 85.3 402.1 � 110.1 .804
Max freq 0.14 � 0.05 0.16 � 0.05 .241
Mode 1245.8 � 178.1 1222.7 � 331.9 .430
Kurtosis 4.96 � 2.31 4.64 � 2.00 .776
Skewness 1.09 � 0.62 1.05 � 0.69 .915

rCBV
Mean 1.40 � 0.42 2.15 � 0.51 �.001
SD 1.01 � 0.40 1.50 � 0.38 .001
Max freq 0.30 � 0.10 0.17 � 0.05 �.001
Mode 0.80 � 0.26 0.96 � 0.52 .522
Kurtosis 9.68 � 4.11 6.49 � 3.02 .030
Skewness 2.05 � 0.65 1.54 � 0.63 .039

Note:—Max freq indicates maximum relative frequency.
a Numbers represent means.
b Unit of ADC value � 10�6mm2/s.
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mode of rCBV by using a multiparametric approach had a larger

area under the curve (0.877 versus 0.801) than when using the

uniparametric approach for differentiating pseudoprogression

from tumor progression. Therefore, we used the mean rCBV of

the follow-up MR imaging and the mode of rCBV with the mul-

tiparametric approach as representative parameters to compare

diagnostic performance.

The sensitivity, specificity, and accuracy of diagnosing tumor

progression based on the size change of enhancing lesions were

72.7%, 83.3%, and 80.0%, respectively. The sensitivity, specificity,

and accuracy of the diagnosis based on the mean rCBV � 1.8 of

follow-up MR imaging were 81.8%, 83.3%, and 82.9%, respec-

tively. The diagnosis based on the mode of rCBV � 1.6 on the

subtracted histogram was most accurate, with 81.8% sensitivity,

100% specificity, and 94.3% accuracy.

Survival Analysis
Twenty-six (74%) of the 35 patients had died by the time of data

analysis. The mean follow-up period was 556 � 288 days. The

overall median survival from the operation to death or last fol-

low-up was 513 days. The median survival (Fig 6A) of the progres-

sion group (394 days) was significantly shorter than that of the

pseudoprogression group (565 days) (P � .037). The median sur-

vival rate was not significantly different in terms of the mean

rCBV of follow-up MR imaging with any threshold (rCBV

FIG 4. The subtracted 3D histogram of each group by using a multiparametric approach. A, The tumor progression group shows an increased
voxel population with high rCBV and relatively low ADC values (800�1200 � 10�6mm2/s) and a decreased population with low rCBV with a wide
range of ADC values. B, The pseudoprogression group shows a decreased voxel population with high rCBV and relatively low ADC, which shows
increased population in the tumor progression group. In contrast, voxels with low rCBV with a wide range of ADCs (1000�2000 � 10�6mm2/s)
show an increased population in the pseudoprogression group.

Table 3: The mode of rCBV and ADC values of the subtracted
histogram using uniparametric and multiparametric approachesa

Pseudoprogression
(n = 24)

Progression
(n = 11) P Value

Uniparametric
ADC modeb 1404.2 � 407.5 1004.6 � 317.4 .008
rCBV mode 1.0 � 0.7 2.3 � 1.2 .003

Multiparametric
ADC modeb 1412.5 � 365.7 1259.1 � 320.8 .238
rCBV mode 1.0 � 0.3 2.3 � 1.1 �.001

a Numbers represent means.
b Unit of ADC value � 10�6mm2/s.
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� 1.5� 2.2). The median survival (Fig 6B) was significantly dif-

ferent in terms of the mode of rCBV on the subtracted histogram

with threshold rCBV � 1.8 (394 versus 561 days, P � .003), and it

was statistically more significant than the survival difference of

the progression and pseudoprogression groups.

DISCUSSION
In this study, we evaluated subtracted combined ADC � rCBV 3D

histograms of 2 consecutive MR imaging studies; therefore, we

could observe the changing trend of the histogram pattern be-

tween the 2 studies. The diagnostic performance of the subtracted

histogram was better than that of a single MR imaging study;

especially, the mode of the subtracted histogram, which was the

best predictor. In addition, the mode acquired from the multipa-

rametric approach showed better diagnostic performance than

that of the uniparametric approach.

A major limitation of rCBV for posttreatment evaluation is

that the treatment-related inflammation also causes increased

rCBV. In cases of radiation necrosis of the brain19 around the

liquefied center, there are areas of active inflammatory responses

with lymphocytes and macrophages, resulting in some degree of

increased rCBV. On DWI, radiation necrosis may show diffusion

restriction, probably due to intracellular edema and viscous pus-

like material with abundant polymorphonuclear leukocytes in the

transition zone.10,20,21 Therefore, increased rCBV does not always

mean viable tumor angiogenesis, and decreased ADC values do

not always mean high cellularity. Using multiparametric analysis

with rCBV and ADC values, we may exclude the effects of radia-

tion necrosis when evaluating ADC values because radiation ne-

crosis shows low rCBV on its diffusion-restriction area. In addi-

tion, we may exclude the effect of inflammation when evaluating

rCBV because inflammation with edema shows increased ADC

values. In this study, with a uniparametric approach, both rCBV

and ADC were significantly different between the progression and

pseudoprogression groups, but with the multiparametric ap-

proach, only rCBV was significantly different between the

groups—that is, in terms of rCBV, the statistical significance was

increased when the rCBV was stratified by ADC values; however,

in terms of the ADC value, the statistical significance was de-

creased with stratification.

Another limitation of rCBV analysis is related to contrast material

leakage. Because the rCBV calculation of dynamic susceptibility con-

trast perfusion MR imaging is based on the absence of contrast ma-

terial leakage to the extravascular space, leakage of contrast material

can cause underestimation of rCBV.16 Contrast preload and math-

ematic correction can be used to overcome these effects. We used

mathematic correction, which is known to be equivalent to preload

for the correction of contrast material leakage effect.17

Emblem et al22 suggested that tumor malignancy was related

to CBV heterogeneity, and Law et al23 also suggested that the

histogram parameter that had the highest correlation with glioma

grade was SD. This was because an increase of the SD and a de-

crease of the maximum frequency for high-grade gliomas could

reflect heterogeneous tumor angiogenesis. High-grade gliomas

that initially had heterogeneous vascularity may have reduced

heterogeneity after radiation therapy. Tumor progression/recur-

rence may increase in heterogeneity due

to heterogeneous angiogenesis of the via-

ble tumor component. In this study, the

tumor progression group showed in-

creased voxel population with high rCBV

and low ADC values (Fig 4A). In contrast,

in the pseudoprogression group, the voxel

population with high rCBV was decreased

and the ADC was more elevated and dis-

persed (Fig 4B). In the tumor progression

group, the SD of rCBV was increased, and

the maximum frequency and kurtosis

were decreased on follow-up MR imag-

ing. These results suggest increased heter-

ogeneity of the tumor.

Hu et al14 proposed the perfusion MR

imaging–fractional tumor burden method

FIG 5. Receiver operating characteristic curve analysis for the mode of
rCBV on the subtracted histogram by using uniparamteric and multipa-
rametric approaches for differentiating tumor progression from pseudo-
progression. Diagonal line � 50% of the area under the receiver operat-
ing characteristic curve analysis.

FIG 6. Graph data indicate that overall cumulative (Cum) survival is significantly better for
patients with pseudoprogression (A) and mode of rCBV � 1.8 on the subtracted histogram with
a multiparametric approach (B) after CCRT.
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for evaluation of post-treatment glioblastoma. The perfusion MR

imaging (pMRI)–fractional tumor burden describes the popula-

tion of the risk voxels with values of more than threshold rCBV

(rCBV � 1). The perfusion MR imaging (pMRI)–fractional tu-

mor burden metric reliably estimated the histologic tumor frac-

tion and correlated with overall survival. However, the mean

rCBV and histogram mode of rCBV less strongly correlated with

the histologic tumor fraction and did not correlate with overall

survival. This result is probably because most lesions are histolog-

ically admixed and broadly variable in tumor fractions; therefore,

the mean rCBV (similar to other histogram-based metrics) is in-

fluenced by the rCBV from both tumoral and nontumoral com-

ponents.14 In our study, rCBV histogram parameters of initial MR

imaging did not show any significant difference. Because of the

heterogeneity of the lesion, posttreatment tumor evaluation by

using the mean values of the overall lesion on a single MR imaging

study is an intrinsically limited effort.

In this study, the proportion of pseudoprogression in patients

with new or enlarged enhancing lesions was 69%. In previous

studies, enlarged lesions on conventional MR images may actually

have represented pseudoprogression in up to 46.8%– 64% of

cases, compatible with our results.8,24 Because pseudoprogression

is so common, the RANO Working Group recommended a sec-

ond MR imaging at 4 weeks to confirm the presence of response or

stable disease.9 However, pseudoprogression can be sustained or

aggravated for �4 weeks; therefore, it can mimic tumor progres-

sion.25 Therefore, the diagnosis of tumor progression based on

the size of the enhancing lesion may cause false-positive (Fig 2) or

false-negative results (Fig 3). Mangla et al12 showed that increased

rCBV after treatment was a stronger predictor of poor survival

(area under the receiver operating characteristic curve � 0.806).

However, change in tumor size did not correlate with overall sur-

vival (area under the receiver operating characteristic curve �

0.566). If increased rCBV on follow-up MR imaging was used to

differentiate true disease progression and pseudoprogression, the

sensitivity was 76.9% and the specificity was 85.7%. In our study,

if one considered the mode of rCBV on the subtracted histogram,

the diagnostic accuracy was increased from 80% to 94.3%, com-

pared with the diagnosis based on the tumor size change.

Another problem is the ambiguous nature of the reference

standard of pseudoprogression. The criterion standard for diag-

nosing pseudoprogression is histopathology; however, biopsy

may have sampling errors, and even a specimen obtained with

second-look surgery may have residual infiltrated tumor cells,

which can be erroneously interpreted by the pathologist.26,27

Therefore, there is an innate limitation in differentiating pseudo-

progression from tumor progression. In this study, we also corre-

lated imaging biomarkers with overall survival. The high mode of

rCBV on the subtracted histogram by using a multiparametric

approach (rCBV � ADC) was a good predictor of worse survival

as well as tumor progression.

Our study has several limitations. First is the retrospective na-

ture of the study. Second, due to the small number of cases, espe-

cially progression relative to pseudoprogression, generalizability

and statistical power are limited. Third, tumor progression and

pseudoprogression were determined mainly by follow-up MR

imaging, and pathologic confirmation was performed in only a

few patients. Finally, the region of interest was drawn only on the

enhancing portion of the lesion; therefore, the effect of the non-

enhancing infiltrative portion was not evaluated. However, this

study focused on the particular clinical situation—that is, a newly

developed or increased size of the enhancing lesion mimicking

tumor progression; therefore, only the nature or change of the

enhancing lesion was considered.

CONCLUSIONS
Multiparametric 3D histogram analysis with ADC values and

rCBV was useful to evaluate posttreatment glioblastomas. Tumor

progression showed increased rCBV and increased heterogeneity

on follow-up studies; however, pseudoprogression did not. A

high mode of rCBV on the subtracted histogram by using a mul-

tiparametric approach (rCBV � ADC) was the best predictor of

true tumor progression and worse survival.
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Cerebrovascular Collaterals Correlate with Disease Severity in
Adult North American Patients with Moyamoya Disease

M.K. Strother, M.D. Anderson, R.J. Singer, L. Du, R.D. Moore, Y. Shyr, T.R. Ladner, D. Arteaga, M.A. Day,
P.F. Clemmons, and M.J. Donahue

ABSTRACT

BACKGROUND AND PURPOSE: Cerebrovascular collaterals have been increasingly recognized as predictive of clinical outcomes in
Moyamoya disease in Asia. The aim of this study was to characterize collaterals in North American adult patients with Moyamoya disease
and to assess whether similar correlations are valid.

MATERIALS AND METHODS: Patients with Moyamoya disease (n � 39; mean age, 43.5 �10.6 years) and age- and sex-matched control
subjects (n � 33; mean age, 44.3 � 12.0 years) were graded via angiography. Clinical symptoms of stroke or hemorrhage were graded
separately by imaging. Correlations between collateralization and disease severity, measured by the modified Suzuki score, were evaluated
in patients with Moyamoya disease by fitting a regression model with clustered ordinal multinomial responses.

RESULTS: The presence of leptomeningeal collaterals (P � .008), dilation of the anterior choroidal artery (P � .01), and the posterior
communicating artery/ICA ratio (P � .004) all correlated significantly with disease severity. The presence of infarct or hemorrhage and
posterior steno-occlusive disease did not correlate significantly with the modified Suzuki score (P � .1). Anterior choroidal artery changes
were not specific for hemorrhage. Patients with Moyamoya disease were statistically more likely than controls to have higher posterior
communicating artery/ICA ratios and a greater incidence of leptomeningeal collaterals.

CONCLUSIONS: As with Moyamoya disease in Asian patients, the presence of cerebrovascular collaterals correlated with the modified
Suzuki score for disease severity in North American patients with Moyamoya disease. However, anterior choroidal artery changes, which
correlated with increased rates of hemorrhage in Asian studies, were not specific to hemorrhage in North Americans.

ABBREVIATIONS: AchoA � anterior choroidal artery; LMC � leptomeningeal collaterals; MMD � Moyamoya disease; mSS � modified Suzuki score; P1� proximal
segment of the posterior cerebral artery; PCA � posterior cerebral artery; PcomA � posterior communicating artery

Moyamoya disease (MMD) has been largely described by the

Asian experience, yet varying epidemiologic and clinical

features in North Americans with MMD suggest that pathophys-

iologic differences exist. MMD in North Americans and Europe-

ans most commonly affects young women in the third-to-fourth

decades of life, whereas MMD in Asians typically begins in child-

hood.1-3 North American and European patients present with

ischemic stroke or TIA as the most frequent manifestation,1,4-9

whereas hemorrhage is more frequent in Asian cohorts.3 Addi-

tionally, gene associations found in Asian cohorts have not been

replicated by European investigators.10

Shared features for all MMD include predominantly anterior

circulation involvement with progressive arteriopathy involving

the ICA and proliferation of distinctive basal vessels— changes

that have been well-correlated with disease severity.11-13 Other

collaterals, including dilated anterior choroidal arteries (AchoAs)

and posterior communicating arteries (PcomAs), are less well-

studied, particularly in North Americans. Histologic analysis of

these collaterals has demonstrated evidence of stress related to

increased flow, which may predispose patients to hemorrhage.14

Dilated anterior choroidal and posterior communicating arteries

have been shown to be strongly predictive of hemorrhage in Asian

MMD.15 The purpose of this study was to assess correlations be-

tween disease severity with less well-characterized collaterals, in-
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cluding the PcomA/ICA ratio, leptomeningeal collaterals (LMC),

and AchoA changes, in a cohort of adult North Americans with

MMD. Our primary hypothesis is that these collaterals correlate

variably with disease severity, as measured by the modified Suzuki

score (mSS) and clinical findings of stroke or hemorrhage. Our

secondary hypothesis is that these collaterals correlate with dis-

ease compared with control subjects.

MATERIALS AND METHODS
This retrospective review was approved by the local institutional

review board. Subjects were identified by an electronic medical

record search for all adult patients with MMD who underwent

DSA from 2002 to 2012 at our institution. Idiopathic MMD was

defined as mSS I–IV in at least 1 cerebral hemisphere without

associated predisposing disease. Control subjects were selected

sequentially from angiograms obtained for any non-Moyamoya

indication. Two certified neuroradiologists, blinded to clinical

and imaging findings, graded disease severity separately and re-

solved disagreement by consensus. Modifications have been made

to the Suzuki classification so that the score can be applied to

individual cases, rather than longitudinally.16,17 The mSS used for

this study (Table 1) includes 5 stages of disease severity,18 exam-

ples of which are shown in Fig 1. In separate sessions divided by

�2 weeks, the following were graded from DSA:

1) LMC circulation to the anterior circulation was classified

into 2 stages: Stage 1, leptomeningeal cortical branches were

found coursing from the posterior cerebral artery (PCA) to the

frontal, temporal, or parietal Lobes; Stage 2, there was no lepto-

meningeal collateral circulation.19,20

2) Ratio of the PcomA lumen diameter to the ipsilateral pre-

cavernous ICA lumen diameter21 is shown in Fig 2. Because the

distal ICA is stenosed in MMD, the ICA measurement was per-

formed at the precavernous portion with the widest, parallel lu-

men. If a PcomA infundibulum was present, the diameter was

measured distal to infundibulum.

3) Proximal segment of the posterior cerebral artery (P1)

steno-occlusive changes were noted (1, no stenosis or occlusion;

2, stenosis or occlusion).2,22

An endovascular neurosurgeon (with 21 years of experience),

blinded to clinical and imaging findings, separately graded the

AchoA (zero, normal; 1, dilated with distal branching; and 2, di-

Table 1: Modified Suzuki scoring
Score Description of classification

0 No evidence of disease
I Mild-to-moderate stenosis around ICA bifurcation with absent or slightly developed ICA MMDa

II Severe stenosis around the ICA bifurcation or occlusion of either proximal anterior or MCA branches with well-developed ICA
MMD

III Occlusion of both anterior and MCA branches with well-developed ICA MMD (only a few of anterior or MCA branches or
both are faintly opacified in antegrade fashion through meshwork of ICA MMD)

IV Complete occlusion of both anterior and MCA branches with absent or small amount of ICA MMD (without opacification
of either anterior or MCA branches in antegrade fashion)

a ICA Moyamoya disease indicates perforating collateral vessels at or around the terminal ICA.

FIG 1. Modified Suzuki scoring. Anteroposterior projections from DSA demonstrate a moderately stenosed left ICA without anterior
cerebral artery or MCA involvement or Moyamoya perforators (mSS I) (A); an occluded left M1 with well-developed ICA Moyamoya
perforators (mSS II) (B); an occluded right ICA, A1 and M1 with extensive Moyamoya perforators (mSS III) (C); and an occluded left ICA, M1
and A1 with absent Moyamoya perforators (mSS IV)— external carotid collaterals are visualized from a common carotid injection (D).

FIG 2. PcomA/ICA ratio method. Lateral projection from DSA with
the PcomA/ICA ratio in a patient with MMD with distal ICA occlusion
beyond the PcomA origin.
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lated with abnormal branches serving as collaterals to other re-

gions).15 The site of ICA occlusion was identified in subjects when

the AchoA was not visualized. Hemorrhage or infarct or both

were graded on CT or MR imaging performed within 30 days of

DSA, and the location of the infarct was classified by territory.

Exclusion criteria were the following: 1) For PcomA/ICA ratios,

the hemisphere was excluded if the PcomA was not visualized on

DSA; 2) both hemispheres were excluded for surgical revascular-

ization before DSA; and 3) for AchoA grading, the hemisphere

was excluded if the AchoA was not visualized.

Statistical Analysis
For univariate analysis for the association of the disease severity

(mSS) with other collateral and clinical characteristics, the

Kruskal-Wallis or Fisher exact test (2-sided) was used. For the

comparison of the PcomA/ICA ratio between subjects with MMD

and controls, the Wilcoxon rank sum test was used. Because

hemispheres were considered sepa-

rately, a multivariate regression model

based on generalized estimating equa-

tions23 for clustered ordinal responses

with uniform local odds ratio structure

was fit to evaluate the correlations be-

tween collateralization and disease se-

verity among subjects with MMD.

Hemispheres with an mSS of zero were

included in the analysis because the typ-

ical progression of MMD is bilateral in-

volvement.24 Due to the small number

of observations for mSS stages zero and I

(6 and 7, respectively), we combined

them as stage 1 in the regression model.

Asian and African American races were

also combined as nonwhite. For multi-

variate analysis, the CT/MR imaging

findings of infarct and hemorrhage were

combined. The Fisher exact test was

used to correlate the incidence of hemorrhage in patients of Asian

descent with non-Asian patients. All MMD statistics were ad-

justed by age, sex, race (white or nonwhite), LMC, the presence of

infarct or hemorrhage, P1 and AchoA classification, and PcomA/

ICA ratio.

RESULTS
We examined angiograms from 39 subjects with MMD (78 cere-

bral hemispheres). The mean age was 43.5 � 10.6 years (range,

26 – 64 years). The median age was 44 years. Twenty-eight patients

were women. Age- and sex-matched controls (n � 33; mean age,

44.3 � 12.0 years) were included. Subjects with MMD were white

(n � 28), African American (n � 7), and Asian (n � 4); control

subjects were white (n � 27), African American (n � 5), and

Hispanic (n � 1).

Fourteen hemispheres (9 left, 5 right) were excluded from

measurement of the PcomA/ICA ratio secondary to lack of ipsi-

lateral PcomA (n � 2), lack of DSA lateral projection (n � 1),

prior aneurysm coiling (n � 1), and ipsilateral ICA occlusion (n �

10). All hemispheres excluded due to ICA occlusion had mSS

grades of IV. Six subjects with MMD (15%) had unilateral in-

volvement. Collateral characteristics by mSS are summarized in

Table 2. Interobserver agreement for mSS rating meets acceptable

statistical criteria with a Fleiss-Cohen � statistic of 0.845 (95% CI,

0.785– 0.904).

Figure 3 demonstrates PcomA/ICA ratios for subjects com-

pared with controls. The mean PcomA/ICA ratio for subjects was

0.34, compared with 0.22 for controls. After we adjusted for age,

sex, race, and LMC, a linear mixed-effects model estimate mean

PcomA/ICA ratio difference between subjects and controls was

significant at .115 (P � .0002, 95% CI, 0.058 – 0.172). PcomA/ICA

ratios for subjects increased with increasing mSS (Fig 4). The mul-

tivariate regression model for correlated ordinal responses

showed that for every 0.1-U increase in the PcomA/ICA ratio, the

OR of having a more severe mSS classification (eg, mSS of II

increases to mSS of III) was 1.61 (P � .004; 95% CI, 1.17–2.21).

The regression model also demonstrated a significant associa-

FIG 3. PcomA/ICA ratio in subjects with MMD versus control sub-
jects by hemisphere. The PcomA/ICA ratio in a patient with MMD
(n � 1) was significantly higher (P � .001) compared with control sub-
jects (n � 0). Orange dots are observations for the left cerebral hemi-
sphere, and blue dots are for the right cerebral hemisphere. The dark
band represents the median in this boxplot.

Table 2: Collateral and clinical characteristics by modified Suzuki score in subjects with
Moyamoya diseasea

Metric (P Value) N 0 (n = 6) I (n = 7) II (n = 30) III (n = 20) IV (n = 15)
PcomA/ICAb (.024) 64 0.125 0.205 0.295 0.330 0.520
LMC (.001) 78

1 17% (1) 29% (2) 63% (19) 80% (16) 93% (14)
2 83% (5) 71% (5) 37% (11) 20% (4) 7% (1)

CT/MR (.06)c 78
1 83% (5) 57% (4) 37% (11) 15% (3) 33% (5)
2 17% (1) 42% (3) 60% (18) 70% (14) 67% (10)
3 0% (0) 0% (0) 3% (1) 15% (3) 0% (0)

AchoA (�.001) 78
0 83% (5) 43% (3) 13% (4) 5% (1) 7% (1)
1 17% (1) 43% (3) 37% (11) 10% (2) 0% (0)
2 0% (0) 14% (1) 50% (15) 85% (17) 33% (5)
NV 0% (0) 0% (0) 0% (0) 0% (0) 60% (9)

P1 (.14) 78
1 100% (6) 86% (6) 90% (27) 95% (19) 67% (10)
2 0% (0) 14% (1) 10% (3) 5% (1) 33% (5)

Note:—N indicates the number of nonmissing values; NV, not visualized.
a Numbers after percentages are frequencies.
b PcomA/ICA ratio provided is median.
c CT/MR 1—no infarct or hemorrhage, 2—infarct, 3— hemorrhage.

1320 Strother Jul 2014 www.ajnr.org



tion between mSS and the presence of LMC (P � .008) for sub-

jects. The OR of having a more severe mSS classification was 4.79

times higher (95% CI, 1.51–15.21) for MMD hemispheres with

LMC, compared with those without LMC. Only 2 of 66 hemi-

spheres in control subjects had LMC (1 with a history of seizures

and 1 with previously coiled aneurysms, but neither with vascular

stenosis). Figure 5 demonstrates the appearance of LMC in 1 sub-

ject with MMD. All hemispheres with P1 steno-occlusive involve-

ment had LMC. However, P1 steno-occlusive change was not sig-

nificantly associated with mSS (P � .485).

AchoA grades are shown in Fig 6. Table 3 shows the distribu-

tion of AchoA grades by imaging findings. There was a significant

association between the AchoA classification and mSS (P � .02).

The OR of having a more severe mSS classification was 2.76 times

higher (95% CI, 0.57–13.24) for hemispheres with grade I AchoA

versus control subjects (P � .21), and the OR increased to 17.2

(95% CI, 2.26 –131.1) when comparing grade II AchoA with con-

trol subjects (P � .01). In 9 hemispheres, the AchoA was occluded

due to ICA occlusion proximal to the AchoA origin and lack of

collateral AchoA filling via posterior collaterals. All such hemi-

spheres were mSS IV; none had hemorrhage and 5 of 9 had in-

farcts. All hemispheres with hemorrhage (4 of 78) had AchoA

grade 2, and none had P1 steno-occlusive findings.

There was no statistically significant association between mSS

and imaging findings of infarct or hemorrhage (P � .11). Forty-

six of 78 MMD hemispheres (59%) had infarcts. Of 15 mSS hemi-

spheres, 5—including the only mSS IV hemisphere without

LMC— had no infarcts, 2 had infarcts involving the ipsilateral

basal ganglia, and all remaining mSS hemispheres had a water-

shed pattern of infarcts. No patient with mSS IV had posterior

circulation or cortical MCA territory infarcts.

Two of 4 subjects with MMD with hemorrhage were of Asian

descent. The Fisher exact test gave a 2-sided P � .045 for the

correlation between the incidence of hemorrhage in patients of

Asian descent with non-Asian patients, though findings were lim-

ited by the low number of hemispheres with hemorrhage. Only

1/78 MMD hemispheres had both hemorrhage and infarct on

imaging. This hemisphere had no P1 steno-occlusive changes or

LMC and had grade 2 AchoA changes.

Median follow-up time for subjects with angiography (19 of 39

subjects with MMD) was 463 days (minimum, 105 days; maxi-

mum, 1740 days).

DISCUSSION
The primary findings of this work are the following: 1) As with

prior studies on adult MMD, we observed a strong correlation

between vascular collaterals, including the presence of LMC, di-

lated AchoAs, and larger PcomA/ICA ratios, and mSS in adult

MMD. Despite these collateral networks, most subjects with

MMD in our study had infarcts, and the presence of infarct and/or

hemorrhage did not correlate with disease severity, as reflected by

the mSS, due to the high frequency of infarcts in subjects with

MMD with less severe mSSs (eg, 60% of mSSs II subjects). 2). In

contrast to Asian studies, AchoA changes were sensitive but not

specific for intracranial hemorrhage, and P1 steno-occlusive in-

volvement did not appear to correlate with disease severity. Taken

together, these findings suggest that mSS may not provide a com-

prehensive predictive model for the

complex hemodynamic stress, which

causes infarcts and hemorrhages in

subjects with MMD. Additionally, as

more nuanced predictive models arise,

such as AchoA changes, our findings

suggest the models may not generalize

across ethnic cohorts.

The ischemic stress in MMD is im-

parted by progressive anterior circula-

tion stenosis, which may include vascu-

lar constrictive changes, which narrows

the terminal ICA and, in patients with

mSS III–IV, occludes both the anterior

and middle cerebral arteries.21 When

ICA stenosis occurs distal to the AchoA,

both the AchoA and PcomA may be sub-

jected to increased collateral flow and

FIG 4. PcomA/ICA ratio in patients with MMD by mSS and hemi-
sphere. The PcomA/ICA ratio increased with increasing mSS (P �
.024). Orange dots are observations for the left cerebral hemisphere,
and blue dots are for the right cerebral hemisphere.

FIG 5. Anteroposterior (A) and lateral (B) projections from DSA with right vertebral injection in
patient with MMD demonstrate leptomeningeal cortical branches (arrows) from the PCA to the
left parietal and temporal lobes.
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stress.14 The correlation of the PcomA:ICA ratio in our study with

disease severity may reflect a compensation mechanism for the

hemodynamic stress imposed by progressive ICA arteriopa-

thy.25-27 PcomA collateral flow has been shown to be protective

against watershed infarcts in patients with atherosclerotic ICA

occlusion.28 Although ICA stenosis in MMD can occlude the

PcomA, stenosis typically occurred distal to the PcomA origin in

our cohort (87%). The high rate of mSS IV in subjects with MMD

in our study with a watershed pattern of infarcts (85% of mSS IV

hemispheres with infarcts) suggests inadequate flow despite in-

creased collaterals.

As in other North American studies, our cohort was much

more likely to present with ischemia (59%) than hemorrhage

(5%).1,6-8,29,30 In contrast, Asian studies reported higher rates of

hemorrhage, ranging from 25% to 62% (Japan, China, and Ko-

rea) compared with 10%–29% (Iowa and Hawaii).3,15,29,31,32

Hemorrhage has been shown to be the most significant factor

affecting poor outcome in Asian cohorts, and ruptured thin-

walled basal perforators have been cited as the source of high rates

of hemorrhage.3,33 However, studies have not shown a correlation

between the reduction in perforators following surgery and rates

of hemorrhage.34,35 More recently, Asian studies have implicated

abnormal branching of the AchoA and dilation of the PcomA as a

hemorrhagic source, particularly in subjects with intraventricular

hemorrhage.15,31,36,37

Grade 1 or 2 AchoA changes were found in 89% of hemi-

spheres with hemorrhage compared with only 44% of ischemic

hemispheres in Asian MMD.15 However, grade 1 or 2 AchoA

changes were present in most (80%) subjects with MMD in our

study and did not differentiate hemorrhage and infarct. Despite

this high rate of AchoA changes, only 4 hemispheres presented

with hemorrhage, compared with 27% in the Japanese cohort.15

These findings suggest that AchoA changes in North Americans

may not correlate with increased risk of hemorrhage to the extent

that has been found in Asian cohorts. The impact of AchoA oc-

clusion on future hemorrhage and ischemia risk is not clear from

our study due to the small sample size and relatively short median

follow-up. Only 1 MMD hemisphere had both hemorrhage and

infarct, which is in line with published studies, suggesting the

etiology for infarct and hemorrhage may be distinct.3,22 The inci-

dence of P1 steno-occlusive changes in our cohort (12%) was

lower than that reported in Asian studies (20%– 43%).20,38

It is unclear whether findings from intracranial atherosclerotic

disease studies translate to MMD.27,39 In the Warfarin Aspirin

Symptomatic Intracranial Disease trial, very few cases of severe

stenosis with good collaterals resulted in stroke, suggesting a pro-

tective role for LMC.26 However, in moderately stenosed patients

(50%– 69% stenosis), the presence of LMC was associated with an

increased risk of stroke.26 LMC have been shown to be indepen-

dent predictors of an increased oxygen extraction fraction in pa-

tients with atherosclerotic ICA occlusion.40

In our study, LMC correlated significantly with disease sever-

ity. The hemodynamic importance of LMC to the anterior circu-

lation in MMD has recently been suggested in a Japanese cohort

with P1 disease, in which P1 lesions led to MCA territory infarcts

much more frequently than posterior infarcts.22 P1 stenosis in

patients with MMD following revascularization was associated

with decreased LMC, which may increase ischemic symp-

toms.28,38,41 P1 disease in our cohort did not correlate with dis-

ease severity, though it was most frequent in mSS IV hemispheres.

Postrevascularization studies showing decreased steal phenome-

non following revascularization suggest a dynamic component to

MMD.9,13,42

Certainly, we could have used other published grading scales.

Togao et al20 described a 4-stage system in their study, building a

multivariate model for the angiographic findings in subjects with

MMD, ranging from no PCA occlusive change in stage 1 to PCA

occlusion with almost no visualization of distal branches in stage

4. Using this system, Togao et al found 32 stage 1 PCA arteries, 1

stage 2 artery, 5 stage 3 arteries, and 2 stage 4 arteries. Our study

had an even larger percentage of subjects with MMD (87%) with-

out PCA steno-occlusive disease. Because only 10 hemispheres

FIG 6. Lateral projections from DSA in 3 patients with Moyamoya disease, with the AchoA identified by the arrow. A, The AchoA appears
normal without proliferative vessels (stage zero). B, The AchoA is thickened with distal branching (stage I). C, The AchoA is dilated, and abnormal
branches serve as collaterals (stage II).

Table 3: Distribution of anterior choroidal artery grades by
imaging findingsa

Symptom of Hemisphere N

AchoA Grade

0 (No.) 1 (No.) 2 (No.)
No symptom 24 29% (7) 33% (8) 38% (9)
Infarct 41 17% (7) 22% (9) 61% (25)
Hemorrhage 4 0% (0) 0% (0) 100% (4)

Note:—N indicates the number of nonmissing values.
a P � .18.
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had PCA steno-occlusive disease, subcategorization of PCA by

stenosis degree was not thought to be statistically robust.

The findings of this work should be considered in the context

of 4 limitations. First, as with most MMD studies, this study was

limited by sample size (n � 39), owing to the relatively small

prevalence of MMD in the general population (3 cases per

100,000).43 This led to a relatively small number of hemispheres

with hemorrhage. However, this is one of the larger studies of

North American MMD; therefore, we believe the results pre-

sented should be used as an exemplar for motivating larger stud-

ies. Second, constraints are imposed by the retrospective design,

which precluded direct PcomA luminal diameter measurement

due to differences in magnification on DSA. The PcomA/ICA

ratio was, therefore, used as a surrogate. The distal ICA diameter

has been shown to decrease in patients with MMD, either due to

vascular constrictive changes or as a flow-related phenomenon

due to more distal disease; thus, the precavernous ICA was mea-

sured.21 Third, our controls included subjects with intracranial

pathology, including aneurysms and vascular stenosis, a limita-

tion imposed by the standard for use of DSA at our institution,

where DSA is reserved for subjects with suspected intracranial

pathology, due to its invasive nature. Finally, our study represents

a static view of what is known to be a dynamic disease. The 20

subjects with MMD without follow-up data, and the relatively

short follow-up for several other subjects with MMD preclude

drawing conclusions on whether the variables measured have

prognostic implications. Longitudinal studies of these collateral

pathways are necessary to understand the interplay between isch-

emic and hemorrhage risks.9,13,42

CONCLUSIONS
MMD in North Americans remains poorly characterized: The eti-

ology is unknown; the natural history, unclear; and optimal treat-

ment, untested. The varied clinical course for MMD may reflect

the effectiveness of collaterals in compensating for the hemody-

namic stress imposed by progressive ICA arteriopathy without

imparting increased risk of hemorrhage. In our analysis, the pres-

ence of LMC, dilation of the AchoA, and the PcomA/ICA ratio

were independent predictors of mSS severity for North Americans

with MMD. However, AchoA changes did not correlate with in-

creased risk of hemorrhage to the extent that has been found in

Asian cohorts.
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ORIGINAL RESEARCH
BRAIN

Low-Power Inversion Recovery MRI Preserves Brain Tissue
Contrast for Patients with Parkinson Disease with Deep

Brain Stimulators
S.N. Sarkar, E. Papavassiliou, R. Rojas, D.L. Teich, D.B. Hackney, R.A. Bhadelia, J. Stormann, and R.L. Alterman

ABSTRACT

BACKGROUND AND PURPOSE: Fast spin-echo short � inversion recovery sequences have been very useful for MR imaging– guided deep
brain stimulation procedures in Parkinson disease. However, high-quality fast spin-echo imaging deposits significant heat, exceeding
FDA-approved limits when patients already have undergone deep brain stimulation and need a second one or a routine brain MR imaging
for neurologic indications. We have developed a STIR sequence with an ultra-low specific absorption rate that meets hardware limitations
and produces adequate tissue contrast in cortical and subcortical brain tissues for deep brain stimulation recipients.

MATERIALS AND METHODS: Thirteen patients with medically refractory Parkinson disease who qualified for deep brain stimulation were
imaged at 1.5T with a fast spin-echo short � inversion recovery sequence modified to meet conditional MR imaging hardware and specific
absorption rate restrictions. Tissue contrast-to-noise ratios and implant localization were objectively and subjectively compared by 2
neuroradiologists, and image quality for surgical planning was assessed by a neurosurgeon for high and low specific absorption rate images.

RESULTS: The mean contrast-to-noise ratio for cerebral tissues without including the contrast-to-noise ratio for ventricular fluid was 35 and 31
for high and low specific absorption rate images. Subjective ratings for low specific absorption rate tissue contrast in 77% of patients were
identical to (and in a few cases higher than) those of high specific absorption rate contrast, while the neurosurgical coordinates for fusing the
stereotactic atlas with low specific absorption rate MR imaging were equivalent to those of the high specific absorption rate for 69% of patients.

CONCLUSIONS: Patients with Parkinson disease who have already had a deep brain stimulation face a risk of neural injury if routine, high
specific absorption rate MR imaging is performed. Our modified fast spin-echo short � inversion recovery sequence conforms to very
conservative radiofrequency safety limits, while it maintains high tissue contrast for presurgical planning, postsurgical assessment, and
radiologic evaluations with greater confidence for radiofrequency safety.

ABBREVIATIONS: CNR � contrast-to-noise ratio; DBS � deep brain stimulator or stimulation; FSTIR � fast spin-echo short � inversion recovery; SAR � specific
absorption rate; PD � Parkinson disease; RF � radiofrequency; STN � subthalamic nucleus

The diagnostic quality and radiofrequency (RF) safety of MR

imaging for visualizing the subthalamic nucleus (STN) and

globus pallidus are not simultaneously achievable, though both

are crucial for surgical accuracy and treatment efficacy of deep

brain stimulation (DBS) procedures1-3 in patients with drug-re-

fractory Parkinson disease (PD). Kitajima et al3 observed signifi-

cantly better, though not perfect, mapping of the STN by using

inversion recovery (fast spin-echo short � inversion recovery

[FSTIR]) sequences. Ben-Haim et al4 reported improved STN

targeting by combining FSTIR and contrast-enhanced spoiled

gradient-recalled-echo acquisitions. Although not currently ap-

proved for DBS recipients, higher fields show clear delineation of

the STN at 7T.5-7

The deposited RF power (specific absorption rate [SAR]) in-

creases with field strength; and the effective sequences, including

FSTIR or T2, pose significant RF heating risk,8 which has been a

potential deterrent for MR imaging of DBS recipients.9 Although

experiences of incident-free routine high-SAR brain MR imaging

in large groups of DBS patients have been reported2,10 and senti-

nel events, including serious brain injury or death, are very few,11

some researchers observed12 a greater incidence of neurologic

deficits and tissue edema surrounding electrodes in DBS recipi-

ents after routine MR imaging that perhaps were not caused by

the surgical procedure itself. Note that local SAR near the contact

points at the DBS electrode base is unknown, and because DBS

belongs to a class of critical-length implants, the SAR can be an
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order of magnitude higher.13 Concerns about local heating and

the variability of SAR among MR imaging machines14,15 have led

to strict MR imaging conditional labeling.16,17 This has limited

the choice of MR sequences and hardware with consequent loss of

image quality. Using low-refocusing flip angle18,19 high-quality

brain imaging on healthy controls at a low SAR has been possi-

ble,20 though this approach cannot be directly applied to DBS

recipients due to hardware restrictions.16,17 High-quality FSE im-

aging seems to require use of high RF power and thus is restricted

to planning the first DBS only. A repeat of the high SAR sequence

for high-quality FSE is not recommended for implanting a second

DBS or for revising prior ones due to excessive local SAR. We

propose to minimize such risks, though without completely elim-

inating them, by an ultra-low SAR high-resolution sequence and

to test its utility for diagnostic and presurgical use.

The primary cause of heating at the implant tips with FSE

sequences is due to the fast application of multiple high flip angle

refocusing RF pulses. We used a high-SAR FSTIR sequence (1.5

W/kg) on DBS surgical candidates (with no electrodes) for pre-

surgical planning for the first DBS and compared the tissue con-

trast by performing an ultra-low SAR MR imaging (�0.1 W/kg or

15 times lower) on the same patients for planning additional DBS

or for revising the prior ones. The resulting images were assessed

both subjectively and objectively for cerebral tissue contrast.

MATERIALS AND METHODS
We followed institutional ethics and research review committee

guidelines for modifications of the FSTIR sequence, with RF coil

and RF power restrictions following conditional DBS MR imag-

ing guidelines. The routine high-SAR and the low-SAR versions of

the FSTIR sequence were applied to DBS candidates in 2 different

sessions, and tissue contrasts were compared by 3 readers.

Patient Selection and MR Imaging Scan Design
A group of 13 patients with medically refractory Parkinson dis-

ease (DBS candidates; mean disease duration, 11 years; age, 55–78

years; 5 men) were imaged (parameters in Table 1) for 2 or 3

sessions (depending on the number and type of DBS interven-

tions) on the same day or within 7 months:

Session I: 2D high-SAR FSTIR, DBS candidates before the first DBS

Session II: 2D low-SAR FSTIR on the same patients for assessing the

first DBS or for presurgical coordinate planning for a second DBS

The lead localization and assessment for complications (first

or second) were performed as follows: The patients were taken

immediately after implantation from the operating room to the

MR imaging unit, with or without the Leksell Frame (Elekta In-

struments, Stockholm, Sweden) in place, to assess lead positions

and to rule out intracerebral hemorrhage. The external compo-

nents of the implanted lead wires were looped around the burr-

hole cover in the subgaleal space, creating a closed-circuit config-

uration. If the patient already had a pulse generator in place,

vendor guidelines for safe MR imaging were followed. The head

position often was slightly angled when the patient was imaged

without the stereotactic frame, so the axial images were angled

along the anterior/posterior commissure line to match the preop-

erative images.

Objective Contrast-to-Noise Ratio Assessment

Null Hypothesis. If one allows for the extra scanning time needed

and also accepts a somewhat lower SNR that results from a low SAR,

mean tissue contrast-to-noise ratios (CNRs) in low- (�0.1 W/kg)

and high-SAR (1.5 W/kg) methods are not significantly different in

patients with PD.

Region-of-Interest Placement and SNR, CNR, and
Statistical Significance Computation
Eight different brain regions were bilaterally assessed for SNR

computation. These were the following: temporal lobe gray mat-

ter, caudate head, body of the hippocampus, putamen, globus

pallidus, thalamus, subthalamic nucleus, and ventricular fluid.

Corresponding white matter ROIs were drawn in an insular re-

gion, anterior and posterior limbs of the internal capsule, sub-

stantia nigra, and corpus callosum to provide adjacent tissue sig-

nal intensities. The noise ROIs were drawn along the frequency-

encoding direction to compute the CNR for the tissue pairs as

CNR�[SI(tissue1)�SI(tissue2)]/SD(air).

A nonparametric statistical test (Wilcoxon signed rank test for

dependent samples) was applied to evaluate the significance of the

mean CNR differences between the high- and low-SAR images (Fig 1).

Subjective Assessments
High- and low-SAR FSTIR images were compared by 3 neurora-

diologists for radiologic evaluation (D.L.T. and R.R., with �15

Table 1: High- and low-SAR FSTIR sequence parameters for presurgical planning or postsurgical MR imaging assessment of DBS
recipients with Parkinson diseasea

Pulse Sequence
TR/TE/TI/Matrix/Scan

Time (min)

Section Thickness/
FOV/No. of Avg/
No. of Sections

Echo-Train/
BW (kHz)

Refocusing Pulse
Width (Default Value)/
Refocusing Pulse Flip

Angles in FSTIR
Whole-Head SAR

(W/kg) (Estimated)
High-SAR 2D Ax

FSTIR (PD�T1w)b
4s/12 ms/140 ms/256 �

192/5:30
3 mm/24 cm/2/30 8/ � 15.8 1.6 ms (1.6 ms)/1800 1.5

Low-SAR 2D Ax
FSTIR (PD�T1w)b

10–13 s/11–13 ms/130
ms/256 � 192/7:10–8:30

3 mm/24 cm/1/24–32
(Interleave)

10/ � 15.8 2.6 ms (1.6)/first � 1100, second �
1000, rest of the refocusing
angles � 1100

�0.1

Note:—BW indicates bandwidth; T1w, T1-weighted; Avg, average; Ax, axial.
a Magnet strength, 1.5T; RF coil: transmit-receive 1-channel head coil.
b Short Tau FSTIR produces T1-weighted for short T1 tissues (fat, white matter darker, close to null) and proton density (PD) weighting for long T1 tissues (CSF, gray matter brighter,
far away from null).
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years of experience) and a neurosurgeon (R.L.A., with �25 years

of experience) for surgical planning.

The scores were divided into 3 categories as follows (category

fractions are reported in Tables 2 and 3):

Low-SAR images that produced higher tissue conspicuity than

images from high SAR (L � H)

Low-SAR images that produced lower tissue conspicuity than im-

ages from high SAR (L � H)

Low-SAR images that produced tissue contrast almost equal to

that of high-SAR images (L � H).

RESULTS
Objective Assessments
Tissue CNR for all 8 tissue pairs are plotted in Fig 1, indicating

comparable but somewhat lower CNR for low-SAR images except

for ventricular fluid. The mean CNRs of 7 tissue pairs, excluding

ventricular fluid, were 26.6 � 10.6 and 20.0 � 8.7, while these

were 35.4 � 27.1 and 31 � 31, after including ventricular fluid, for

high and low SAR. The nonparametric Wilcoxon signed rank test

revealed no significant difference in mean CNR for whole brain

(W � 5, Wcrit � 3 for n � 8 tissue pairs at P � .05). However, the

contrast for ventricular fluid is not useful for radiologic diagnosis

or surgical planning, and with ventricular fluid excluded, the

mean CNRs from high- and low-SAR results were somewhat dif-

ferent (W � 0, Wcrit � 2 for n � 7 tissue pairs at P � .05).

Subjective Assessments
All 3 readers concluded that FSTIR images do not differ substan-

tially in terms of SNR or tissue contrasts between low and high

SAR and that low-SAR images have adequate contrast to identify

structures critical for DBS recipients (Fig 2). MR imaging– based

estimations of nuclear coordinates for stereotactic planning of

STN or globus pallidus targets were successful in 9/13 patients,

while one or both nuclear margins less conspicuous in the re-

maining 4/13 patients at low SAR. The suboptimal visualization of

the target (STN or globus pallidus) can force the surgeon to be

more reliant on indirect targeting methods (ie, based on the an-

terior/posterior commissure line) and microelectrode recording

to finalize the targets (Fig 3).

DISCUSSION
Some of the features and SAR-lowering

concepts used in this work are summa-

rized below.

High fields, in general, are associ-

ated with high SAR. The scan averages

(NEX) were reduced to perform low-

SAR scans within clinically feasible

scanning times, which likely have con-

tributed to a somewhat lower, though

acceptable, SNR. Alternatively one

could reduce the number of sections for

low SAR and maintain the original num-

ber of signal averaging or use com-

pressed sensing and a parallel imaging

algorithm to further lower the SAR. The

factors that lead to increased SAR and

therefore should be avoided are the fol-

lowing: short TR, long echo trains, short

RF pulses, saturation bands, driven

equilibrium pulses, 100% or similarly

attenuated sampling of k-space, and

high bandwidths. Note that SAR in-

creases quadratically with a refocusing

flip angle.21 In the low-SAR version of

the FSTIR sequence, we have applied the

routine 180° inversion and 90° excita-

tion pulses but used �180° for the train

FIG 1. CNR of various tissue pairs from high- and low-SAR FSTIR sequences in 13 DBS recipients.
Ant Limb or Poster Limb IC indicates anterior or posterior internal capsule; CC, corpus callosum;
Put, putamen; Hippoc, body of the hippocampus; CN, caudate head; Thal, thalamus; Ventric Fluid,
ventricular fluid; Temp Lobe, temporal lobe; SN, substantia nigra.

Table 2: Subjective assessment of high- and low-SAR FSTIR images of DBS candidates by
various readers and percentage of patients rated for low-SAR images being higher (L > H),
lower (L < H), or of equal utility (L � H) for radiologic assessments

Readers
STN and RN

(Low vs High SAR)
GP

(Low vs High SAR)

Temporal Cortical
GM, CN, and Put

(Low vs High SAR)

Ventricular Fluid
Intensity and CSF/

Tissue Margins
Neuroradiologist 1 L � H (31%) L � H (23%) L � H (23%) L � H (85%)

L � H (15%) L � H (15%) L � H (23%)
L � H (54%) L � H (62%) L � H (54%) L � H (15%)

Neuroradiologist 2 L � H (23%) L � H (15%) L � H (31%) L � H (85%)
L � H (23%) L � H (15%)
L � H (54%) L � H (85%) L � H (54%) L � H (15%)

Note:—L indicates low; H, high; RN, red nucleus; CN, caudate head; Put, putamen; GP, globus pallidus.

Table 3: Subjective assessment of high- and low-SAR FSTIR images of DBS candidates by various readers and percentage of patients
rated for low-SAR images being higher (L > H), lower (L < H), or of equal utility (L � H) for surgical planning

STN/SN Contrast for
New DBS Plan or for

Prior DBS Assessment

Putamen and GP Contrast
for New DBS Plan or

Prior DBS Assessment

Temporal and Parietal
Lobe Assessment of

Postsurgical Complications

Ventricular Size, Shape, and
Edge Detection for Planning

DBS Lead Trajectories
Neurosurgeon 1 L � H (77%) L � H (69%) L � H (100%) L � H (100%)

L � H (23%) L � H (31%)

Note:—L indicates low; H, high; CN, caudate head; GP, globus pallidus; SN, substantia nigra.
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of refocusing pulses (Table 1). This reduction in flip angle for each

of the long echo trains produces a substantial reduction in energy

deposition. Stretching the refocusing pulse widths (Table 1) ad-

ditionally allows lower peak power and more time for heat dissi-

pation for low echo trains. To the best of our knowledge, imple-

menting these changes requires a research agreement. Of

course, manufacturers could introduce such low-SAR se-

quences as product offerings.

There was a small amount of signal loss at the DBS leads in low

SAR images, similar to that at high-SAR imaging reported in

the literature,2,10 and far less com-

pared with gradient-echo sequences.

Gradient echo-based susceptibility-

weighted imaging with phase-correction

software is a low-SAR sequence and of-

fers high conspicuity for nuclei22 and

works well for preoperative MR imaging

for the first DBS. However, during subse-

quent implantations or revisions, the me-

tallic leads would generate significant arti-

facts, compromising image quality and

coordinate measurements for surgical

planning. Although useful, these SWIs do

not reproduce the contrast characteristics

of routine MR imaging, such as FSTIR.

As the use of DBS expands, there will

be a greater need to use low-power MR

imaging for surgical planning, evaluat-

ing implantation accuracy, and diagnos-

ing neurologic disorders in patients with

pre-existing DBS electrodes. Until fully

MR imaging– compatible DBS systems

are introduced and for some time after,

low-SAR imaging techniques that can

provide high-quality images while ensur-

ing patient safety will be invaluable. High fields beyond 1.5T offer

higher SNR, but these are not yet approved for DBS patients and

create challenges for MR imaging safety and RF homogeneity.

This work was performed at 1.5T in full compliance with the
very conservative regulatory guidelines.16,17 The high-resolution
(0.9 � 1.2 � 3 mm3) low-SAR images are of diagnostic quality
obtainable within clinically feasible scanning times. A moderate
reduction in tissue SNR and consequently in tissue CNR at a low
SAR is due to both hardware and sequence-specific limitations
but provides adequate CNR for surgical planning and radiologic

FIG 2. FSTIR 2D image sections for a typical patient scanned in 3 sessions. A, Presurgical high-SAR FSTIR image (1.5 W/kg) with interleaved 3-mm
sections to plan for the first DBS implantation. B, Subsequent presurgical low-SAR FSTIR image (0.1 W/kg) to plan for the second DBS implan-
tation. The arrow shows the first DBS tip at the desired location of the left STN. C, Low-SAR (0.1 W/kg) FSTIR image from the third session after
a second lead implantation, to localize bilateral electrodes (arrows), visualize subcortical structures, and assess potential complications. Note
the pneumocephalus (thick arrow), not uncommon during DBS implantation.

FIG 3. Example of lower STN conspicuity occasionally seen on low-SAR imaging, A, Presurgical
image from high-SAR (1.5 W/kg) FSTIR MR imaging with adequate tissue contrast allowing MR
imaging– based STN coordinate measurements (arrows). B, Subsequent postsurgical low-SAR
FSTIR image (0.1 W/kg). Notice slightly lower STN contrast causing the coordinate estimation or
assessment of the right lead position to be somewhat difficult (arrow) and requiring use of other
landmarks and microelectrode recording.
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assessments. Note that the longer scanning times needed at low
SARs (7– 8.5 minutes versus 5.5 minutes) may increase discom-
fort for some patients, though in practice, we have not observed
any more motion artifacts by using the low-SAR method than
with high SAR, which also can lead to the patients’ subjective
sensation of warmth and propensity for motion. The approximate
equivalence between the 2 methods suggests that the low-SAR
approach can be effectively used for radiologic assessments and
stereotactic targeting in the DBS patient population that is cur-
rently either being denied MR imaging or is subjected to un-
known, perhaps significant tissue heating from routine, high-SAR
imaging.

CONCLUSIONS
This work reports the development and radiologic quality consid-

erations of a modified FSTIR MR imaging sequence within very

conservative hardware and RF exposure constraints in the pres-

ence of implanted DBS electrodes for patients with medically re-

fractory Parkinson disease. The low-SAR sequence seems to offer

tissue contrasts for stereotactic nuclear targeting and gray/white

matter structures very similar to those obtainable by using the

routine high-SAR sequence and hence can be applied with greater

confidence toward RF safety when additional DBSs or evaluation

of existing ones is needed or potential complications are sus-

pected. Further improvements in imaging speed and CNR may be

obtained with multichannel RF coils capable of parallel imaging.
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ORIGINAL RESEARCH
BRAIN

Effects of Gadolinium Contrast Agent Administration on
Automatic Brain Tissue Classification of Patients with

Multiple Sclerosis
J.B.M. Warntjes, A. Tisell, A.-M. Landtblom, and P. Lundberg

ABSTRACT

BACKGROUND AND PURPOSE: The administration of gadolinium contrast agent is a common part of MR imaging examinations in patients
with MS. The presence of gadolinium may affect the outcome of automated tissue classification. The purpose of this study was to investigate the
effects of the presence of gadolinium on the automatic segmentation in patients with MS by using the synthetic tissue-mapping method.

MATERIALS AND METHODS: A cohort of 20 patients with clinically definite multiple sclerosis were recruited, and the T1 and T2 relaxation
times and proton density were simultaneously quantified before and after the administration of gadolinium. Synthetic tissue-mapping was
used to measure white matter, gray matter, CSF, brain parenchymal, and intracranial volumes. For comparison, 20 matched controls were
measured twice, without gadolinium.

RESULTS: No differences were observed for the control group between the 2 measurements. For the MS group, significant changes were
observed pre- and post-gadolinium in intracranial volume (�13 mL, P � .005) and cerebrospinal fluid volume (�16 mL, P � .005) and the remaining,
unclassified non-WM/GM/CSF tissue volume within the intracranial volume (�8 mL, P � .05). The changes in the patient group were much
smaller than the differences, compared with the controls, which were �129 mL for WM volume, �22 mL for GM volume, �91 mL for CSF volume,
24 mL for the remaining, unclassified non-WM/GM/CSF tissue volume within the intracranial volume, and �126 mL for brain parenchymal
volume. No significant differences were observed for linear regression values against age and Expanded Disability Status Scale.

CONCLUSIONS: The administration of gadolinium contrast agent had a significant effect on automatic brain-tissue classification in
patients with MS by using synthetic tissue-mapping. The observed differences, however, were much smaller than the group differences
between MS and controls.

ABBREVIATIONS: BPV � brain parenchymal volume; CSFV � cerebrospinal fluid volume; EDSS � Expanded Disability Status Scale; Gd � gadolinium; GMV � gray
matter volume; ICV � intracranial volume; NV � the remaining, unclassified non-WM/GM/CSF tissue volume within the ICV, defined as ICV � (WMV � GMV � CSFV);
PD � proton density; WMV � white matter volume

Multiple sclerosis is a chronic inflammatory disorder of the

central nervous system. Typically, focal white matter le-

sions are regarded as a hallmark pathologic finding. These le-

sions, however, show a limited correlation with clinical

findings.1-3

Instead, brain-tissue loss shows a stronger correlation with

disease progression, especially in a later stage of the disease.3-9 The

key for the practical, clinical application of brain-tissue volume

measurements is an automated, fast method that can be inte-

grated into the clinical workflow. Numerous automated methods

exist for this purpose, generally based on conventional T1-

weighted, T2-weighted, and FLAIR images or a combination

thereof. In these methods, tissue is classified on signal-intensity

differences in the images where each pixel can be assigned to 1

specific tissue type10-15 or multiple tissue types such that partial

volume effects are accounted for.16-19 The latter method is advan-

tageous because it decreases the dependency on image resolution.

Despite the obvious benefits, brain volumetric measurements

are not widely used in clinical practice. One of the main difficul-

ties is that the image intensity of the input images can vary sub-
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stantially due to scanner configuration and examination param-

eters20 and age- or disease-related tissue changes,21,22 leading to

differences in classification. Second, extensive manual interaction

of the postprocessing software or long processing times may be re-

quired, which may lead to hours or even days of lag time to retrieve

the volumetric information.23 A complicating factor for automatic

segmentation methods is the use of contrast agents. Gadolinium

(Gd) contrast agent is generally administered to patients with MS to

highlight any damage to the blood-brain barrier, indicating inflam-

matory lesions and helping to stage disease evolution. Leakage of Gd

into brain tissue strongly reduces the T1 relaxation, resulting in hy-

perintensity on T1-weighted images. Even in the absence of leakage,

the presence of Gd in the capillary network of the brain parenchyma

may slightly reduce T1 relaxation of the brain tissue, which could

have a secondary effect on automated tissue-classification methods.

This effect may even vary with the amount and timing of contrast

administration.

In this work, the synthetic tissue-mapping (SyMap) method,

which previously reported on measurements of the intracranial vol-

ume (ICV),24 the brain parenchymal fraction,25 and all tissue frac-

tions,16 was evaluated for brain-tissue measurements in patients with

MS with and without the presence of a Gd contrast agent. The

method is based on quantitative MR imaging to measure the longi-

tudinal relaxation time, T1; the transverse relaxation time, T2; and

proton density.26 The procedure does not generate conventional MR

images but maps of physical parameters that directly reflect tissue

properties. Such a quantitative measurement removes a large num-

ber of dependencies of MR imaging scanner settings and imperfec-

tions.27 The method includes a fully automatic postprocessing soft-

ware, to calculate the white matter volume (WMV), gray matter

volume (GMV), cerebrospinal fluid volume (CSFV), the remaining,

unclassified non-WM/GM/CSF tissue volume within the ICV (NV),

brain parenchymal volume (BPV), and ICV on the basis of the mea-

sured T1, T2, and PD maps. The total postprocessing time is �1

minute, which makes it appropriate for routine clinical purposes.

The aim of this study was to evaluate the use of synthetic

tissue-mapping for the measurement of WMV, GMV, CSFV, NV,

BPV, and ICV in patients with MS pre- and post-Gd. In addition,

the brain-tissue fractions of WM, GM, CSF, remaining, unclassi-

fied non-WM/GM/CSF tissue, and brain parenchyma, normal-

ized against the ICV, were evaluated. The repeatability of the au-

tomatic brain segmentation was assessed by measuring the

controls twice.

MATERIALS AND METHODS
Subjects
The study included a group of 20 patients (5 men, 15 women;

mean age, 47 � 12 years) diagnosed with clinically definite MS

based on clinical presentation and laboratory findings. All pa-

tients fulfilled the Poser criteria with at least 2 relapses, separated

in space and time.28,29 The mean Expanded Disability Status Scale

(EDSS) score30 for patients was 3.8 � 2.3 (median, 3.5; range,

1.0 –7.5). EDSS is a method of evaluating the degree of neurologic

impairment in MS, scoring 8 functional systems, resulting in steps

of 0.5 from 0 (healthy) to 10 (death due to MS). The mean disease

duration was 15 � 11 years. No differentiation was made between

types of MS, and the group consisted of 12 patients with relapsing-

remitting and 8 with secondary-progressive MS. One patient was

excluded from the analysis due to severe MR imaging receive coil

signal-intensity problems. The study was part of routine follow-up

examinations. For comparison, a group of 20 age- and sex-matched

healthy controls was included (5 men, 15 women; mean age, 48 � 12

years). The mean age difference compared with the MS group was

0.7 � 2.7 years. The study was approved by the Regional Ethics Com-

mittee (reference number Dnr M88–07), and written informed con-

sent was obtained from all participants.

Scanning Protocol
The MR imaging quantification method QRAPMASTER (also

known as Qmap)26 was performed to simultaneously retrieve the

T1 and T2 relaxation and proton density. The sequence was a

multi-spin-echo saturation recovery sequence with 4 saturation

delays and 5 echoes. Hence, the sequence produced a matrix of

4 � 5 � 20 images per slice with the combined effects of T1 and T2

relaxation in the image intensity. The saturation delay times were at

100, 400, 1380, and 2860 ms with a TR of 2950 ms. The TEs were 14,

28, 42, 56, and 70 ms. The in-plane resolution was 1 � 1 mm2 over an

FOV of 210 mm; 30 axial sections of 4 mm thickness (no gap) were

acquired in a scan time of 8 minutes and 21 seconds. The MR imag-

ing scanner was an Achieva 1.5T (Philips Healthcare, Best, the Neth-

erlands). All subjects were scanned twice with 20 minutes between

the scans. Only the patient group received a single dose of gadopen-

tetate dimeglumine contrast agent (0.2 mL/kg, Magnevist 0.5 mmol/

mL; Schering, Berlin, Germany) 10 minutes before the second

acquisition.

Image Postprocessing
The raw data were analyzed with the SyMRI 7.0 software (Syn-

thetic MR, Linköping, Sweden) to retrieve the T1, T2, and PD

maps. These maps were used as input for the automatic brain

segmentation in the same software. In summary, WM, GM, and

CSF tissue clusters and mixtures thereof were recognized as spe-

cific combinations of T1, T2, and PD values, as previously re-

ported.16 The total ICV comprised all recognized WM, GM, and

CSF, for which a region-growing algorithm ensured a contiguous

volume. The border of the ICV was refined to set the threshold at

PD � 50%, by using the definition of the tissue interface between

CSF (with visible PD � 100%) and bone (with visible PD � 0%).

The ICV was automatically cut at the base of the skull. The sum of

all WM, GM, and CSF partial volumes inside the ICV provided

the WMV, GMV, and CSFV, respectively. The BPV was defined

as the ICV minus the CSFV. The region-growing algorithm leads

to the inclusion of volume that does not match the defined WM,

GM, or CSF characteristics within the ICV. This remaining tissue

was labeled the non-WM/GM/CSF volume, comprising unspeci-

fied tissue such as blood vessels, motion artifacts, or pathologic

tissue. Normalization with the ICV resulted in the white matter

fraction, gray matter fraction, CSF fraction, the non-WM/GM/

CSF fraction, and the brain parenchymal fraction. The software

did not have a standard brain or any atlas-driven models; tissue

was segmented on T1-T2-PD characteristics only.

Loading all raw data from a PACS required 20 –30 seconds,

and calculating the T1, T2, and PD maps with subsequent seg-
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mentation of the brain was performed within 10 –20 seconds. A

standard 64-bit PC with 6 gigabytes of RAM was used.

Statistics
For the WMV, GMV, CSFV, NV, BPV, and ICV and for WM

fraction, GM fraction, CSF fraction, remaining, unclassified non-

WM/GM/CSF tissue fraction, and brain parenchymal fraction,

the mean value and SD were calculated for each measurement.

Linear regression was used to analyze the relation of the volume

and fraction values to age. The results from the regression analysis

of the controls were used to correct the values of the patients with MS

for age. Linear regression with EDSS was then performed as a sepa-

rate step. A Shapiro-Wilk test was applied for normal distribution. A

paired t test was performed to find the significance of the difference

between measurement 1 and measurement 2. A 1-way ANOVA with

post hoc Tukey analysis was used to assess group differences between

controls and patients with MS.

RESULTS
Typical results of the segmentation software on 3 of the 30 ac-

quired slices are shown in Fig 1. An axial slice of the head of one of

the patients with MS (a 39-year-old woman; EDSS � 4.0) is dis-

played. In the left column, the T2-weighted images are shown for

comparison. On the right, the calculated WM, GM, CSF, and

non-WM/GM/CSF partial volume maps are displayed as a color

overlay in which the color intensity corresponds to the partial

volume in the range between 0% and 100% tissue. The red line

indicates the border of the ICV. The mean ICV of all subjects at

the first measurement was 1387 mL, with an SD of 110 mL (7.9%).

White matter lesions mainly show up as the remaining non-WM/

GM/CSF but are partly recognized as GM and CSF. Radiologic

inspection showed that no patient had Gd-enhancing lesions.

In Table 1, the results of the fully automatic tissue volume

measurements are shown for WMV, GMV, CSFV, NV, BPV, and

ICV. No statistically significant difference was found between the

2 measurements for all volumes of the control group. The differ-

ences for the patient group were much larger; a significant reduc-

tion of the ICV of 13 mL and of the CSFV of 16 mL was observed

as patients were exposed to Gd. The differences in BPV, WM, and

GM were not significant, but the ratio of WMV and GMV

changed toward higher WMV. Visual inspection did not result in

locating a specific area in which differences in volumes were pro-

FIG 1. Typical images of the automatic segmentation software of a patient with MS (39-year-old woman, EDSS � 4.0). Three slices are shown,
numbers 19, 16, and 13 of the 30 acquired slices. A, T2-weighted image. B, White matter segmentation, in which the intensity of the light-blue color
overlay corresponds to the calculated white matter partial volume per voxel. The red line indicates the intracranial volume. Similar images are
shown for gray matter in green (C), CSF in pink (D), and non-WM/GM/CSF in yellow (E).
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nounced. The observed differences were

distributed over all slices and ranged be-

tween 0 and 1 mL per section. Between the

control and patient groups, large volume

differences were observed. The mean BPV

was 126 mL smaller for the MS group,

similar to the total mean WMV difference

(129 mL). The CSFV was significantly

larger for patients, with a mean difference

of 91 mL. In addition, the remaining NV

was larger (24 mL).

In Table 2, the normalized tissue frac-

tions of WM, GM, CSF, remaining, un-

classified non-WM/GM/CSF tissue, and

brain parenchyma are shown. Again only

small differences were observed for the

control group. For the MS group, on the

other hand, the WM fraction, remaining,

unclassified non-WM/GM/CSF tissue

fraction, and brain parenchymal fraction

increased, whereas the GM fraction and

CSF fraction decreased after Gd adminis-

tration. The changes in CSF fraction, re-

maining, unclassified non-WM/GM/CSF

tissue fraction, and brain parenchymal

fraction were significant. When one com-

pared the 2 groups, a significant differ-

ence in WM fraction, CSF fraction, re-

maining, unclassified non-WM/GM/CSF

tissue fraction, and brain parenchymal

fraction between the controls and the pa-

tients with MS was observed. The differ-

ences between the 2 groups are visualized

in Fig 2, where the normalized WM frac-

tion, GM fraction, CSF fraction, remain-

ing, unclassified non-WM/GM/CSF tis-

sue fraction, and brain parenchymal

fraction measurements are shown for all

subjects as a function of age for the first

measurement.

In Table 3, linear regression slopes and

confidence intervals are shown for both

groups. For the control group, a signifi-

cant decrease of WM fraction and brain

FIG 2. Brain-tissue fraction results of the first measurement: the brain parenchymal frac-
tion, white matter fraction, gray matter fraction, CSF fraction, and the non-WM/GM/CSF
fraction of the intracranial volume, as a function of subject age. Markers are zero for the
control group and plus for the MS group. The colors are similar to the segmentation overlay
colors of Fig 1.

Table 1: Fully automatic measurements of the WMV, GMV, CSFV, NV, BPV, and ICV volumes of the control group and the MS groupa

WMV (mL) GMV (mL) CSFV (mL) NV (mL) BPV (mL) ICV (mL)
Contr1 581 � 67 639 � 58 156 � 45 28 � 7 1247 � 119 1404 � 119
Contr2 581 � 69 637 � 53 156 � 47 31 � 12 1250 � 119 1406 � 120
MS1 452 � 88 617 � 48 247 � 60 52 � 22 1122 � 99 1369 � 99
MS2 464 � 109 600 � 47 231 � 60 60 � 21 1124 � 98 1355 � 97
Diff Contr1-Contr2 0 � 11 �1 � 13 0 � 4 4 � 12 2 � 6 2 � 7
Diff MS1-MS2 12 � 37 �17 � 40 �16 � 7c 8 � 11b 2 � 9 �13 � 8c

Diff Contr1-MS1 �129 � 104c �22 � 68 91 � 71c 24 � 18c �126 � 133c �35 � 117
Diff Contr2-MS2 �117 � 113c �37 � 67b 75 � 70c 29 � 17c �126 � 136c �50 � 116

Note:—Diff indicates difference; Contr, control group; MS, MS patient group; 1, measurement 1; 2, measurement 2.
a For each tissue volume, the mean value and SD are given. The mean difference and SD of the first measurement and the second measurement and between controls and
patients with MS are also provided. The MS group received Gd in the second measurement.
b P � .05 (significant difference).
c P � .005 (significant difference).

Table 2: Fully automatic measurements of the normalized WMF, GMF, CSFF, NF, and BPF of
the control group and the MS groupa

WMF (%) GMF (%) CSFF (%) NF (%) BPF (%)
Contr1 41.4 � 2.6 45.5 � 1.9 11.2 � 3.1 2.0 � 0.5 88.8 � 3.1
Contr2 41.3 � 2.4 45.4 � 1.8 11.1 � 3.1 2.2 � 0.9 88.9 � 3.1
MS1 32.9 � 5.4 45.2 � 3.0 18.0 � 4.1 3.8 � 1.7 82.0 � 4.1
MS2 34.0 � 6.8 44.5 � 4.6 17.1 � 4.2 4.4 � 1.6 82.9 � 4.2
Diff Contr1-Contr2 �0.1 � 0.9 �0.1 � 0.8 0.0 � 0.3 0.2 � 0.8 0.0 � 0.3
Diff MS1-MS2 1.1 � 2.9 �0.7 � 3.2 �1.0 � 0.5c 0.6 � 0.8b 1.0 � 0.5c

Diff Contr1-MS1 �8.4 � 6.1c �0.4 � 3.4 6.9 � 5.1c 1.9 � 1.5c �6.9 � 5.1c

Diff Contr2-MS2 �7.3 � 6.9c �0.9 � 4.3 6.0 � 5.1c 2.2 � 1.4c �6.0 � 5.1c

Note:—Diff indicates difference; Contr, control group; MS, MS patient group; 1, measurement 1; 2, measurement 2;
WMF, WM fraction; GMF, GM fraction; CSFF, CSF fraction; NF, remaining, unclassified non-WM/GM/CSF tissue
fraction; BPF, brain parenchymal fraction.
a Each tissue fraction corresponds to the tissue volume divided by the ICV. The mean value and SD are given as well as the mean
difference and SD of the first measurement and the second measurement and between the controls and patients with MS.
b P � .05 (significant difference).
c P � .005 (significant difference).
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parenchymal fraction and a significant increase of CSF fraction

with age were observed. No significant correlation with age was

found for the MS group. After age correction, the patients with

MS showed a significant decrease of brain parenchymal fraction

and of WM fraction. Between measurements 1 and 2, the regres-

sion values were very similar and no significant difference was ob-

served for any slope for either group. In Fig 3, Bland-Altman plots are

shown for WM fraction, GM fraction, CSF fraction, remaining, un-

classified non-WM/GM/CSF tissue fraction, and brain parenchymal

fraction for all subjects, in which the mean tissue fraction was plotted

against the difference in tissue fraction between measurements 1 and

2. The 2 times SD areas are indicated by the dotted lines for both

groups, on the left for the controls, and on the right for the MS group.

For WM fraction and GM fraction, the SD of the patient group is

much larger than that for the control group; for CSF fraction, re-

maining, unclassified non-WM/GM/CSF tissue fraction, and brain

parenchymal fraction, it was similar.

DISCUSSION
In this work, a recently developed method of combining quanti-

tative MR imaging with fully automatic tissue classification, syn-

thetic tissue-mapping, was used to investigate brain-tissue volumes

of patients with MS pre- and post-contrast agent administration.

This method is both fast and objective because brain segmentation

can be obtained in a total time of 10 minutes (acquisition plus post-

processing) and without user interaction for tissue classification.

In a clinical and research context, accurate measurement of

the ICV is important because it is used to normalize brain-tissue

volumes to reduce the effect of differences in subject head size.31

The repeatability of the ICV segmentation was estimated by using

the 2 measurements of the control group. The software repro-

duced values for the repeated measurements with a nonsignificant

difference of 2 mL, which corresponds to only 0.14% of the ICV.

The intrasubject SD in this cohort was 0.50%, which was some-

what lower than the 0.83%, found in a previous assessment by

Ambarki et al.24 The administration of Gd, however, had a signif-

icant effect on the measurement of the ICV; after contrast agent

administration, the ICV was 13 mL smaller. Visual inspection did

not result in locating a specific area where differences in ICV were

pronounced, and ICV was measured slightly smaller on every

slice. Our interpretation of these observations is that the slight

reduction in the T1 relaxation of brain tissue due to the presence

of Gd contrast agent in the capillary network resulted in a slight

decrease of the measured PD, though PD should be invariant to

T1. A lower PD will consequently shift the ICV border somewhat

because the border was defined in the software at PD � 50%. A

reduction of the ICV with a mean of 13 mL, however, is relatively

small. If one considers a 1387-mL skull as a spheric object, the

volume loss would correspond to a radial decrease of 0.2 mm.

Such a reduction is well below the resolution of our acquisitions.

The BPV was identical for both measurements and for both

groups. The reduction of the ICV, observed post-Gd in patients

with MS, resulted in a reduction of the observed CSFV. This

means that the ratio between BPV and ICV, the brain parenchy-

mal fraction, changed, as shown in Table 2, with a significant

increase of 1.0% in a paired test. The brain parenchymal fraction

is considered a valid measure for brain atrophy,32 and the effect of

the presence of Gd is therefore important for follow-up. The ap-

parent increase of brain parenchymal fraction of 1.0% was smaller

than the observed variation of brain parenchymal fraction within

the MS group (4.2%). Furthermore, it was much smaller than the

difference between the MS group and the controls (6.9% for mea-

surement 1 and 6.0% for measurement 2). Linear regression (Ta-

ble 3) showed that the difference pre- and post-Gd appears to be

Table 3: Linear regression of the normalized WMF, GMF, CSFF, NF, and BPF of the control and the MS groups as a function of agea

WMF GMF CSFF NF BPF
Contr1-age (%/yr) �0.12 (�0.21 to �0.03)b �0.03 (�0.11–0.05) 0.17 (0.07–0.27)c �0.01 (�0.03–0.01) �0.17 (�0.27 to �0.07)c

Contr2-age (%/yr) �0.10 (�0.19 to �0.01)b �0.05 (�0.12–0.03) 0.17 (0.07–0.27)c �0.02 (�0.05–0.02) �0.17 (�0.2 to �0.07)c

MS1-age (%/yr) �0.02 (�0.26–0.22) �0.03 (�0.16–0.10) 0.05 (�0.13–0.23) 0.00 (�0.08–0.07) �0.05 (�0.23, �0.13)
MS2-age (%/yr) �0.01 (�0.31–0.30) �0.05 (�0.25–0.15) 0.04 (�0.14–0.23) 0.02 (�0.06–0.09) �0.04 (�0.23–0.14)
MS1-EDSS (%/unit) �1.16 (�2.28 to �0.05)b �0.17 (�0.87–0.54) 0.93 (�0.19–2.04) 0.23 (�0.14–0.62) �1.08 (�1.90 to �0.26)b

MS2-EDSS (%/unit) �1.34 (�2.81–0.13) 0.09 (�1.01–1.19) 0.93 (�0.19–2.06) 0.19 (�0.20–0.58) �1.06 (�1.92 to �0.20)b

Note:—Contr indicates control group; MS, MS patient group; 1, measurement 1; 2, measurement 2; WMF, WM fraction; GMF, GM fraction; CSFF, CSF fraction; NF, remaining,
unclassified non-WM/GM/CSF tissue fraction; BPF, brain parenchymal fraction.
a The 95% confidence interval is given between parentheses. For the MS group, the linear regression of the age-corrected fractions with EDSS is provided.
b P � .05 (significant difference).
c P � .005 (significant difference).

FIG 3. Bland-Altman plots for WM fraction, GM fraction, CSF fraction, remaining, unclassified non-WM/GM/CSF tissue fraction, and brain
parenchymal fraction of all subjects with the mean tissue fraction against the difference in tissue fraction between measurements 1 and 2. The
dotted lines indicate the mean difference � 2 SDs, on the left for the controls and on the right for the MS group. The scaling on both axes is
identical; the colors are identical to those in Fig 2.
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an offset, which was similar for all subjects; the measured slopes as

a function of age and EDSS were very similar for both measure-

ments. The results of this study suggest that a common practice,

comparing images of patients with MS acquired post-Gd with

those of healthy controls without Gd should still be considered a

valid approach, despite the effects of Gd on the tissue-classifica-

tion volumes. Further investigation is required to confirm this for

patients with MS at earlier stages of the disease and patients with

MS with enhancing lesions.

The results for brain parenchymal fraction in this work were

very close to the values of Vågberg et al,25 who reported a brain

parenchymal fraction of 85.2% for the MS group on the basis of

analysis using the same software. These patients had a median

EDSS � 2.5, which was acquired post-Gd. In this work, the mean

(post-Gd) brain parenchymal fraction was 82.9% for patients,

who had a higher median EDSS � 3.5. For the control group, it

was 89.0% (no Gd), compared with our 88.8%. The coefficients of

variation of repeated BPF measurements were comparable.

The measured values for brain parenchymal fraction for the

control group were higher than those in a large study by DeCarli et

al,33 in which a mean brain parenchymal fraction of 78% was

found (mean subject age, 62 years). Differences in absolute brain

parenchymal fraction values may have various causes: DeCarli et

al, for example, used another definition of the ICV, in which the

cerebellum was excluded. Furthermore, CSF was manually seg-

mented in a binary fashion by using an image-intensity threshold.

Because any method has a cascade of segmentation process de-

tails, they easily lead to differences in the final results. As shown in

our work, the absence or presence of Gd contributes to these

differences. It is, therefore, clinically more relevant to focus on the

change of tissue classification values with time or over disease

severity. As shown in Table 3, there was no significant difference

in the correlation of the volume fractions with age and EDSS. In

the study of DeCarli et al, a decrease of brain parenchymal frac-

tion of 0.26% per year was reported, an observation that was

within the 95% confidence interval of our measurements. The

lower rate of 0.17% that was found could partly be explained by

the fact that our subjects were on average 14 years younger.

Gd contrast agent is expected to decrease the T1 relaxation in

brain tissue. Even though no enhancing lesions were observed for the

included patients with MS, a nonzero Gd concentration must have

been present in the capillary network. Because of this shift toward

shorter T1 relaxation times, the segmentation results may show an

apparent increase of the brain tissue with the shortest T1 relaxation

time (ie, white matter). As seen in Tables 1 and 2, there was a trend

that WM increased somewhat, at the expense of GM post-Gd, but

this effect was not significant. The Gd concentration in nonlesional

normal-appearing brain tissue must, therefore, be relatively low.

Within the ICV, some tissue was not recognized as either

WMV, GMV, or CSFV, and was labeled NV. The advantage of the

presence of a fourth class for the remaining, unclassified tissue

fraction is that it avoids forcing tissue into the WMV, GMV, or

CSFV classes. Therefore, it reduces the effect of the presence of

white matter lesions, which can be a problem for automatic brain-

tissue-classification algorithms.34 As is shown in Fig 1, white mat-

ter lesions mainly show up in NV; therefore, it could serve as a

basis for MS lesion-load estimation. An offset of the NV, corre-

sponding to 28 –31 mL (2.0%–2.2% of the ICV), was observed in

healthy subjects, mainly consisting of blood vessels and small rims

at the intracranial edge. For the MS group, the NV was signifi-

cantly higher, at 52 mL pre-Gd and 60 mL post-Gd (3.8% and

4.4% of the ICV, respectively), suggesting that 24–29 mL might be

assigned to MS lesion volume. Although these higher values suggests

that the NV might be useful for MS lesion-load measurements, cur-

rently, extensive manual correction will be required, both to reduce

false-positives of nonlesional areas and to correct false-negatives

when MS lesions are recognized as partial volume GM or CSF in-

stead. The effect of Gd was significant, apparently increasing the po-

tential MS volume to 8 mL post-Gd, a 15% increase in comparison

with the pre-Gd volume. Further investigation on, for example, the

reproducibility and the influence of the rather thick sections (4 mm)

is required to confirm this finding. It could be speculated that the

introduction of a fifth class, blood vessels, could improve the speci-

ficity of the NV to segment MS lesions. Blood vessels typically have

very low PD values because synthetic tissue-mapping uses a black-

blood acquisition sequence.

A limitation of the study was the low number of included

subjects and the combination of subjects diagnosed with relaps-

ing-remitting MS and secondary-progressive MS in the group of

patients with MS. The effects of Gd may, therefore, be different for

the different MS groups. Furthermore, only single-dose Gd and a

fixed time after administration were investigated. Although these

2 variables were carefully controlled, the absolute Gd concentra-

tion may still have varied over the patients due to, for example,

weight, blood volume, and perfusion rate. As seen in Fig 3, the

variation in segmentation results increased significantly for WM

and GM, which may be a sign of different Gd concentrations.

Administration of double-dose Gd, or choosing another delay

time after administration of Gd, may further affect the automatic

tissue classification. The results of the synthetic tissue-mapping

method, however, are congruent with the results of other, larger

studies on controls and patients with MS. A limitation for the

repeated measurements was the lack of measurements for con-

trols with Gd and patients with MS without Gd, which was be-

yond the scope of our ethical permission. Therefore, the observed

effect of changes in the automatic segmentation after Gd admin-

istration may be specific for our groups. Especially, the effect of

minor Gd leakage on the MS lesions can be of influence because

the measured NV did increase to 8 mL post-Gd. It is more likely,

however, that the increase of NV occurred simultaneously with a

decrease of the sum of WMV and GMV (observed 12–17 � �5

mL) and therefore did not have an influence on BPV. The effects

on automatic tissue classification of other patient populations,

other Gd concentrations, and acquisitions on other scanner

brands are subject to future investigations of the method.

A potential limitation could be the relatively low resolution of

the method, which could decrease the variation between mea-

surements. The method, however, is relatively insensitive to res-

olution, owing to the incorporation of a partial volume model,

and it has been shown that the volume measurements are similar

by using a variety of resolutions.16 It is, therefore, not expected

that the application of a higher spatial resolution would alter the

differences pre- and post-Gd. The effect of choosing different ge-

ometries was not investigated.
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CONCLUSIONS
The synthetic tissue-mapping method provides automatic mea-

surements of WMV, GMV, CSFV, NV, BPV, and ICV, with a high

degree of repeatability within a short time. The administration of

Gd contrast agent in patients with MS had a significant effect on

the tissue-classification results, and changes were observed for

CSFV, NV, and ICV. For brain-tissue fractions, normalized with the

ICV, changes were observed in CSF fraction, remaining, unclassified

non-WM/GM/CSF tissue fraction, and brain parenchymal fraction.

The observed changes in this study, however, were much smaller

than the differences between the group of patients with MS and

healthy controls. There were no significant differences between the

correlations with age and EDSS pre- and post-Gd.
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Impact of Age and Baseline NIHSS Scores on Clinical Outcomes
in the Mechanical Thrombectomy Using Solitaire FR in Acute

Ischemic Stroke Study
M.A. Almekhlafi, A. Davalos, A. Bonafe, R. Chapot, J. Gralla, V.M. Pereira, and M. Goyal, on behalf of the STAR Registry Investigators
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ABSTRACT

BACKGROUND AND PURPOSE: Age and stroke severity are inversely correlated with the odds of favorable outcome after ischemic
stroke. A previously proposed score for Stroke Prognostication Using Age and NIHSS Stroke Scale (SPAN) indicated that SPAN-100-positive
patients (ie, age � NIHSS score � 100 or more) do not benefit from IV-tPA. If this finding holds true for endovascular therapy, this score
can impact patient selection for such interventions. This study investigated whether a score combining age and NIHSS score can improve
patients’ selection for endovascular stroke therapy.

MATERIALS AND METHODS: The SPAN index was calculated for patients in the prospective Solitaire FR Thrombectomy for Acute
Revascularization study: an international single-arm multicenter cohort for anterior circulation stroke treatment by using the Solitaire FR.
The proportion with favorable outcome (90-day mRS score �2) was compared between SPAN-100-positive versus-negative patients.

RESULTS: Of the 202 patients enrolled, 196 had baseline NIHSS scores. Fifteen (7.7%) patients were SPAN-100-positive. There was no
difference in the rate of successful reperfusion (Thrombolysis In Cerebral Infarction 2b or 3) between SPAN-100-positive versus -negative
groups (93.3% versus 82.8%, respectively; P � .3). Stroke SPAN-100-positive patients had a significantly lower proportion of favorable
clinical outcomes (26.7% versus 60.8% in SPAN-100-negative, P � .01). In a multivariable analysis, SPAN-100-positive status was associated
with lower odds of favorable outcome (OR, 0.3; 95% CI, 0.1– 0.9; P � .04). A higher baseline Alberta Stroke Program Early CT Score and a
short onset to revascularization time also predicted favorable outcome in the multivariable analysis.

CONCLUSIONS: A significantly lower proportion of patients with a positive SPAN-100 achieved favorable outcome in this cohort.
SPAN-100 was an independent predictor of favorable outcome after adjusting for time to treatment and the extent of preintervention
tissue damage according to the Alberta Stroke Program Early CT Score.

ABBREVIATIONS: SPAN � Stroke Prognostication Using Age and NIH Stroke Scale; STAR � Solitaire FR Thrombectomy for Acute Revascularization study

Stroke-related disability remains high at nearly 2 decades since

the introduction of IV-tPA as an acute ischemic stroke ther-

apy.1 Three recent large randomized trials failed to demonstrate

the efficacy of endovascular therapies in improving the 90-day

functional outcomes over IV-tPA alone.2-4 These trials are criti-

cized for time delays in achieving reperfusion and for the use of

dated devices in most patients. Stent retrievers have proved effi-

cacy over the Merci retriever (Concentric Medical, Mountain

View, California),5,6 but they were used in �1% of patients in the

recent neutral trials. Therefore, at least 4 multicenter randomized

trials of acute stroke endovascular therapy by using stent retriev-

ers are currently recruiting, and other trials are launching soon.
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The importance of patient selection for endovascular therapy

of acute ischemic stroke cannot be overemphasized. While con-

troversy exists regarding the optimal imaging technique for pa-

tient selection for endovascular therapy, there are proved and

readily-available clinical indicators. Among the factors associated

with poor functional recovery, age and NIHSS score are most

relevant.7 This finding led to the derivation of the Stroke Prog-

nostication Using Age and NIHSS Stroke Scale (SPAN) index by

adding the patient age in years plus the baseline NIHSS score.

Investigators reported that patients in the National Institute of

Neurological Disorders and Stroke trial with a score of �100

(SPAN-100) did not benefit from IV-tPA therapy, with a higher

rate of symptomatic intracranial hemorrhage and poor functional

outcome compared with SPAN-100-negative patients.8 However,

these findings do not take into account the rate of successful re-

canalization that has been consistently shown to be one of the

strongest predictors of favorable stroke outcome.9 The National

Institute of Neurological Disorders and Stroke trial,10 conducted

between 1991 and 1994, does not reflect contemporary stroke

care; this feature limits its generalizability.

If the SPAN-100 index can identify patients who do not benefit

from endovascular therapy, this simple and readily available in-

dex will have implications for patient eligibility for these interven-

tions. We assessed the impact of the SPAN-100 index in the large

multicenter prospective study for mechanical thrombectomy in

acute ischemic stroke, Solitaire FR Thrombectomy for Acute Re-

vascularization (STAR).11

MATERIALS AND METHODS
The STAR registry was a single-arm prospective one conducted

in 12 centers in Europe, Canada, and Australia.11 Patients were

eligible for enrollment if they presented within 8 hours after

onset of an acute ischemic stroke due to a proximal intracranial

arterial occlusion in the anterior circulation. Key inclusion

criteria were the following: age (18 years of age and older and

younger than 85 years), NIHSS score of 8 –30, mRS score of

�2, and a documented occlusion of an intracranial artery on

conventional angiography.

Treatment Protocol and Outcomes
Patients arriving at the hospital within 4.5 hours were treated with

IV-tPA in the absence of contraindications, while the rest were

referred for primary mechanical thrombectomy. The Solitaire FR

(flow restoration) device (Covidien, Irvine, California) was the

primary stent retrievers used in the study. Successful revascular-

ization was defined as a TICI score of 2b or more of the target

territory with a maximum of 3 passes of the study device per

vessel. Rescue therapy was permitted if adequate revascularization

(TICI � 2b) had not been achieved.

The primary end point of the STAR registry was the revascu-

larization rate (TICI 2b or greater) of the occluded vessel after a

maximum of 3 passes of the study device as determined by an

independent core laboratory.

SPAN-100 Index
The SPAN index was calculated by adding age in years to the

baseline NIHSS score, as described previously.8 Scores were di-

chotomized as SPAN-100-positive if the index score was �100

and SPAN-100-negative if the index score was �100.

Statistical Analysis
Patients were stratified according to the SPAN-100 index and suc-

cessful revascularization status. The proportion of patients with

favorable clinical outcome (90-day mRS score �2) was compared

between SPAN-100-positive versus -negative. In addition, the

rates of symptomatic hemorrhage and procedure-related compli-

cations were compared between the 2 groups. A multivariable

logistic regression model was fitted for favorable clinical outcome,

adjusting for the SPAN-100 index, successful revascularization,

baseline ASPECTS, IV-tPA treatment, and time from symptom

onset to revascularization. Statistical analysis was performed in

SAS, Version 9.3 (SAS Institute, Cary, North Carolina). All tests

were 2-tailed with a prespecified P value of .05.

Role of the Funding Source
The STAR registry was designed by academic principal investiga-

tors and had an academic Steering Committee composed of experts

in vascular neurology and interventional neuroradiology. An inde-

pendent Clinical Events Committee was responsible for the review

and validation of all complications. The principal investigators and

the Steering Committee interpreted the results and wrote the final

report of the study. Study management and funding were provided

by Covidien Neurovascular. The STAR registry is registered with

ClinicalTrials.gov, number NCT01327989.

The current report is a post hoc analysis that is

investigator-driven.

RESULTS
Of the 202 patients enrolled, 196 had NIHSS scores at baseline.

Fifteen patients (7.7%) had a SPAN index of �100. The On-line

Table shows the baseline characteristics of the study groups.

As expected, the SPAN-100-positive group was relatively

older, with 60% being 80 years of age or older. This group also had

a higher prevalence of diabetes mellitus, hypertension, atrial fi-

brillation, and prior history of myocardial infarction compared

with SPAN-100-negative patients. There was no difference in the

median baseline ASPECTS or the location of arterial occlusions.

There were delays (45 minutes on average) in the time from

stroke-symptom onset to groin arterial access for the endovascu-

lar procedure in the SPAN-100-positive group.

Outcomes
Successful revascularization was achieved in 88% of patients in

the STAR registry (Table 1). This rate was similar in the SPAN-

100-positive versus -negative groups (93.3% versus 82.8%, re-

spectively; P � .3). Procedure-related complications were not dif-

ferent between the 2 groups. A significantly lower proportion of

patients in the SPAN-100-positive group achieved revasculariza-

tion within 4.5 hours from stroke-symptom onset compared with the

SPAN-100-negative group (20% versus 47%, respectively; P � .043).

There was no difference in the time interval from CT to TICI 2b or

3 or final angiographic run (mean time of 165.7 versus 141.5 min-

utes in SPAN-100-positive and -negative, respectively; P � .2).

While there was a suggestion of a higher incidence of any in-

tracranial hemorrhage in the SPAN-100-positive group (27% ver-
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sus 19% in the SPAN-100-negative group, P � .5), none of those

patients were symptomatic compared with only 2% symptomatic

intracranial hemorrhages in the SPAN-100-negative group.

None of the SPAN-100-positive patients achieved a 90-day

mRS score of zero, and only 1 patient (6.7%) achieved an mRS

score of 1 (Fig 1; P � .004 for the difference in the 90-day mRS of

�1 between SPAN-100-positive versus -negative). Similarly, a

significantly lower proportion of patients in the SPAN-100-posi-

tive group achieved a 90-day mRS score of �2 compared with the

SPAN-100-negative group (26.7% versus 60.8%, respectively;

P � .01).

In a univariable logistic regression for favorable clinical out-

come at 90 days (Table 2), significant predictors were the SPAN-

100-positive index (OR � 0.2; 95% CI, 0.1– 0.8; P � .02), baseline

ASPECTS (OR � 1.3; 95% CI, 1.1–1.6; P � .003), and time from

stroke onset to successful revascularization (OR � 0.7; 95% CI,

0.6 – 0.8; P � .001). When these predictors were analyzed in a

multivariable logistic regression model (Table 2), SPAN-100 re-

mained a significant predictor of favorable outcome (OR 0.3; 95%

CI, 0.1– 0.9; P � .04). In addition, the baseline ASPECTS (OR �

1.3; 95% CI, 1.04 –1.6; P � .02) and time from stroke onset to

successful revascularization (OR � 0.7; 95% CI, 0.6 – 0.8; P �

.001) were significant. There was no interaction between the

SPAN-100 index and time from stroke

onset to successful revascularization.

DISCUSSION
Patient selection for endovascular acute

ischemic stroke therapy remains a chal-

lenge. The relatively high rates of suc-

cessful revascularization are unable to

improve the number of patients with fa-

vorable clinical outcomes.12 This result

might be explained, at least in part, by

inappropriate patient selection for en-

dovascular interventions. The SPAN-

100 index is promising to provide a sim-

ple and readily available tool to enhance

the patient-selection process. In the

STAR registry, we found that patients

with a SPAN-100-positive index do not

benefit from endovascular therapy to

the same extent as patients who are SPAN-100-negative. This ef-

fect remains significant even after adjusting for those with a lim-

ited extent of ischemic change on baseline CT and a short onset to

successful revascularization time.

This is the first study to evaluate the SPAN-100 index in a

cohort of patients with acute stroke treated with the most recent

and effective endovascular devices, stent retrievers. This analysis

may have implications for patient selection for future endovascu-

lar randomized trials. The findings highlight the importance of

selecting appropriate patients for endovascular therapy and

achieving successful revascularization quickly to improve the out-

come of acute ischemic stroke. Although SPAN-100-positive pa-

tients may still achieve favorable outcome if revascularized

quickly, the size of the effect in this patient population is expected

to be smaller than that in SPAN-100-negative patients. While

there was no difference in the baseline ASPECTS for patients in

the SPAN-100-positive versus -negative groups, differences in the

extent of collateral circulation in those patients might be relevant.

The known association between poor collaterals and older age

may account for the lack of efficacy of endovascular therapy in this

patient population and indicates the importance of collateral assess-

ment in selecting patients for this therapy. Finally, trials for endovas-

cular therapy beyond 4.5 hours from stroke onset may consider ex-

FIG 1. Ninety-day modified Rankin Scale scores. The distribution of 90-day modified Rankin Scale
scores among patients according to the SPAN-100 index. The lines indicate the mRS category
(mRS 0 –2 and mRS 5– 6) between SPAN-100 groups. P value refers to the significance level of the
�2 test for proportion comparison.

Table 1: Outcome measures

Outcome
Entire Cohort

(N = 202)
SPAN-100-Positive

(n = 15)
SPAN-100-Negative

(n = 181)
Median time from stroke onset to groin puncture (min) (range) 238 (72–714) 280 (140–450) 235 (72–714)
Successful recanalization (after rescue therapy) as per core laba 88% (171/194) 93% (14/15) 87% (151/173)
Median time from stroke onset to TICI 2b or 3 (or final DSA run) (min) (range) 282 (100–800) 322 (188–483) 282 (100–800)
Stroke onset to successful revascularization categories

0–4.5 hr 46% (92/201) 20% (3/15) 47% (84/180)
4.5–8 hr 50% (101/201) 73% (11/15) 49% (89/180)
�8 hr 4% (8/201) 7% (1/15) 4% (7/180)

Device- or procedure-related serious adverse events 7% (15/202) 7% (1/15) 8% (14/181)
Any intracranial hemorrhage 19% (38/202) 27% (4/15) 19% (34/181)
Symptomatic intracranial hemorrhage 1% (3/202) 0% (0/15) 2% (3/181)
90-Day clinical outcomes

Death from any cause 7% (14/202) 27% (4/15) 6% (10/181)
Good functional recovery (modified Rankin Scale score 0–2) 58% (117/202) 27% (4/15) 61% (110/181)

a Core laboratory missed the primary end point data of 8 subjects.
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cluding SPAN-100-positive patients on the basis of the results of this

analysis.

The significant difference in functional outcome between the

SPAN-100 groups has implications for the outcome measures in

endovascular stroke trials. While patients in the SPAN-100-posi-

tive group were less likely to have mRS �2, the proportion of

patients in the intermediate disability categories (mRS 3 or 4) was

not different from that in the SPAN-100-negative group. In en-

dovascular trials with no upper age limit for enrollment, patients

with a SPAN-100-positive index are likely to be encountered and

may dilute any efficacy in the endovascular arm if a dichotomous

analysis of outcome is adopted. In these trials, alternative analytic

approaches that take into account the entire distribution of the

90-day mRS (eg, shift analysis)13 might help capture any treat-

ment effect compared with the traditional dichotomous outcome

analysis.

This study has limitations. It was based on the nonrandomized

STAR prospective registry. Therefore, the effect of endovascular

therapy compared with IV-tPA in SPAN-100-positive versus-

negative patients could not be assessed. Approximately 8% of the

STAR registry patients were SPAN-100-positive. This relatively

small number may limit the generalizability of the results. While

the multivariable logistic regression identified the SPAN-100 in-

dex as a predictor of favorable outcome, rapid revascularization of

patients with limited early ischemic changes on baseline imaging

may still be of benefit, even with SPAN-100-positive status.

CONCLUSIONS
A significantly lower proportion of patients with a positive SPAN-

100 index achieved a favorable outcome at 90 days in this cohort.

SPAN-100 was an independent predictor of favorable outcome

after adjusting for time to treatment and the extent of preinter-

vention tissue damage according to ASPECTS.
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ORIGINAL RESEARCH
INTERVENTIONAL

Flow Diversion versus Traditional Endovascular Coiling
Therapy: Design of the Prospective LARGE Aneurysm

Randomized Trial
A.S. Turk III, R.H. Martin, D. Fiorella, J. Mocco, A. Siddiqui, and A. Bonafe

ABSTRACT

BACKGROUND AND PURPOSE: The goal of aneurysm treatment is occlusion of an aneurysm without morbidity or mortality. Using
well-established, traditional endovascular techniques, this is generally achievable with a high level of safety and efficacy. These techniques
involve either constructive treatment of the aneurysm (coils with or without an intravascular stent) or deconstruction (coil occlusion) of
the aneurysm and the parent artery. While established as safe and efficacious, the constructive treatment of large and giant aneurysms
with coils has typically been associated with relatively lower rates of complete occlusion and higher rates of recurrence. Parent artery
deconstruction, though immediately efficacious in achieving complete and durable occlusion, does require occlusion of a major intracra-
nial blood vessel and is associated with risk of stroke.

MATERIALS AND METHODS: Flow diversion represents a new technology that can be used to constructively treat large and giant
aneurysms. Once excluded successfully, the vessel reconstruction and aneurysm occlusion appears durable. The ability to definitively
reconstruct cerebral blood vessels is an attractive approach to these large and giant complex aneurysms and allows the treatment of some
aneurysms which were previously not amenable to other therapies. By comparison, conventional coiling techniques have traditionally
been used for endovascular treatment of large aneurysms. Large and giant aneurysms that are amenable to either flow diversion or
traditional endovascular treatment will be randomized to either therapy with FDA (or appropriate regulatory body) approved devices.

RESULTS: The trial is currently enrolling and results of the data are pending the completion of enrollment and follow-up.

CONCLUSIONS: This paper details the trial design of the LARGE trial, a blinded, prospective randomized trial of large anterior circulation
aneurysms amenable to either traditional endovascular treatments using coils or reconstruction with flow diverters.

ABBREVIATIONS: IA � intracranial aneurysms; LARGE � Large Aneurysm Randomized Trial: Flow Diversion Versus Traditional GDC Based Endovascular Therapy

Cerebral aneurysms (ie, intracranial aneurysms [IAs]) are a

relatively common cerebrovascular abnormality that has

been reported to occur in 0.8%–10.0% of the population.1-4 The

risk of IA rupture has been shown to increase with increasing

size.5,6 The most common presentation of IAs is subarachnoid

hemorrhage, the annual incidence of which varies by geographic

region from 10 to 20 per 100,000 with a case-fatality rate of

51%.7,8 For these reasons, most physicians recommend treatment

for large (�10 mm), intradural IAs.

Historically, the treatment of very large and giant aneurysms

has focused on deconstructive approaches in which the parent

artery bearing the aneurysm is occluded, or complex microsurgi-

cal procedures requiring flow arrest with clip reconstruction or

entailing bypass strategies to distal-downstream cerebral circula-

tion.9-11 This requires that a patient has ample collateral channels

to compensate for the occlusion of the artery supplying the aneu-

rysm and typically this must be confirmed by a test balloon occlu-

sion.12,13 This method of aneurysm treatment yields an immediate

and durable cure of the lesion treated and has been shown to have an

acceptable safety profile with morbidity and mortality rates ranging

from 0%–16%. These rates appear to be dependent upon rigorous

physiologic assessment of collateral circulation reserve using intrap-

rocedural hypotensive challenges and or postprocedural imaging

with CBF assessment using SPECT or other modalities. When parent
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vessel deconstruction is used for the treatment of symptomatic an-

eurysms, the presenting clinical symptoms have been reported to

resolve in 75% of cases, improve in 10%, and remain unchanged in

15% of cases.9 When feasible, deconstructive treatment remains a

viable treatment strategy for these lesions.

Currently, the most common endovascular treatment approach

to IAs has been constructive endosaccular coil embolization. Despite

the popularity of coil embolization for the treatment of IAs, incom-

plete occlusion of the target IA is surprisingly common, approaching

65% in aneurysms larger than 10 mm.14-16 Several factors are known

to predict the likelihood of complete IA occlusion after constructive

treatment with coil embolization. The most important factors pre-

dicting incomplete occlusion are overall lesion diameter and neck

size. Large and giant IAs and those with wide necks are even less likely

to have complete occlusion after coil embolization.16,17 The presence

of intraluminal thrombus is also highly associated with repeated in-

cidences of recurrence and retreatment. Other accepted morpho-

logic predictors of incomplete IA occlusion include aneurysm shape

and location. Complete or near complete IA occlusion is the goal of

endosaccular aneurysm treatment. Several studies have shown that

incomplete occlusion of the target IA is a risk factor for subsequent IA

regrowth and retreatment and it is believed that incompletely oc-

cluded aneurysms retain their risk for rupture and subarachnoid

hemorrhage.18 The evolution of coil technology and the advent of

adjunctive devices such as stents and balloons have greatly facilitated

the constructive treatment of large and giant, wide-neck IAs. With

modern constructive techniques, peri-procedure morbidity rates for

the treatment of these challenging aneurysms has declined from 25%

to 2%–11%.19 Moreover, there are some data to suggest that the

application of these adjunctive devices, particularly endoluminal

stents, may improve the rates of complete aneurysm occlusion and

support the durability of treatment.20

Endoluminal aneurysm reconstruction using flow diverters

represents a new endovascular approach to IA treatment. Emerg-

ing clinical data have shown that this approach may yield consid-

erably higher rates of complete aneurysm occlusion in compari-

son with traditional endosaccular approaches.21 The prospective,

multicenter, Pipeline for Uncoilable or Failed Aneurysms (PUFS)

study that trialed the treatment of large and giant wide-neck ca-

rotid aneurysms with the Pipeline embolization device (Covidien,

Irvine, California) flow diverter reported complete angiographic

occlusion rates approaching 90% at 1-year follow-up.22

The recent PUFS data reported a 15% major neurologic

adverse event rate and 44% minor adverse event rate with flow

diverters. Particularly of concern are unexplained incidences of

catastrophic delayed spontaneous ipsilateral intracranial paren-

chymal hemorrhage and delayed aneurysmal ruptures that have

been reported in up to 5% of cases after flow diversion and have

not been typically associated with standard endosaccular coil em-

bolization or parent artery deconstruction.23-25

To date, no study has directly compared the safety and efficacy

of flow diverters with conventional endovascular coil-based tech-

niques for the treatment of large and giant, wide-neck IAs that are

amenable to either treatment approach. In this article, we describe

the design and methods of a large, ongoing randomized clinical

trial (NCT01762137) to assess efficacy and safety of traditional

endovascular therapy using coils with or without adjunctive de-

vices in a reconstructive or deconstructive manner versus ap-

proved flow-diversion technologies in the treatment of large an-

terior circulation intracranial aneurysms.

METHODS AND DESIGN
Design
LARGE is an international prospective multicenter trial to com-

pare the safety and efficacy of flow diversion to traditional endo-

vascular techniques for the treatment of anterior circulation large

and giant aneurysms. Subjects will be randomized to either flow

diversion or endovascular coiling (reconstructive coiling with or

without adjunctive devices [stents, balloons] or deconstruction)

cohorts in a 1:1 fashion and will be assessed for the primary out-

come at 6 months with subsequent outcomes until 3 years from

aneurysm repair. The primary objective is to show that flow di-

version is noninferior to endovascular coiling at 180 days from

aneurysm treatment on the primary end point by less than an abso-

lute difference of 15%. The primary outcome is a combined efficacy

and safety end point defined by greater than 90% angiographic oc-

clusion with stable or decreased aneurysm size on cross-sectional

imaging (CT or MR) at 180 days postprocedure and freedom from

any major neurologic event (defined as change in NIHSS from base-

line �4 points) or death at 180 days postprocedure.

Patient Population
The On-line Table shows patient eligibility criteria. Figure 1

shows the flow chart of patients through LARGE. The LARGE

trial includes current flow-diversion on-label patients, with aneu-

rysms larger than 1 cm located on the internal carotid artery below

the level of the posterior communicating artery. The aneurysm

must be amenable to either conventional endovascular therapy or

flow diversion according to the operator’s discretion. Many pa-

tients with large paraclinoid aneurysms present clinically with

visual or ocular findings. If the patient’s presentation includes any

eye signs or symptoms, the patient will be referred for evaluation

by a neuro-ophthalmologist preprocedurally.

Randomization
Randomization will occur in a 1:1 ratio to either flow diversion or

endovascular coiling. The covariate adaptive randomization bal-

ances treatment assignment based on aneurysm location (intradural

versus extradural), presence of intraluminal thrombus (“yes” versus

“no”), aneurysm shape (saccular versus fusiform), prior balloon test

occlusion (“yes” versus “no”), and current status of treatment groups

within and across clinical sites. Once the patient is determined to

meet all study eligibility criteria, covariate adaptive randomization

takes place centrally via the LARGE Study Web site on the WebDCU

(https://webdcu.musc.edu).

Treatment
Subjects assigned to coil embolization will undergo treatment of

the target IA with endovascular coiling with FDA-approved tech-

nologies. Procedures will be performed according to the technol-

ogy instructions for use. The goal of coil treatment is to completely

occlude the IA. Other devices (eg, intravascular balloons [“balloon

remodeling”], intravascular stents, dual catheters, etc) may be used

adjunctively to deliver or direct coils into the target IA. Alternatively,

deconstructive techniques with parent vessel occlusion utilizing en-
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dovascular coiling are allowed if this option is felt to be the best treat-

ment technique for the patient. The patient must first successfully

pass a balloon test occlusion before vessel occlusion.

Subjects assigned to flow diversion will undergo placement of

flow diverter(s) across the target IA. The placement procedure is

described briefly in Fig 1 and in more detail in the device instruc-

tions for use document. One or more flow diverters may be placed

as deemed necessary by the investigator.

Aspirin and clopidrogel are used before flow diverter place-

ment or endovascular coiling embolization. Aspirin is used for at

least 1 year after endovascular coiling or flow diverter placement.

Clopidogrel is used for at least 3 months after endovascular coil-

ing embolization or flow diverter placement. Aspirin and/or

clopidogrel may be used beyond (or at higher doses) than the

indicated regimen, if appropriate clinically (eg, patient previously

taking aspirin for coronary artery disease prophylaxis).

Primary Outcome
The primary outcome is a dual end point of efficacy and safety.

Efficacy is defined as �90% angiographic occlusion with stable

(or decreased) aneurysm size on cross-sectional imaging (CT or

MR) at 180 days postprocedure. Safety is defined as the patient

being free of any major ipsilateral neurologic event (defined as

change in NIHSS from baseline �4 points) including ipsilateral

neurologic stroke or death at 180 days postprocedure.

Data Safety Monitoring Board
A data safety monitoring board will comprise 4 members not

participating in the trial and will include a neuroradiologist, neu-

rologist, neurosurgeon, and statistician. The data safety monitor-

ing board will exercise review of the overall safety of the trial, period-

ically review all adverse events occurring in the trial, and make

recommendations to adjustments in the study protocol, should any

be considered necessary for safety or other related reasons.

Sample Size
The sample size of 316 randomized subjects was selected. Sample

size was based on the noninferiority design whereby the propor-

tion of success under the endovascular coiling arm (the active

control arm) is considered to be 0.75, the noninferiority margin

(�) is set at 0.15, the type I error is selected to be 0.025, there are 2

interim analyses for futility, a 15% inflation because of potential

loss to follow-up, and 80% power.

Statistical Analyses
Statistical analyses are based on a noninferiority trial to test the

hypothesis that the efficacy of flow diversion is not worse than

that of endovascular coiling by more than a prespecified absolute

amount � � 15% (ie, the noninferiority margin or prespecified

clinically unimportant difference) for the treatment of large and

giant aneurysms. Therefore, rejection of the null hypothesis indi-

cates that the flow diversion is not inferior to the endovascular

coiling by this prespecified amount. The primary analysis will be

intent-to-treat and will assess efficacy with respect to the propor-

tion of subjects with successful outcome at 180 days postrandom-

ization using a generalized linear model adjusting for baseline

aneurysm location (intradural versus extradural), presence of in-

traluminal thrombus (“yes” versus “no”), aneurysm shape (sac-

cular versus fusiform), and undergoing balloon test occlusion

(“yes” versus “no”). The primary approach to handling missing

primary outcome data, ie, if a subject has a missing angiogram at

the 180-day visit or does not attend the 180-day clinical follow-up

visit, will be to consider the subject a treatment failure for the

primary effectiveness end point.

Additional potentially confounding variables (ie, sex, race,

ethnicity, baseline risk factors) will be considered as covariates in

secondary analyses of the primary outcome. Univariate analyses

FIG 1. Study flow from referral through follow-up.
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of these covariates will first be conducted to determine inclusion

in the multivariate model.

As specified in the objectives, if noninferiority is demon-

strated, then superiority of the safety end point will be assessed.

Safety outcomes include the proportion of subjects who experi-

ence any treatment-related serious adverse events during the

treatment phase and up to 180 days following completion of the

treatment. The treatment-related serious adverse events will be

considered along with the following:

1. Neurologic deterioration during the hospitalization phase.

2. All deaths by cause (broad categories) within 180 days of

randomization.

3. Incidence of neurologic death by 180 days.

A number of secondary analyses will be conducted:

● Incidence of device or procedure related adverse events at 180

days, 1 year, and 3 years.

● Aneurysm rupture or retreatment of index aneurysm rates at

180 days, 1 year, and 3 years.

● Change in clinical functional outcome at 180 days, 1 year, and 3

years postendovascular treatment procedure, as measured by

an increase in the modified Rankin Scale from baseline.

● Incidence of worsening of baseline neurologic signs/symptoms

as measured by NIHSS or ophthalmologic examination related

to target IA at 180 days.

● Number of inpatient hospital (and re-hospitalized) days (sub-

grouped �7 days) at 180 days, 1 year, and 3 years.

● Packing attenuation as measured by volumetric filling of the

aneurysm if aneurysm is coiled.

● Device cost of therapy at treatment and any subsequent

retreatment.

● Procedure time, as measured as the time from placement of the

treating guide catheter for purposes of aneurysm treatment

(not balloon test occlusion) until guide catheter removal.

Prespecified subgroup analyses will also be conducted on clinical

and angiographic outcomes for the following:

● Subjects with aneurysms 10 –20 mm and �2 cm.

● Intradural versus extradural location.

● Reconstructive versus deconstructive technique.

● Downstream flow-related ischemic stroke, parenchymal hem-

orrhage, subarachnoid hemorrhage.

● Complete aneurysm occlusion and no neurologic events at 6

months.

● IA neck size �4 mm versus �4 mm.

● Current/former smoker versus never smoker.

Technical success, defined as: for flow diversion, the propor-

tion of patients in whom at least 1 attempt was made to pass the

access catheter distal to the target IA in whom the final location of

placed flow diverters covers the IA neck. For endovascular coiling,

the proportion of patients in whom at least 1 attempt was made to

pass the access catheter into the target IA fundus (for coil delivery)

in whom at least 1 coil was left behind in the target IA. If the plan

is for deconstructive treatment, then the parent vessel supplying

the artery is occluded without residual flow.

All models will be assessed with and without covariates (age, an-

eurysm location, etc); this is in keeping with our randomization

scheme and is not anticipated to negatively affect the power of the

test.

Two protocol-specified interim analyses for futility are

planned to be conducted when approximately one-third (n �

105) and two-thirds (n � 210) of the total required number of

randomized subjects have been evaluated for the primary out-

come. These interim analyses will use the error spending function

method with O’Brien and Fleming–type stopping guidelines.26-28

The error spending function distributes the type I and II error

rates across the interim monitoring points giving the flexibility of

changing the intervals of monitoring while still preserving the

overall type I and II error rates. The O’Brien and Fleming–type

boundary is considered conservative as its boundaries make it

difficult to terminate a study early on by requiring extreme early

evidence of futility. It spends smaller amounts of alpha at the first

look and gradually increases the spending as more information is

acquired. The trial may be stopped for futility at the planned in-

terim analyses if the test statistic crosses the respective boundaries.

Study Organization and Funding
The trial was funded in November 2012 through a collaborative

sponsorship with equal participation from Codman, Microven-

tion-Terumo, Penumbra, and Stryker. Enrollment began in

March 2013 and is currently enrolling patients. The trial is inter-

national with sites in the United States, Canada, France, Italy,

Spain, and Turkey. The clinical and statistical and data coordina-

tion for the trial is being conducted at the Medical University of

South Carolina in Charleston, SC.

CONCLUSIONS
The LARGE trial is an international prospective, randomized

multicenter trial designed to compare the safety and efficacy of

conventional endovascular techniques versus flow diversion for

the treatment of large and giant aneurysms of the carotid siphon

that are amenable to either treatment strategy. The primary out-

come is a dual end point of efficacy and safety defined as �90%

angiographic occlusion with stable (or decreased) aneurysm size

on cross-sectional imaging (CT or MR) at 180 days postprocedure

and freedom of any major ipsilateral neurologic event (defined as

change in NIHSS from baseline �4 points) including ipsilateral

neurologic stroke or death at 180 days postprocedure. Secondary

aims follow the primary and secondary outcomes for 3 years. The

prespecified subgroup analyses will be performed on aneurysms

10 –20 mm and �2 cm, intradural versus extradural location, re-

constructive versus deconstructive technique, downstream flow-

related ischemic stroke, parenchymal hemorrhage, subarachnoid

hemorrhage, complete aneurysm occlusion, no neurologic events

at 6 months, and aneurysm neck size �4 mm versus �4 mm.

Secondary outcomes will evaluate complications such as

downstream flow-related ischemic stroke, parenchymal hem-

orrhage, subarachnoid hemorrhage, aneurysm rupture, or re-

treatment of index aneurysm rates; change in clinical functional

outcome; incidence of worsening of baseline neurologic signs/

symptoms as measured by NIHSS or ophthalmologic examina-

tion; number of inpatient hospital days; packing attenuation as

measured by volumetric filling of the aneurysm if coiled; device
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cost of therapy at treatment and any subsequent retreatment; and

procedure time. The LARGE trial was designed to enroll 316 pa-

tients and have an 80% power to demonstrate that flow diversion

is not inferior to conventional endovascular coiling techniques.
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ORIGINAL RESEARCH
INTERVENTIONAL

Use of Flow-Diverting Devices in Fusiform Vertebrobasilar
Giant Aneurysms: A Report on Periprocedural Course and

Long-Term Follow-Up
L. Ertl, M. Holtmannspötter, M. Patzig, H. Brückmann, and G. Fesl

ABSTRACT

BACKGROUND AND PURPOSE: Fusiform vertebrobasilar giant aneurysms are a rare (�1% of all intracranial aneurysms) but challenging
aneurysm subtype. Little data are available on the natural history of this aneurysm subtype and the impact of the use of flow-diverting
stents on the long-term clinical and imaging follow-up. In this article, we present our experience with the treatment of fusiform verte-
brobasilar giant aneurysms by flow diverting stents. We aim to stimulate a discussion of the best management paradigm for this challenging
aneurysm subtype.

MATERIALS AND METHODS: We retrospectively identified 6 patients with fusiform vertebrobasilar giant aneurysms who had been
treated with flow-diverting stents between October 2009 and March 2012 in our center. The available data were re-evaluated. The
modified Rankin Scale score was assessed before intervention, during the stay in hospital, and at discharge.

RESULTS: Six patients were identified (all male; age range, 49 –71 years; median age, 60 years). Handling of material was successful in all
cases. No primary periprocedural complications occurred. The mean follow-up was 13 months (15 days to 29 months). During follow-up, 3
of 6 patients had recurrent cerebral infarctions, but no patient experienced SAH. Two patients presented with acute thrombotic stent
occlusion. The modified Rankin Scale score was not higher than 3 in any of the cases before intervention, whereas the best mRS score at
the last follow-up was 5. Four of 6 patients died during follow-up.

CONCLUSIONS: Endovascular treatment of fusiform vertebrobasilar giant aneurysms with flow-diverting devices is feasible from a
technical point of view; however, changes in hemodynamics with secondary thrombosis are not predictable. We currently do not intend
to treat fusiform vertebrobasilar giant aneurysms with flow-diverting devices until we have further understanding of the pathophysiology,
natural history, and hemodynamic effects of flow diversion.

ABBREVIATIONS: ASA � acetylsalicylic acid; FVBGA � fusiform vertebrobasilar giant aneurysm

Fusiform vertebrobasilar giant aneurysms (FVBGAs) are a rare but

important and challenging aneurysm subtype. The incidence of

FVBGAs is estimated to be only �1% of all intracranial aneu-

rysms.1-12 Little is known about the natural history of FVBGAs,

but the data available indicate poor outcome and continuous pro-

gression of aneurysm size and related symptoms (brain stem com-

pression, brain stem ischemia, subarachnoid hemorrhage in

particular).13,14

The treatment of FVBGAs presents enormous challenges.

Complex treatment objectives include prevention of hemorrhage,

control of thromboembolic complications, and relief of mass ef-

fect.15 Anatomic predispositions limit therapeutic options to an

endovascular approach with preservation of the parent artery and

perforators.15 Flow-diverting stents, a new option in endovascu-

lar therapy specifically designed for endovascular reconstruction

of circumscript segments of the main brain-supplying arteries,

seem to be a therapeutic option. However little is known about the

potential limitations and threats in the application of these de-

vices in the vertebrobasilar arterial system.16-18

It is, thus, extremely difficult to decide whether to treat FVBGAs

with flow-diverting devices. In this article, we present our experi-

ence with the treatment of FVBGAs by flow-diverting stents and

the long-term clinical and imaging follow-up. We aim to
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stimulate a discussion of the best management paradigm for this

challenging aneurysm subtype.

MATERIALS AND METHODS
Patient Selection
We retrospectively reviewed the endovascular data base at the

University of Munich Hospital, Großhadern Campus, and iden-

tified 6 patients with FVBGAs who had been treated between Oc-

tober 2009 and March 2012 with either Pipeline Embolization

Devices (ev3, Irvine, California) or Silk flow-diverting stents (Balt

Extrusion, Montmorency, France) (Table 1).

Data Collection and Interpretation
The available data, consisting of imaging and patient reports, were

re-evaluated by 3 experienced neuroradiologists. Patient reports

were reviewed to assess the preinterventional modified Rankin

Scale scores19,20 and the clinical course, including symptoms be-

fore intervention, during the hospital stay, and at discharge. Ad-

ditionally, patients or relatives were interviewed in our outpatient

clinic or contacted by telephone to determine clinical symptoms

during follow-up, current modified Rankin Scale scores and/or

cause of death.

Follow-up imaging reviewed consisted of digital subtraction

angiography and MR imaging examinations performed on a 3T

scanner (Signa HDxt; GE Healthcare, Milwaukee, Wisconsin),

including gradient-echo, diffusion-weighted imaging, T2WI and

T1WI (with or without gadolinium), T2-weighted fluid-attenu-

ated inversion recovery, and MR vascular imaging (3D time-of-

flight angiography and contrast-enhanced MR angiography). All

images were re-evaluated with special regard to aneurysm size and

location, intraluminal thrombus formation, stent patency, terri-

torial ischemia, and/or intracranial hemorrhage.

Primary periprocedural complications were defined as any

technical problems in the delivery of the device or as any clinical

deterioration observed within the first 24 hours after the proce-

dure. Due to the retrospective study design, institutional review

board approval was not obtained.

Indications and Decision-Making Process
In all cases, the indication for an interventional approach was the

result of an individual patient-based and interdisciplinary deci-

sion-making process. Endovascular therapy by flow diversion was

considered in patients with acute or chronically deteriorating

brain stem symptoms due to FVBGAs in combination with a high

psychological strain on the patient. These patients were presented

for discussion at a weekly case conference attended by neurosur-

geons, neuroradiologists, vascular sur-

geons, neurologists, and radiotherapists.

An interdisciplinary decision in fa-

vor of an endovascular approach led to

an honest, transparent, and open-out-

come discussion with the patient and

family, in which the current state of in-

formation was clearly presented. The

discussion included the probably poor

natural history of the disease and any

complications associated with all meth-

ods of treatment. All patients were made aware that the use of

flow-diverting stents in this aneurysm subtype was not a firmly

accepted therapeutic paradigm but an individualized investiga-

tional therapeutic approach. During the observation period, all

patients were put on acetylsalicylic acid (ASA), 100 mg/day. All

patients received the best medical treatment to control other car-

diovascular risk factors (hypertension and hypercholesterolemia

in particular).

Periprocedural Management
All procedures were performed with the patient under intubation

anesthesia conditions. Activated clotting time was continuously

measured and elevated on a level of �200 seconds by heparin

during the entire procedure. Adjunctive coiling to assist throm-

bosis of the aneurysm was performed when appropriate during

the intervention. After the procedure, all patients were kept under

surveillance, including continuous blood pressure monitoring,

for at least 24 hours in a neurosurgical or neurologic intensive care

unit.

All patients underwent a standardized closely monitored

antiplatelet medication regimen. Tirofiban (Aggrastat) was in-

travenously administered with a loading dose of 0.4 �g/kg/min

for 30 minutes followed by a maintenance dose with a contin-

uous perfusion rate of 0.1 �g/kg/min. At 12:00 AM on the first

postinterventional day, 300-mg clopidogrel and 100-mg ASA

were given orally, whereas 4 hours later (04:00 AM), tirofiban

infusion was stopped. Therapeutic responses to tirofiban,

clopidogrel, and ASA were monitored by Multiplate (Roche

Diagnostics International, Rotkreuz, Switzerland) testing per-

formed 15 minutes after the beginning of the tirofiban infu-

sion, at the end of the intervention, and at 10:00 AM on first

postinterventional day. During follow-up, a combination of

clopidogrel, 75 mg/day, and ASA, 100 mg/day, was given for a

minimum of 6 months followed by a life-long therapy with

ASA, 100 mg/day (Table 2).

Study Devices
Flow-diverting devices consist of a flexible, microcatheter-deliv-

ered, self-expanding, endovascular “stentlike” construct intended

to create a laminar flow pattern in the parent artery and secondary

thrombosis within the aneurysm, while keeping open the arte-

rial perforators.21 Patients in this case series were treated with

either Pipeline or Silk devices, the latter partially in a “telescop-

ing technique,”22 combining LEO (Balt Extrusion) and Silk

stents (Table 1).

Table 1: Treatment & primary periprocedural complications

No. Material
Several
Sessions

Additional
Coiling

Primary
Periprocedural
Complications

1 6 � Pipeline No No No
2 2 � Silk, 3 � LEO No No No
3 2 � Silk, 7 � LEO� Yes No No
4 2 � Silk, 3 � LEO No Yes No
5 4 � Silk, 4 � LEO� Yes Yes No
6 3 � Silk No No No
Ratio 2/6 2/6 0/6
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RESULTS
Patient Collective
Six patients were identified. They were all male. Age at the time of

the decision to intervene ranged from 49 to 71 years (median, 60

years). Patients presented with a heterogeneous set of symptoms,

mostly consistent with progressive brain stem dysfunction and

compatible with the specific anatomic shape, size, and position of

the underlying aneurysm in all cases (Table 3). In 4 patients (pa-

tients 1, 3, 5, and 6), there was evidence of territorial infarction in

preinterventional MR imaging. With the exception of patient 3, in

whom the infarct was located in the vascular territory of the left

posterior pericallosal artery (�10 years ago), all infarcts were ei-

ther in a brain stem or pontomedullary location (Table 3).

Only 1 patient (patient 4) had a FVBGA-induced acute sub-

arachnoid hemorrhage during the observation period. Most in-

teresting, the patient presented with a Glasgow Coma Scale score

of 14, when referred to our emergency department. In this case,

the presence of an SAH was the determining factor in the decision

to intervene (Tables 3 and 4). The wide range of observation pe-

riods (mean, 17.5 months; range, 3– 48 months) was the result of

the individualized decision-making process, mainly driven by in-

dividual clinical deterioration and changes in aneurysm shape

and size (Table 4). All aneurysms were located in the basilar ar-

tery, 4 extending into the V4 segment of the left vertebral artery

(patients 1, 3, 4, and 6). The maximum aneurysm diameter was

2.23 cm on average, ranging from 1.3 to 3.0 cm (Table 4).

Intervention and Primary Periprocedural Complications
The material and periprocedural course are summarized in Table

3. Four patients (patients 2, 3, 4, and 5) were treated with a com-

bination of Silk and LEO or LEO� stents in a “telescoping tech-

nique” to provide a scaffold of support. Patient 1 was treated with

a series of overlapping Pipeline Embolization Devices, and patient

6 was treated solely with Silk stents (Table 1). In 2 patients (pa-

tients 4 and 5), the V4 segment of the right vertebral artery was

occluded directly at the anatomic intersection to the basilar artery

by coiling due to its contribution to the aneurysm supply. In 2

cases (patients 3 and 5), the procedure was split into 3 sessions on

consecutive days to achieve optimum results of the flow-diversion

effect (Table 1). The detachment of the stents and handling of

material were successful in all cases. No primary periprocedural

complications, according to our definition, were observed within

the first 24 hours after the intervention (Table 1). No nonre-

sponders on tirofiban, ASA, or clopidogrel were detected in Mul-

tiplate testing.

Secondary Complications and Follow-Up
Secondary complications and follow-up are summarized in Tables 5

and 6. Three of 6 patients (patients 3, 4, and 5) had recurrent cerebral

infarctions in anatomic locations shown in Table 5. No patient expe-

rienced SAH during follow-up (Table 4). In all except 1 patient (patient

6), thrombotic occlusion of the aneurysm outside the stent was contin-

uously progressive but incomplete during follow-up (Table 5).

Table 2: Antiplatelet regimen timeline

Observation
Period

Intervention Day 1 after intervention

Follow-Up PeriodDelivery of the First Stent During Intervention 12:00 AM 4:00 AM 10:00 AM

ASA 100 mg/day Tirofiban (Aggrastat) i.v., Multiplate test Clopidogrel 300 mg p.o. Tirofiban (Aggrastat) i.v.,
stopped

Multiplate test 1) First 6 months clopidogrel
75 mg/day and ASA 100
mg/day

1) loading dose, 0.4
�g/kg/min (30 min),

1) 15 min after tirofiban start, ASA 100 mg p.o. ASA response?
clopidogrel response?

2) lifelong therapy
ASA 100 mg/day

2) maintenance dose,
0.1 �g/kg/min

2) end of the intervention,
tirofiban response?

Note:—p.o. indicates by mouth; i.v., intravenous.

Table 3: Clinical characteristics of the patients
No. Sex Age (yr) Symptoms Leading to Intervention

1 M 64 Left-sided hemiplegia and facial nerve paresis, line-of-sight nystagmus to the left, dysarthria, dysphagia
2 M 71 Diplopia, insecure gait, progressive aneurysm size, fear of death
3 M 65 Progressive right-sided hemiparesis, increasingly insecure gait with recurrent falls, clumsiness, and

sensory deficits in the right upper extremity
4 M 58 Recurrent episodes of dizziness, headache, tinnitus, sensory deficits in right arm and limb and acute

prepontine SAH
5 M 54 Persistent central oculomotor disorder, progressive dysarthria, and latent monoparesis of the right limb
6 M 49 Diplopia due to abducens nerve paresis, dysphagia, hypesthesia of left face and hand, dysarthria,

instable gait
Mean age (range) 60 (49–71)

Table 4: Anatomical and clinical findings during observation period

No. Aneurysm Location and Size (cm)

Time between
Initial Diagnosis and

Procedure (mo)
Territorial Infarct

Prior to Procedure
SAH Prior

to Procedure
1 BA/V4 2.2 8 Yes, pontomedullary No
2 BA 2.8 48 No No
3 BA/V4 2.0 13 Yes, pericallosal No
4 BA/V4 1.3 4 No Yes
5 BA 3.0 29 Yes, brain stem No
6 BA/V4 2.1 3 Yes, brain stem No
Mean (range, ratio) 2.23 (1.3–3) 17.5 (3–48) 4/6 1/6

Note:—BA indicates basilar artery.
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Stents remained patent in most cases; however, 2 patients (pa-

tients 3 and 4) presented with acute thrombotic stent occlusion on

days 9 and 32, respectively. Immediate interventional recanaliza-

tion procedures were performed successfully; however, residual

neurologic deficits were persistent in both cases (Table 5). In par-

ticular, growing thrombus formation led to an in-stent thrombo-

sis (�80%) at the upper part of the stent construct of patient 3.

Neither local thrombolysis with 20-mg rtPA nor direct aspiration

maneuvers showed significant effects. Partial recanalization of the

stent construct could finally be achieved by using a 6 � 3 cm

Solitaire stent-retriever system (Covidien, Irvine, California).

However, the final result showed an entry/re-entry flow pattern,

which bypassed persistent in-stent stenosis via the nonthrom-

bosed superior aneurysm part. Patient 4 presented with throm-

botic occlusion of the proximal stent construct ranging from the

V4 segment of the left vertebral artery into the middle basilar

artery. Local thrombolysis with a total of 25-mg rtPA for 30 min-

utes and a singular aspiration maneuver resulted in complete re-

canalization of the stent and all arteries.

Follow-up was 13 months on average, ranging from 15 days to

29 months (Table 6). The mRS score was not higher than 3 in any

of the cases before intervention, whereas the best mRS score at the

last follow-up was 5. As indicated in Table 6, four patients died

during follow-up. In 2 cases, the clinical course and MR imaging

indicated progressive brain stem compression leading to neuro-

logic deficits. Related secondary pneumonia was the cause of

death in patient 1. Patient 2 died during the follow-up period due

to a malignant cardiac arrhythmia and myocardial failure. Patient

3 had an extremely poor course with recurrent ischemia and

thrombotic stent occlusion on day 9 after primary intervention.

Despite a successful recanalization procedure, bilateral pon-

tomedullary infarcts remained, leading clinically to a locked-in-

syndrome. The patient died on day 15 after the primary procedure

(Tables 5 and 6).

DISCUSSION
FVBGAs still represent a worst case scenario for both patient and

physician. Data available on the natural history of this disease

suggest a progressive and fatal clinical course. The mortality rate is

23%–35% during 5 years.14,23,24 Death is mainly caused by cere-

bral infarction and brain stem compression, with spontaneous

ruptures and consecutive subarachnoid hemorrhage occurring

rather infrequently (0.9%–2.3% a year).14,24,25 The recent litera-

ture mentioned above represents the best available evidence to

underpin therapeutic decisions. Mainly due to the rare occur-

rence of this type of fusiform aneurysm disease, the literature only

consists of case series. Despite their important impact on clinical

decision-making, the evidence level of these publications is thus

limited.

The specific anatomic feature of the basilar artery with its mul-

tisegmental supply of the brain stem by numerous perforating

branches rules out a vessel-occluding therapeutic approach. Pre-

vious treatment effort, surgical or endovascular, including prox-

imal vessel occlusion with or without bypass could not resolve this

problem. Despite aggressive surgical treatment, the long-term

outcome remains poor for most patients.26

Flow-diverting stents, available since 2007, seemed to be a

therapeutic option. Data available in the literature on the use of

flow-diverting stents, mostly case series, gave rise to optimism. In

a series by Phillips et al,27 32 aneurysms of the posterior circula-

tion were treated with flow-diverting stents. Mean aneurysm size

was 9.7 mm. Twenty aneurysms classified as fusiform, blister,

sidewall, or dissecting were included. The authors reported a

complete occlusion rate of 96% in a follow-up of �12 months.

Fischer et al28 reported complete occlusion rates of 74% in com-

bination with 4.54% morbidity and 2.27% mortality in a cohort of

88 patients (mean aneurysm size, 3.8 mm; 22% posterior circula-

tion). They included 63 (62%) saccular aneurysms, 33 (33%) fusi-

form aneurysms, and 5 (5%) dissections. Finally, McAuliffe et

Table 5: Secondary complications during follow-up

No. Territorial Ischemia during FU
SAH during

FU
Complete Aneurysmal
Thrombotic Occlusion Stent Occlusion during FU

1 No No No No
2 No No No No
3 Yes, brain stem No No Stent occlusion (day 9)3

successful recanalization
4 Yes, brain stem/cerebellum, thalamus/pontomedullary No No Stent occlusion (day 32)3

successful recanalization
5 Yes, brain stem/cerebellum No No No
6 No No Yes No
Ratio 3/6 0/6 1/6 2/6

Note:—FU indicates follow-up.

Table 6: Follow-up and clinical outcome

No. Duration Follow-Up
mRS Prior to

Procedure
mRS Last

Follow-Up Cause of Death
1 17 mo 3 6 Brain stem compression (due to secondary pneumonia)
2 5 mo 3 6 Cardiac
3 12 days 2 6 Locked-in syndrome, dismissal of therapy at the request

of the patient and relatives
4 17 mo 1 5 –
5 29 mo 3 5 –
6 9 mo 3 6 Brain stem compression
Mean (range) 13 mo (0.5–29 mo)

Note:—mRS indicates modified Rankin Scale score.
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al29reported 54 cases (19% posterior circulation; mean aneurysm

size, 13.1 mm) with a complete occlusion rate of 85.7% in a

6-month follow-up in combination with 0% morbidity and 0%

mortality.

However, the problem with all these publications is that a sta-

tistically relevant extrapolation of data on the anatomic subtype of

FVBGA is not feasible. Of the total of 32 aneurysms in the poste-

rior circulation in the article by Phillips et al,27 only 8 were located

in the basilar trunk. No detailed information on aneurysm mor-

phology or giant subtype was provided. Fischer et al28 did not

specifically address this aneurysm subtype. Furthermore, only

50% of their baseline collective had a 10-month follow-up. In the

collective of McAuliffe et al,29 no differentiated information on

performance of flow diverters in FVBGAs was provided and the

total follow-up of all cases was not longer than 6 months. To sum

up, despite positive results on the use of flow-diverting stents in

other aneurysm types and/or anatomic locations, little has been

reported on the complication rate of flow-diverting stents in the

FVBGA subtype.

Siddiqui et al30 reported specifically on flow diversion in the

treatment of large or giant fusiform vertebrobasilar aneurysms.

The authors presented their initial results with this therapy ap-

proach, including significant morbidity and mortality encoun-

tered. Of the 7 patients treated with flow-diversion devices, 4 died.

The authors “have opted to cease treating most large aneurysms of

the entire basilar artery with flow-diversion techniques” until they

“can gain further understanding of the hemodynamic effects on

brain stem perforators.”30

Meckel et al31 also reported on 10 patients treated with flow-

diverting stents in complex aneurysms at the vertebrobasilar junc-

tion. Six patients had a large or giant aneurysm of the fusiform sub-

type. Four of these 6 patients died during follow-up, and 1 of the

remaining 2 patients was “lost to further follow-up after 6 months.”

The preinterventional clinical course of our patients—some

under observation for up to 4 years— continuously deteriorated

and finally resulted in an interdisciplinary, patient-specific deci-

sion in favor of an experimental endovascular therapeutic ap-

proach. All patients were exposed to a high load of psychological

strain and endured their chronically deteriorating disease with a

poor history. Even if we cannot quantify this factor by means of a

FIG 1. A, Patient 4, primary intervention. Anteroposterior view of a vertebral artery angiogram shows an FVBGA involving the distal V4 segment
of the left vertebral artery. B, Patient 4, primary intervention. Anteroposterior view of a vertebral artery angiogram demonstrates the final stent
position. C, Patient 4, primary intervention. Anteroposterior view of a vertebral artery angiogram shows patency of the stents with adjacent
contrast agent pooling, indicating hemostasis inside the aneurysm.

FIG 2. A, Patient 4, MR imaging during follow-up. Transverse contrast-enhanced MR angiography on day 3 after intervention shows patency of
the stents with adjacent thrombus formation inside the aneurysm. B, Patient 4, MR imaging during follow-up. Transverse contrast-enhanced MR
angiography on day 8 after the intervention shows patency of the stents with progressive-yet-incomplete thrombus formation inside the
aneurysm. C, Patient 4, MR imaging during follow-up. Transverse contrast-enhanced MR angiography on day 39 after the intervention shows
patency of the stents with progressive yet incomplete thrombus formation inside the aneurysm.
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scored survey, it is not negligible because it represents a human

factor in the decision-making process.

Primary procedural success was remarkably good, and the

procedural complication rate was very low. As shown in Table 1,

no technical problems occurred during deployment of the stents.

Stent implantation and periprocedural management were per-

formed according to all principles of good clinical practice and in

line with the recommendations of the manufacturer. As indicated

in Fig 1A–C, flow diversion with deceleration of blood flow in

the aneurysm outside the implanted devices was demonstrable

in all cases (Fig 1A–C). In addition, no clinical complications

were observed within the first 24 hours after the initial inter-

vention (Table 1).

However, the clinical course in the further follow-up was ex-

tremely poor. In 2 cases, stent occlusion occurred on days 9 and 32

(patients 3 and 4, respectively), leading to an immediately life-

threatening thrombotic occlusion of the basilar artery. Despite

immediate medical and endovascular interventions, both pa-

tients had persistent grave neurologic deficits. Patient 3 was

“locked-in” after this incident and died on day 15 after the

primary intervention.

As shown in Fig 2A–C, thrombotic occlusion of the primary

aneurysm was progressive but incomplete in 5 of 6 cases (Table 5

and Fig 2A–C). After a mean follow-up of 13 months, 4 of 6

patients had died. With an mRS score of 5 in the last follow– up,

the remaining 2 patients also showed an extremely poor outcome

compared with their preinterventional mRS values of 1 and 3,

respectively (patients 4 and 5, Table 6).

Although we cannot prove this statement, the clinical course

in all cases was presumably worse than the known evidence-based

data would suggest for the spontaneous natural history of the

disease. Two patients died because of progressive mass effect of

their FVBGAs in long-term follow-up. Steroidal treatment and

other antiedema therapy always should be considered, of course,

but in our cases, unfortunately, they were unable to stop contin-

uous aneurysm growth and aggravating brain stem compression.

Treatment with anticoagulants may seem to be justified in light of

the high risk of ischemic stroke. However, the increased risk of

intracranial hemorrhage might cause complications as well.

Hence, no definite statement on medical treatment can be

given.32

An important limitation of our data needs to be discussed: The

monocentric approach with 6 patients does not allow statistically

valuable conclusions. However, because there are only a few pub-

lications on the use of flow-diverting stents in fusiform vertebro-

basilar aneurysms in the literature, we consider our findings to be

an important message to the neurointerventional community.

CONCLUSIONS
Endovascular treatment of FVBGAs with flow-diverting devices is

feasible from a technical point of view and did not cause any

immediate periprocedural complications. However, changes in

hemodynamics with secondary thrombosis are not predictable.

The patency of brain stem perforators intended to have continu-

ing ability to draw blood through the flow-diversion devices can-

not be guaranteed. Evidence on the natural history of this aneu-

rysm subtype is poor; this knowledge hinders treatment decisions.

Despite all limitations, we believe that out treatment effort wors-

ened rather than positively affected the individual prognosis of

our patients. In accordance with other authors, we currently do

not intend to treat fusiform vertebrobasilar giant aneurysms with

flow-diverting devices until we have gained further understand-

ing of the pathophysiology, natural history, and hemodynamic

effects of flow-diversion devices on FVBGAs. We strongly en-

courage the publication of the experiences of other centers of this

challenging and yet not appropriately treatable aneurysm

subtype.
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ORIGINAL RESEARCH
INTERVENTIONAL

Role of C-Arm VasoCT in the Use of Endovascular WEB Flow
Disruption in Intracranial Aneurysm Treatment

J. Caroff, C. Mihalea, H. Neki, D. Ruijters, L. Ikka, N. Benachour, J. Moret, and L. Spelle

ABSTRACT

BACKGROUND AND PURPOSE: The WEB aneurysm embolization system is still under evaluation but seems to be a promising technique
to treat wide-neck bifurcation aneurysms. However, this device is barely visible using conventional DSA; thus, high-resolution contrast-
enhanced flat panel detector CT (VasoCT) may be useful before detachment to assess the sizing and positioning of the WEB. The purpose
of this study was to evaluate the interest of VasoCT during WEB procedures.

MATERIALS AND METHODS: From March 2012 to July 2013, twelve patients (10 women and 2 men; age range, 44–55 years) were treated for 13
intracranial aneurysms with the WEB device. DSA and VasoCT were used and compared to depict any protrusion of the device in parent arteries
before detachment. Two neuroradiologists reviewed each VasoCT scan, and the quality was graded on a subjective quality scale.

RESULTS: The mesh of the WEB was very well-depicted in all cases, allowing a very good assessment of its deployment. Device protrusion
was clearly detected with VasoCT in 5 cases, leading to WEB repositioning or size substitution. During follow-up, VasoCT also allows good
assessment of eventual residual blood flow inside the aneurysm or the WEB device.

CONCLUSIONS: Unlike DSA, VasoCT is an excellent tool to assess WEB deployment and positioning. In our experience, it allowed a
precise evaluation of the WEB sizing and its relation to the parent vessel. Such information very likely enhances the ability to safely use this
device, avoiding potential thromboembolic events in cases of protrusion in the parent arteries.

ABBREVIATIONS: WEB � Woven EndoBridge Embolization System

The Woven EndoBridge Embolization System (WEB; Sequent

Medical, Aliso Viejo, California) is a 2-compartment intra-

saccular flow disrupter, particularly dedicated to the treatment of

intracranial wide-neck bifurcation aneurysms. This device has an

attenuated microbraided mesh structure constructed from a large

number of nitinol wires (ranging from 19 to 38 microns). This

mesh is almost not visible with standard DSA because of the small

diameter of nitinol wires, so 3 platinum markers represent the

proximal, middle, and distal parts of inner and outer braids (Fig

1).1,2 The first clinical results suggest a high feasibility of the treat-

ment with acceptable morbidity and mortality.3-5

Flat panel detector CT has proved to be a very accurate tool to

assess the structure and deployment of intracranial stents.6,7 VasoCT

(Philips Healthcare, Best, the Netherlands) provides simultaneous

detailed visualization of neurovascular stents and parent arteries.8,9

We present here our experience using VasoCT as a systematic

method to control WEB deployment before and after its

detachment.

MATERIALS AND METHODS
Population
Between March 2012 and July 2013, twelve patients were treated

for 13 intracranial aneurysms with the WEB device in our hospi-
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FIG 1. A, Photograph of the WEB device. B, Corresponding nonen-
hanced VasoCT clearly depicts the 2 different compartments and the
3 markers (arrows).
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tal. All subjects gave informed consent for the treatment. There

were 10 women and 2 men with a mean age of 52 years (range,

44 –55 years).

Treatment Technique
Endovascular treatment was performed by using a biplane flat

panel angiographic system (Allura Xper 20/10; Philips Health-

care). Endovascular procedures were performed with the patient

under general anesthesia and systemic heparinization.

A guiding catheter, FargoMax 6F (Balt, Montmorency,

France) was advanced in the internal carotid or vertebral artery.

To deliver the WEB, we used different microcatheters and placed

them at the base of the aneurysmal sac: Rebar 27 (Covidien, Ir-

vine, California), DAC 38 (Concentric Medical, Mountain View,

California), Headway 27 (MicroVention, Tustin, California), and

Via 27 or 33 (Sequent Medical). The microcatheter was chosen

according to the WEB size. The WEB size choice was based on 3D

rotational angiography performed during treatment.

Control DSA and VasoCT were performed before delivery. If

the position was not satisfactory, the WEB was resheathed and

repositioned. If the sizing was not adequate, the WEB was re-

moved and another device was used. At the end of the procedure,

both DSA and VasoCT were repeated after detachment of the

WEB.

High-Resolution Flat Panel Detector CT
For high-spatial-resolution imaging of intravascular devices and

their parent vessel lumen, a dedicated iodine contrast-enhanced

conebeam CT protocol was developed (VasoCT). It is acquired by

using a neuroangiographic x-ray C-arm (Allura Xper FD20;

Philips Healthcare) equipped with a cesium iodide–amorphous

silicon flat panel detector. The sensor area of the flat detector

measures approximately 30 � 40 cm and consists of 1920 � 2480

pixels. The conebeam acquisition consists of a rotational trajec-

tory over a 200° arc while acquiring 620

projection images at a fixed source-to-

detector distance of 1195 mm. The ob-

jects of interest should be positioned in

the center of the rotation, 810 mm from

the source. The x-ray tube voltage is set

to 80 kV; the focal spot, to 0.4 mm, while

no copper filter is used. The associated

radiation dose ranges from 45 to 49 mGy

CT dose index. The imaged detector

area is fixed to a diameter of 22 cm,

which enables an unbinned pixel size of

0.154 mm, allowing very high-spatial-

resolution 3D reconstructions. The 3D

reconstruction is obtained by using the

Feldkamp-Davis-Kress method.10 Pre-

processing steps of the projection im-

ages include gain correction, scatter

correction, water beam-hardening cor-

rection, and Parker weighting. The WEB

VasoCT was reconstructed with a 5123

matrix covering a cubic FOV of 34.44

mm in each dimension.

Figure 2 shows a VasoCT reconstruc-

tion of a line-pair phantom. As can be

seen, up to 4.6 line pairs per millimeter

(lp/mm) can be distinguished, which

correspond to an intrinsic resolution of

0.109 mm according to the following

formula: Resolution Intrinsic Millime-

ter � 0.5 [lp / mm].

The spatial resolution is substantially

higher than the resolutions reported for

FIG 2. Central section of the VasoCT conebeam reconstruction of a
line-pair phantom. The numbers at the left and right side indicate the
line pairs per millimeter.

FIG 3. A, DSA before detachment of a WEB positioned in a left MCA bifurcation aneurysm. It is
impossible to depict any protrusion of the device in the parent artery because only the 3 markers
are seen and the mesh is almost not visible. B, Corresponding unsubstracted image. C, VasoCT
confirms correct positioning of the WEB without any protrusion. D, Three-month control VasoCT
shows residual flow in the proximal compartment (arrow).
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multisection CT. For 64-section CT, a resolution of approxi-

mately 1.5 lp/mm has been reported.11 The high spatial resolution

of VasoCT allows imaging the stent struts of intracranial nitinol

stents.9 To visualize the vessel lumen and the intravascular de-

vices simultaneously, we used a diluted iodine contrast agent

with 20% iodixanol (Visipaque 270; GE Healthcare, Missis-

sauga, Ontario, Canada) and 80% saline solution. The total

volume used was 90 mL at the injection rate of 3 mL/s. In case

of streaking artifacts caused by nearby metal (eg, coils), the

image quality can be improved by applying a metal-artifacts-

reduction algorithm in a second-pass reconstruction.12 Data

were analyzed with MPR and MIP reconstructions.

Quality Assessment
VasoCT scans were reviewed in consensus by 2 interventional

neuroradiologists. For every case, the quality of visualization

of the WEB and the parent vessels was scored in ordered scales

from 1 to 3. A score of 1 indicated that visualization was insuf-

ficient for evaluation; a score of 2 was given if the visualization

was good; and a score of 3, if excellent. Metal artifacts from the

WEB device and microcatheter, if present, were also evaluated.

A score of 3 was given when no artifacts were depicted; a score

of 2, if mild artifacts were observed. A score of 1 indicated

severe artifacts, making evaluation of the WEB positioning

impossible.

Those scores were added to obtain a global quality score on a

9-point subjective scale. Global VasoCT quality scores were com-

pared with WEB dimensions by using the Pearson correlation

coefficient.

FIG 4. A, DSA of a broad-neck right MCA
aneurysm. First, a 7 � 4 cm WEB was de-
ployed. It is nearly undetectable with DSA (B)
and there is no flow modification. However,
VasoCT (C) clearly shows the device protru-
sion in the superior bifurcation branch (ar-
row). Thus, the WEB is retrieved and replaced
by a 6 � 4 mm device. D and E, Final DSA and
VasoCT after detachment confirm perfect
positioning of the WEB without any
protrusion.

FIG 5. A, DSA anteroposterior view of a basilar tip aneurysm. B,
Control angiogram and corresponding unsubtracted view (C) prior to
detachment of the WEB. Some contrast agent stagnation is visible in
the second layer. It is impossible to analyze the good positioning of
the device; no flow abnormality is depicted in the left P1 segment. D,
VasoCT clearly shows the protrusion in the left P1 segment. The WEB
was then retrieved and replaced by a smaller one.
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Additionally, reviewers had to evaluate whether any protru-

sion, clotting, vessel occlusion, or residual neck was present.

RESULTS
Most treated aneurysms were unruptured (3 ruptured cases), with

an unfavorable wide-neck anatomy (mean dome/neck ratio �

1:1). The mean aneurysm size was 7.3 mm (range, 5–11 mm).

WEB placement was not possible in 1 case because of the un-

availability of an appropriate-sized device. Device protrusion was

clearly detected with VasoCT in 5 cases, leading to WEB reposi-

tioning or size substitution (Figs 3 and 4). The average number of

WEBs used to obtain good sizing was 1.3 per procedure.

The total number of VasoCT scans reviewed was 31, with an

average number of 2.4 VasoCT scans performed per procedure.

The mean quality score was 6.6 �1.4 (range, 4 –9). Visualization

of the WEB and/or the parent vessel was insufficient for evalua-

tion in 3 cases of VasoCT (9%).

Quality score was significantly and inversely correlated to the

WEB height (r � 0.78, P � .0001).

DISCUSSION
The visibility of the WEB is very poor with conventional angiog-

raphy (Fig 5). Unlike DSA, VasoCT offers a very good visualiza-

tion of the microbraided mesh structure and shape of the WEB

device. It allows a precise study of its relationship with the parent

arteries. This is fundamental before detachment of this com-

pletely retrievable device to avoid potential thromboembolic

complications due to protrusion (Fig 6).

We have encountered some differences in VasoCT image

quality. Some features seem to be significantly influencing the

visibility of the WEB. The device should always be placed in the

isocenter of the acquired volume. All movements of the patient

have to be limited; therefore, apnea is required during acquisition.

No geometric disturbances should occur; these can be seen when

the C-arm hits the infusion stand or table. High-attenuating items

need to be avoided in the reconstruction plane of the WEB by

positioning the head of the patient so that coils or clip streak

artifacts appear in another plane (Fig 7). Metal artifacts reduction

may be useful in some cases, especially when WEB-marker arti-

facts are projected over the parent artery (ie, MCA bifurcation

aneurysms) (Fig 8).

WEB markers made of iridium and platinum alloy generate

significant metal artifacts (unlike nitinol mesh). We have no-

ticed that distal markers of the delivery microcatheter, made

with the same iridium and platinum alloy, also induce artifacts;

they can be avoided by retrieving the catheter proximally in the

parent artery.

The quality score was inversely correlated to the WEB height.

This observation can be explained first because the diameter of

nitinol wires is variable (ie, smaller for the smallest WEB). Thus,

the largest WEB sizes are more radiodense and easily assessed.

This feature should encourage manufacturers to increase the vis-

ibility of the smaller devices. Second, the distance between the

markers is small for the small WEB, leading to overlapping metal

streak artifacts that are summed, deteriorating the visualization of

the parent arteries.

We advise a systematic calibration of the angiographic suite

prior to each acquisition. When the system is used for a long time

with a reduced FOV (as is usual during a procedure), then the

pixels that have been irradiated within this image format have a

different response than the ones that were not irradiated. The

calibration corrects this phenomenon, allowing an optimal image

quality.

Some authors report the use of 3D rotational angiography to

control WEB positioning.5 There are similarities and differences

FIG 6. A, DSA working projection of a large-neck anterior communicating artery aneurysm. B, After placement of a 9 � 7 mm WEB, the control
DSA shows the occlusion of the right A2 segment and a narrowing of the left A2. C, VasoCT confirms the occlusion and that the WEB is not
properly deployed. It is in a heart-shaped configuration with a distal trough; the 2 distal markers are attached (arrow). This “heart sign” depicts
an inappropriate width of the WEB regarding aneurysm dimensions. It was then replaced by a correctly deployed 7 � 6 cm WEB.

FIG 7. Nonenhanced VasoCT. It is very important to consider the
acquisition plane to avoid the projection of any metal artifacts over
the region of interest. Here, the angulation of the head of the patient
was modified so that coil artifacts from a previously treated basilar tip
aneurysm do not superimpose on the MCA bifurcation.
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between VasoCT and 3D rotational angiography. Both protocols

are optimized for visualization of iodine contrast; hence, both use

approximately 80 kV for the x-ray tube and both are optimized for

high-resolution reconstructions (either volume-rendering or

multiplanar mode). While VasoCT is meant for small contrast

differences (with diluted contrast medium), 3D rotational an-

giography is meant for larger contrast differences (with pure con-

trast medium). To achieve the high contrast resolution, VasoCT

acquires 620 images, whereas 3D rotational angiography records

120 images in the rotation. As a result, the VasoCT acquisition

takes longer (20 versus 4 seconds); and because of the larger num-

ber of images, the reconstruction times for VasoCT are also longer

(approximately 26 seconds versus 5 seconds for 2563). Because of

its superior contrast resolution, VasoCT is the most appropriate

technique for use with the WEB device.

VasoCT x-ray skin dose calculated from simulations amounts

to 0.89 mSv, and the effective dose is 0.51 mSv. For comparison,

the standard brain CT effective dose average is 1.5 mSv.13

While VasoCT appears essential during endovascular treat-

ment, it is also very useful during follow-up. It can be per-

formed with the patient under local anesthesia, and it allows

the assessment of any residual flow inside the 2 separate layers

(Fig 3).

CONCLUSIONS
Unlike DSA, VasoCT is an excellent tool to assess WEB deploy-

ment and positioning. In our experience, it allows a precise eval-

uation of the WEB sizing and its relation to the parent vessel. Such

information likely enhances the ability to use this device safely,

avoiding a potential thromboembolic event in cases of protrusion

in the parent arteries.

Disclosures: Daniel Ruijters—UNRELATED: Employment: I am a Philips Healthcare
employee. Jacques Moret—UNRELATED: Consultancy: Covidien, MicroVention.
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ORIGINAL RESEARCH
INTERVENTIONAL

Rupture-Associated Changes of Cerebral Aneurysm Geometry:
High-Resolution 3D Imaging before and after Rupture

J.J. Schneiders, H.A. Marquering, R. van den Berg, E. VanBavel, B. Velthuis, G.J.E. Rinkel, and C.B. Majoie

ABSTRACT

BACKGROUND AND PURPOSE: Comparisons of geometric data of ruptured and unruptured aneurysms may yield risk factors for rupture. Data
on changes of geometric measures associated with rupture are, however, sparse, because patients with ruptured aneurysms rarely have under-
gone previous imaging of the intracranial vasculature. We had the opportunity to assess 3D geometric differences of aneurysms before and after
rupture. The purpose of this study was to evaluate possible differences between prerupture and postrupture imaging of a ruptured intracranial
aneurysm.

MATERIALS AND METHODS: Using high-quality 3D image data, we generated 3D geometric models before and after rupture and
compared these for changes in aneurysm volume and displacement. A neuroradiologist qualitatively assessed aneurysm shape change, the
presence of perianeurysmal hematoma, and subsequent mass effect exerted on aneurysm and parent vessels.

RESULTS: Aneurysm volume was larger in the postrupture imaging in 7 of 9 aneurysms, with a median increase of 38% and an average
increase of 137%. Three aneurysms had new lobulations on postrupture imaging; 2 other aneurysms were displaced up to 5 mm and had
changed in geometry due to perianeurysmal hematoma.

CONCLUSIONS: Geometric comparisons of aneurysms before and after rupture show a large volume increase, origination of lobulations,
and displacement due to perianeurysmal hematoma. Geometric and hemodynamic comparison of series of unruptured and ruptured
aneurysms in the search for rupture-risk-related factors should be interpreted with caution.

Unruptured intracranial aneurysms are found in approximately

3% of the population.1 Once they are detected, the decision for

preventive treatment has to be weighed against the risk of rupture,

with inherent high case fatality and morbidity.2 Prediction of rupture

of intracranial aneurysms remains poor, with size as the most impor-

tant risk factor. However, not all large aneurysms would rupture if

left untreated; whereas small aneurysms, which are often left un-

treated, do sometimes rupture during follow-up. Better predictors

are, therefore, needed. Intra-aneurysmal hemodynamic characteris-

tics may have predictive value.3,4

Computational fluid dynamics have been applied to simulate he-

modynamic flow patterns in the aneurysm and surrounding vessels

to relate hemodynamic characteristics with aneurysmal rupture

risk.4,5 Several studies indeed found differences in flow patterns be-

tween ruptured and unruptured aneurysms.3,4,6 However, if one

compares ruptured with unruptured aneurysms, the potential

changes of the aneurysm geometry before, during, or after rupture

itself are neglected.

The rupture of the aneurysm may result in shape changes of the

aneurysm due to changes in the aneurysmal sac. These changes po-

tentially alter the aneurysmal or perianeurysmal geometry and its

related hemodynamic patterns. It is, therefore, pivotal to know

whether changes before, during, or shortly after rupture of aneu-

rysms in themselves affect aneurysm geometry and aneurysm hemo-

dynamics; and if so, what these changes are. Such data are difficult to

collect because high-quality images of intracranial aneurysms before

and after rupture are rare. We had the opportunity to assess changes

in aneurysm geometry associated with rupture in a series of 9 patients

by using advanced image registration of high-quality 3D imaging

data performed before and after rupture.
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MATERIALS AND METHODS
We searched the neurovascular data bases for patients presenting

with aneurysmal subarachnoid hemorrhage who underwent 3D

cerebral angiography (3D rotational angiography, MRA, or CTA)

before the aneurysm rupture. We retrieved imaging of 9 patients

from 2 institutions (Academic Medical Center [Amsterdam] and

University Medical Center Utrecht) collected during a 6-year pe-

riod. Approval of the medical ethics committee was given for this

retrospective analysis of anonymized patient data. Informed con-

sent was waived because no diagnostic tests other than routine

clinical imaging were used in this study.

A number of geometric features of the intracranial aneurysms

were quantitatively and qualitatively determined in both pre- and

postrupture imaging. The quantitatively determined features

were aneurysm volume and maximal aneurysm diameter. The

maximal diameter was defined as the maximal distance between 2

locations on the aneurysm surface with their connecting line

completely located in the aneurysm sac. Furthermore, we deter-

mined displacement and shape changes between the 2 image da-

tasets. To better assess shape change, we registered the pre- and

postrupture imaging data so that the aneurysm sac was optimally

matched. To determine the displacement of the aneurysm, we

registered a proximal segment of the parent artery of the pre- and

postrupture imaging data.

Registration
The pre- and postrupture images were registered by a closed-

source in-house developed software system for modality regis-

tration and visualization (WorldMatch).7 The registration of the

images was performed twice: First, the images were registered by

using a volume of interest around the aneurysm sac to obtain an

optimal match of the aneurysm itself. Second, the images were

registered to obtain an optimal match of the feeding artery. A

single observer (H.A.M.), who had no clinical information other

than the location of the aneurysm, performed these registrations.

The highest resolution of the 2 image datasets was used for the

spatial grid of the registered images.

Segmentation
The aneurysms and adjacent arteries were segmented by using

level set segmentation (Vascular Modeling ToolKit; http://

www.vmtk.org).8 An experienced neuroradiologist (C.B.M.) in-

spected all segmentations for accuracy by using all available image

data. Segmentation inaccuracies were manually corrected by us-

ing ITK-SNAP, a software application for medical image segmen-

tation and manual delineation (ITK-

SNAP 2.2.0, http://www.itksnap.org),9

until the neuroradiologist decided the

segmentation was accurate. Subse-

quently, the aneurysm sac was separated

from the arterial tree by using ITK-

SNAP. These aneurysm sac models were

used to calculate the volume of the aneu-

rysms and aneurysm shape changes.

Surface models were generated from

the matched segmentations. The regis-

tration was inspected by a second ob-

server (R.v.d.B.) and adjusted if needed

by using a combination of iterative closest point registration and

manual transforms.

Quantitative Measurements
The volume of the aneurysms was defined as the number of seg-

mented aneurysm voxels multiplied by the volume of a single

voxel. Absolute and relative volume changes were determined.

We defined the displacement of the aneurysm sac as the distance

between the center of the pre- and postrupture aneurysm sacs, by

using the images in which the parent arteries were registered. The

center of the aneurysm was mathematically defined as the center

of the mass of the segmented aneurysm volume.

The shape change was quantified by using the point-surface

distances of the surface of the pre- and postrupture aneurysm

segmentations in images in which the aneurysm domes were reg-

istered. A point-surface distance is the minimal distance of a lo-

cation of one aneurysm surface to the surface of the other. The

average and maximum point-surface distances are presented in

the On-line Table. To avoid overestimations due to modality-

driven variations in the definition of the aneurysm neck,10 we

ensured that this maximum distance was remote from the neck.

Qualitative Assessments
The neuroradiologist (C.B.M.) evaluated all the available pre- and

postrupture imaging for the presence of intra-aneurysmal throm-

bus that could influence angiography-derived segmentations. The

postrupture data were also examined for the presence of a perian-

eurysmal hematoma and new lobulations. In the presence of peri-

aneurysmal hematoma, it was judged whether this mass had in-

duced a displacement or shape change in the aneurysm.

The postrupture DSA examinations were also assessed for the

presence of new lobulations and pseudoaneurysms (a contained

extraluminal rupture within a reorganized clot). Pseudoaneu-

rysms were differentiated from true lobulations by their appear-

ance with delayed and incomplete opacification and delayed

washout.11

RESULTS
3D angiographic imaging, before and after rupture, was available

for 9 patients. The image modalities used and the resolution are

shown in Table 1. The average time between prerupture imaging

and rupture was 1 year 127 days, with an SD of 1 year 199 days.

The On-line Table shows the geometric measures of the aneu-

rysms pre- and postrupture. Seven aneurysms showed an increase

Table 1: Imaging modalities used before and after rupture

No.
Imaging Modality
before Rupture Resolution (mm)

Imaging Modality
after Rupture Resolution (mm)

1 3D TOF MRA 0.49 � 0.49 � 1.2 3D RA 0.22 � 0.22 � 0.22
2 3D TOF MRA 0.31 � 0.31 � 1.0 CTA 0.31 � 0.31 � 0.45
3 CTA 0.33 � 0.33 � 1.0 CTA 0.35 � 0.35 � 0.33
4 3D PC MRA 0.78 � 0.78 � 1.0 3D RA 0.25 � 0.25 � 0.25
5 3D TOF MRA 0.45 � 0.45 � 1.0 3D RA 0.39 � 0.39 � 0.39
6 CTA 0.43 � 0.43 � 0.9 3D RA 0.22 � 0.22 � 0.22
7 3D TOF MRA 0.20 � 0.20 � 1.0 3D RA 0.17 � 0.17 � 0.17
8 3D TOF MRA 0.35 � 0.35 � 1.4 3D RA 0.17 � 0.17 � 0.17
9 CTA 0.33 � 0.33 � 1.3 3D RA 0.09 � 0.09 � 0.09

Note:—PC indicates phase-contrast; RA, rotational angiography.
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in volume with a median increase of 38% and an average increase

of 137 � 266%.

Two aneurysms (cases 1 and 2 in Fig 1) showed a large absolute

volume increase of 433 and 613 mm3, respectively, in the postrup-

ture imaging. This increase had occurred in a relatively short time

of 183 and 72 days, respectively. Furthermore, in case 7, a large

relative volume increase of 832% had occurred within a time

frame of no more than 14 days (Fig 2).

Table 2 shows the qualitative observations made by the neurora-

diologist. Three aneurysms had new lobulations on postrupture im-

aging; no pseudoaneurysms and no intra-aneurysmal thrombus

were found in any aneurysm. A perianeurysmal hematoma was pres-

ent in 3 cases, 2 of which exerted mass effect on the aneurysm, thereby

changing the aneurysm geometry (see Fig 3 for an example).

DISCUSSION
On the basis of pre- and postrupture 3D imaging of ruptured

aneurysms, we found significant volume changes, new lobula-

tions, and aneurysm displacement due to hematoma mass effect

after rupture.

FIG 1. Volume rendering of angiographic imaging data before and after rupture for all cases. Cases 1 and 2 show the largest absolute increase
in aneurysm volume (�433 and �613 mm3, respectively); case 5 and 7, the largest relative increase in aneurysm volume (176% and 832%,
respectively).
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Most aneurysms showed an increase in volume in postrupture

imaging. It has been shown that aneurysm growth is associated

with an increased rupture risk.12 Annual growth in untreated unrup-

tured aneurysms is reported to be between 1.5% and 22.7%, corre-

sponding to a diameter growth between 0.12 and 1.3 mm.13-15 In the

current study, the average growth rate was much larger (4.8 mm/

year). Our findings are more in line with another study that included

13 ruptured aneurysms with pre- and postrupture 2D-DSA, which

showed an average increase in maximal diameter of 3.2 mm/year.16 A

possible explanation of the difference in growth rate compared with

previous imaging follow-up studies of unruptured aneurysms13-15 is

that the population of Rahman et al16 and our study consisted of

selected ruptured aneurysms, in which the rupture itself may be as-

sociated with larger growth.

We found no apparent examples of aneurysm shrinkage after

rupture.16,17 In 2 instances, we found a small volume decrease of

3% and 4%, but these changes fall within the margin of error of

the volume measurement due to differences in the modalities

used and/or processing methods.

Because of the relatively large time

interval between prerupture and

postrupture imaging, no conclusions on

the causality or the timing of these

changes can be drawn. The observed

changes could have occurred before,

during, or shortly after rupture. Hence,

we can only conclude that they were as-

sociated with rupture. However, in case

of a large hematoma formation, an ob-

vious causal relation exists between rup-

ture and consequent geometry change

because large hematomas can displace

and deform the aneurysm.

A few aneurysms were displaced due

to hematoma mass effect, thereby

changing the geometric relation with

their supplying artery. The resulting dis-

placement may have an effect on the rel-

ative position of the aneurysm parent

vessel and location of inflow. In our

cases, the displacement changed the an-

gle of the parent vessel with regard to the

aneurysm neck. The parent vessel angle

has been described as a surrogate mea-

sure for the direction of the blood flow

into the aneurysm and was proposed as a

risk factor for aneurysm rupture.18,19

The supplying artery is also an impor-

tant determinant for intra-aneurysmal

hemodynamics calculated by using

computational fluid dynamics. The

FIG 2. Case 7. Lateral view of 2D DSA (A) and 3DRA (B) before rupture shows a small aneurysm at
the posterior communicating artery. Postrupture 2D DSA (C) and 3DRA (D) show a large increase
of aneurysm volume and a new lobulation at the aneurysm dome.

Table 2: Qualitative assessment of pre- and postrupture imaging
Case Postrupture Imaginga

1 Large amount of subarachnoid hemorrhage
No hematoma, no mass effect; no intra-aneurysmal thrombus; no lobulations

2 SAH, large perianeurysmal hematoma (28 � 22 � 35 mm) with mass effect on the aneurysm (slightly flattened contour right side);
no intra-aneurysmal thrombus; no lobulations

3 SAH, no hematoma; no intra-aneurysmal thrombus; 1 new lobulation
4 SAH, large perianeurysmal hematoma in Sylvian fissure (46 � 33 � 38 mm) with mass effect, anterior displacement of

vessels and aneurysm; no intra-aneurysmal thrombus; no lobulations
5 Large amount of subarachnoid hemorrhage

Hematoma (10 � 20 � 10 mm), no mass effect on the aneurysm; no intra-aneurysmal thrombus; no lobulations
6 SAH, no hematoma; no intra-aneurysmal thrombus; no lobulation
7 SAH, no hematoma; no intra-aneurysmal thrombus; 1 new lobulation
8 Diffusely spread SAH, no hematoma; no intra-aneurysmal thrombus; the 2 initial lobulations were merged into a single

large lobulation
9 SAH, no hematoma; no intra-aneurysmal thrombus; 1 new lobulation

a None of the prerupture imaging showed an intra-aneurysmal thrombus. Only case 8 showed lobulations on the prerupture imaging (2 lobulations).
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change in geometry of the parent artery and aneurysm sac may

have important implications for measurements of intra-aneurys-

mal hemodynamics by using computational fluid dynamics.

Computational fluid dynamics– based calculations are commonly

used to estimate hemodynamic risk factors, whereas the postrup-

ture geometry is assumed representative of the geometry before

rupture. This assumption may not hold for the change in parent

artery–aneurysm geometry shown here.

Some aneurysms showed a new focal bulging or lobulation that

was not present on prerupture imaging Although lobulations may

have been caused by the rupture itself, the high number of lobula-

tions are in line with previous studies in which the presence of lobu-

lations was associated with an increased rupture risk.19,20 One may

argue that some of these new lobulations could also be pseudoaneu-

rysms (ie, a contained extraluminal rupture within a reorganized

clot). We think this is unlikely because on postrupture DSA examina-

tions, they did not demonstrate delayed opacification and washout.11

A limitation of this study is that we compared images and

segmentations originating from different imaging modalities.

Differences in the segmented volumes may be caused by differ-

ences in these modalities. Especially 3D TOF MRA is prone to

introduce angiographic inaccuracies due to signal loss and may

underestimate aneurysm volume. As a result, volume comparison

of prerupture MRA with postrupture 3D rotational angiography

or CTA could incorrectly be interpreted as aneurysm growth. Al-

though this effect could produce incorrect conclusions on aneu-

rysm growth, the increase in size in some cases in this study was

much too large to be explained by this limitation of MRA imaging.

CONCLUSIONS
The geometric changes we found in aneurysms before and after rup-

ture show that direct comparison of these geometric and hemody-

namic features between series of ruptured and unruptured aneurysms

for assessment of risk factors should be considered with caution.
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Identification of the Inflow Zone of Unruptured
Cerebral Aneurysms: Comparison of 4D Flow MRI and

3D TOF MRA Data
K. Futami, H. Sano, K. Misaki, M. Nakada, F. Ueda, and J. Hamada

ABSTRACT

BACKGROUND AND PURPOSE: The hemodynamics of the inflow zone of cerebral aneurysms may be a key factor in coil compaction and
recanalization after endovascular coil embolization. We performed 4D flow MR imaging in conjunction with 3D TOF MRA and compared
their ability to identify the inflow zone of unruptured cerebral aneurysms.

MATERIALS AND METHODS: This series comprised 50 unruptured saccular cerebral aneurysms in 44 patients. Transluminal color-coded
3D MRA images were created by selecting the signal-intensity ranges on 3D TOF MRA images that corresponded with both the luminal
margin and the putative inflow.

RESULTS: 4D flow MR imaging demonstrated the inflow zone and yielded inflow velocity profiles for all 50 aneurysms. In 18 of 24
lateral-projection aneurysms (75%), the inflow zone was located distally on the aneurysmal neck. The maximum inflow velocity ranged
from 285 to 922 mm/s. On 4D flow MR imaging and transluminal color-coded 3D MRA studies, the inflow zone of 32 aneurysms (64%) was
at a similar location. In 91% of aneurysms whose neck section plane angle was �30° with respect to the imaging section direction on 3D TOF
MRA, depiction of the inflow zone was similar on transluminal color-coded 3D MRA and 4D flow MR images.

CONCLUSIONS: 4D flow MR imaging can demonstrate the inflow zone and provide inflow velocity profiles. In aneurysms whose angle of
the neck-section plane is obtuse vis-a-vis the imaging section on 3D TOF MRA scans, transluminal color-coded 3D MRA may depict the
inflow zone reliably.

ABBREVIATION: TC 3D MRA � transluminal color-coded 3D MRA

Although endovascular coil embolization has become a major

tactic to address cerebral aneurysms, recanalization or recur-

rence, which may result in rebleeding, are important problems.

Recanalization was reported in 6.1%–39.8% of patients who had

undergone endovascular treatment,1-6 and a meta-analysis found

that 20.8% of treated aneurysms recurred.3 The rate of rerupture

after endovascular treatment for ruptured aneurysms has ranged

from 0.11% to 5.3%,1,4,6 and the rupture rate in the first year after

coil embolization was reported as 2.5%7 and 2.2%.8 Because he-

modynamics acting on the aneurysmal inflow zone may play a key

role in the development of coil compaction or recanalization after

endovascular coil embolization, the aneurysmal inflow zone must

be packed densely to preserve the durability of aneurysm obliter-

ation and to prevent rerupture.9-15

The inflow through the aneurysmal neck into the dome can be

seen on 3D TOF MRA images.13,16,17 Satoh et al,16,17 who used con-

ventional 3D TOF MRA techniques to select threshold ranges based

on the signal intensity of the volume-rendering data, determined the

spatial signal-intensity distribution in aneurysms. They developed

transluminal color-coded 3D MRA (TC 3D MRA) to improve visu-

alization of the aneurysmal inflow. More recently, 4D flow MR im-

aging based on time-resolved 3D cine phase-contrast MR imaging

techniques was used to evaluate the hemodynamics of cerebral aneu-

rysms.18-27 However, 4D flow MR imaging requires additional time

for data acquisition, and TC 3D MRA may be a convenient alternative

to 4D flow MR imaging for identifying the aneurysmal inflow zone.

Here, we compared the ability of 4D flow MR imaging and TC

3D MRA to identify the inflow zone of cerebral aneurysms.

MATERIALS AND METHODS
The institutional review board of Mattoh-Ishikawa Central Hos-

pital approved this study; prior informed consent was obtained

from all patients.
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Materials
Our study included 50 unruptured saccular cerebral aneurysms

(44 patients); 24 were lateral projection and 26 were terminal

aneurysms. They were evaluated by 3D TOF MRA and 4D flow

MR imaging techniques. Of the 50 aneurysms, 2 were located on

the cavernous and 11 on the paraclinoid segment of the ICA; 8

were on the bifurcation of the ICA and the posterior communi-

cating artery; 1 was on the ICA bifurcation; 8 were on the anterior

communicating artery; 16, on the MCA bifurcation; and 4, on the

basilar artery bifurcation. The maximum diameters of the aneu-

rysms and the neck were 5.2 � 2.4 mm (range, 2.5–15 mm) and

4.1 � 1.7 mm (range, 1.5–11.3 mm), respectively.

MR Imaging
MR images were obtained on a 1.5T scanner (Magnetom Avanto;

Siemens, Erlangen, Germany) with a slew rate of 125 T/m/s. We

used an 8-channel head array coil. Volume datasets were acquired

by using a 3D TOF sequence with flow compensation in all 3

orthogonal directions. The imaging parameters for 3D TOF MRA

were the following: TR/TE/NEX, 35 ms/7.15 ms/average 1; flip

angle, 22°; FOV, 150 � 123 mm; z-coverage, 45.6 mm; 0.6-mm

thickness; 3 slabs; 30 sections per slab; slab interval, �4.2 mm;

matrix, 256 � 168 (512 � 336 with zero-filling interpolation pro-

cessing); voxel size, 0.59 � 0.73 � 0.6 mm (0.295 � 0.365 � 0.6

mm with zero-filling); bandwidth, 87 Hz/px; imaging time, 4

minutes 53 seconds; transaxial direction.

The details of 4D flow MR imaging are described else-

where.18-20 The imaging parameters were the following: TR/TE/

NEX, 33.05 ms/5.63 ms/average 1; flip angle, 22°; FOV, 200 � 200

mm; 0.8-mm thickness; 1 slab; 24 –26 sections per slab; z-cover-

age, 19.2 mm; matrix, 192 � 192; no interpolation processing;

voxel size, 1.04 � 1.04 � 0.8 mm; velocity-encoding, 80 cm/s;

bandwidth, 434 Hz/px; parallel imaging with reduction factor, 2;

imaging time, 20 –30 minutes depending on each patient’s heart

rate; transaxial direction; retrospective gating with electrocardio-

gram; 20 phases.

FIG 1. The distribution of group 1, 2, and 3 aneurysms and the 3 ranges
(0°–29°, 30°–59°, 60°–90°) of the angle of the section plane that iden-
tified the aneurysm orifice with respect to the imaging section direc-
tion on 3D TOF MRA (group 1, the location of the inflow zone was in
accord on 4D flow MR imaging and transluminal color-coded 3D MRA
scans; group 2, the location of the inflow zone was on the contralat-
eral side of the neck; group 3, the location of the inflow zone was
undefined). There was a significant difference in the distribution
among the angle ranges (P � .018). Of 11 aneurysms with the 0°–29°
angle range, 10 (90.9%) were assigned to group 1; and the others, to
group 3 (P � .072, compared with the other angle ranges).

Table 1: Aneurysm location and consistency of findings

Location Total

Accordant
(Group 1)

Contralateral
(Group 2)

Undefined
(Group 3)

P Value P Value P Value
ICA

Cavernous 2 1 1.0 (NS) 0 1.0 (NS) 1 .329 (NS)
Paraclinoid 11 6 .494 (NS) 5 .004 (S) 0 .093 (NS)
ICA-PcomA 8 6 .694 (NS) 1 1.0 (NS) 1 .666 (NS)
Bifurcation 1 0 .36 (NS) 0 1.0 (NS) 1 .220 (NS)
AcomA 8 7 .231 (NS) 0 .580 (NS) 1 .666 (NS)
MCA 16 10 1.0 (NS) 1 .406 (NS) 5 .297 (NS)
BA 4 2 .612 (NS) 0 1.0 (NS) 2 .206 (NS)

Total 50 32 7 11

Note:—S indicates significant; NS, not significant by the Fisher exact test adjusted for the P value threshold for each location; BA, basilar artery; AcomA, anterior communicating
artery; PcomA, posterior communicating artery.

Table 2: Aneurysm parameters: correlation of group 1 and group 2 and 3 aneurysmsa

Parameters Total

Accordant Contralateral Undefined

(Group 1) (Group 2) P Value (Group 3) P Value
MD 5.2 � 2.4 5.3 � 2.1 5.6 � 2.5 .570 (NS) 4.6 � 1.4 .823 (NS)
ND 4.1 � 1.7 4.2 � 1.7 4.3 � 1.7 .891 (NS) 3.7 � 1.7 .372 (NS)
MD/ND ratio 1.3 � 0.5 1.3 � 0.4 1.3 � 0.3 .608 (NS) 1.4 � 0.8 .616 (NS)
Maximum perpendicular height 4.1 � 1.3 4.0 � 1.4 4.2 � 1.2 .583 (NS) 4.1 � 1.3 .911 (NS)
Aspect ratio 1.1 � 0.5 1.0 � 0.3 1.0 � 0.4 .91 (NS) 1.3 � 0.7 .344 (NS)
Maximum height 4.3 � 1.4 4.3 � 1.4 4.4 � 1.3 .826 (NS) 4.2 � 1.4 .824 (NS)
Size ratio 1.6 � 0.6 1.7 � 0.7 1.4 � 0.4 .360 (NS) 1.6 � 0.5 .922 (NS)
Angle of neck section to imaging section 52.1 � 21.8 47.8 � 22.9 52.9 � 10.0 .375 (NS) 64.0 � 20.8 .045 (S)
Maximum inflow velocity 577 � 164 604 � 169 449 � 159 .029 (S) 583 � 136 .721 (NS)
MRA signal intensity 355 � 69.0 356 � 64.6 348 � 56.8 .752 (NS) 356 � 91.6 .955 (NS)

Note:—NS indicates not significant by the comparison test adjusted for the P value threshold for each parameter; MD, maximum diameter; ND, neck diameter.
a Data are means.
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The 3D datasets obtained by 4D flow MR imaging were ana-

lyzed with commercially available software (Flova II, Version

2.8.6; R’tech Co, Hamamatsu, Japan). On the basis of the 3D TOF

MRA datasets, the vascular structures were segmented by using

the region-growing method.28 Vascular shapes were created with

the “marching cubes” method.29 For visualization of 3D flow in-

formation, the 3D datasets obtained by 4D flow MR imaging were

converted to pixel datasets at a spatial resolution of 0.5 � 0.5 �

0.5 mm by a function of the software. To evaluate the inflow area,

we selected a section plane corresponding to the aneurysmal ori-

fice. Cerebral aneurysms with a complicated neck configuration

were excluded from this study. Three of the authors (K.F., M.N.,

and F.U.) determined the window width and level of all datasets

and selected the section plane of the neck. Each had �15 years of

experience; decisions were made by consensus. The inflow zone

obtained by 4D flow MR imaging was defined as the orifice area

where components vertical to the section plane of the inflow vec-

tors exceeded 60% of the maximum inflow velocity at peak sys-

tole; automatic depiction was as an animation image.

Details on the reconstruction of TC 3D MRA images have been

described elsewhere.16,17 Briefly, volume data comprising 76

source axial images were transferred to a workstation with medi-

cal visualization software (Zio Station 2, Version 2.1; AMIN, To-

kyo, Japan). Using a perspective volume-rendering algorithm, we

created TC 3D MRA images by selecting a

histogram of the signal intensity of vol-

ume-rendering 3D TOF MRA data that

corresponded to the luminal margin (sig-

nal intensity; 145–160) and by determin-

ing the depiction range of the signal-in-

tensity distribution in the aneurysmal

lumen. On TC 3D MRA images, the lumi-

nal margin was visualized as a series of

rings. The putative inflow zone on TC 3D

MRA images was defined as the part of the

orifice where the area of high MR signal

intensity continued through the orifice

into the aneurysmal lumen. The MR sig-

nal intensity used to identify the inflow

zone ranged from 240 to 550 (mean;

355 � 69.0).

Data Analysis
We compared the inflow zone of the cere-

bral aneurysms identified by TC 3D MRA

and 4D flow MR imaging. We also com-

pared data obtained by these methods

with respect to the aneurysm location,

morphologic parameters, maximum in-

flow velocity, MRA signal intensity of

the inflow, and angle of the section plane

that identified the aneurysm orifice with

respect to the imaging section direc-

tion on 3D TOF MRA. The morphologic

parameters included the maximum di-

ameter of the aneurysm and its neck,

the maximum perpendicular height, the

maximum height, the aspect ratio, and

the size ratio of the aneurysm.30-32 Each numeric value of the

various parameters was determined as the mean of the nearest 2

values independently estimated by the 3 readers.

Data are expressed as the mean � SD. For statistical analysis,

we used the Student t test or the Mann-Whitney U test for con-

tinuous variables and the Fisher exact test for categoric variables.

A P value � .05 was considered significant.

RESULTS
4D flow MR imaging demonstrated the inflow zone and the in-

flow velocity profiles. In 18 of the 24 lateral-projection aneu-

rysms, the inflow zone was in the distal neck; in 2, it was in the

proximal neck; and in 4, it was on the other side of the neck. In

these 24 aneurysms, there was no significant difference with re-

spect to their location or morphologic parameters. In all 26 ter-

minal aneurysms, the inflow zone encompassed a line extending

from the central axis of the parent artery. Maximum inflow veloc-

ity ranged from 285 to 922 mm/s (mean, 577 � 164 mm/s).

In 32 aneurysms (group 1, 64%), the location of the inflow

zone was in accord on 4D flow MR imaging and TC 3D MRA

scans; in 7 (group 2, 14%), it was on the contralateral side of the

neck, and in 11 (group 3, 22%), its location was undefined. We

looked for factors involved in the consistency of findings made by TC

3D MRA and 4D flow MR imaging with respect to the location of the

FIG 2. Case 1. A 75-year-old woman with an unruptured right ICA–posterior communicating
artery bifurcation aneurysm. A, 3D TOF MRA image. B, 4D flow MR image demonstrates the
inflow area (red) on the section plane and yields inflow velocity profiles. The angle of the section
plane that determines the aneurysm orifice with respect to the imaging section direction on 3D
TOF MRA is 73°. C, 4D flow MR image demonstrates the inflow zone (red). D, TC 3D MRA image
depicts the putative inflow zone located on the distal neck. Red indicates the area where the MR
signal intensity exceeded 375.
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inflow zone (Tables 1 and 2). In 11 aneurysms on the paraclinoid

segment of the ICA, there was a significant correlation with findings

that located the inflow zone on the contralateral side of the neck (P �

.004). The maximum inflow velocity was significantly lower in group

2 than group 1 aneurysms (449 � 159 versus 583 � 136 mm/s, P �

.029). There was no significant difference with respect to morpho-

logic parameters and the MRA signal intensity.

The angle of the section plane of the neck with respect to the

imaging section on 3D TOF MRA was significantly lower in group

1 than in group 3 (47.8 � 22.8° versus 64.0 � 20.8°, P � .045)

(Table 2). Figure 1 shows the distribution of group 1, 2, and 3

aneurysms and the degree ranges (0°–29°, 30°–59°, 60°–90°) of the

angle of the section plane with respect to the imaging section. The

difference in the distribution among the 3 degree ranges was sig-

nificant (P � .018). Ten of 11 aneurysms with an angle range of

0°–29°(90.9%) were in group 1; the other was a group 3 aneurysm

(P � .072, compared with the other angle ranges).

Case Presentation
Case 1. Case 1 was a 75-year-old woman with an incidentally de-

tected unruptured aneurysm at the right ICA–posterior commu-

nicating artery bifurcation. Its maximum diameter and neck di-

ameter were 8.0 and 4.6 mm, respectively (Fig 2A). The angle of

the section plane that identified the aneurysm orifice with respect

to the imaging section direction on 3D

TOF MRA was 73°. 4D flow MR imaging

demonstrated that the flow entered

through the distal neck of the aneurysmal

orifice (Fig 2B). At peak systole, the max-

imum inflow velocity was 536 mm/s. 4D

flow MR imaging placed the inflow zone

on the distal side of the orifice (Fig 2C).

We used red color coding to identify the

area where the MR signal intensity ex-

ceeded 375 on TC 3D MRA images (Fig

2D). Consistent with the findings re-

turned by 4D flow MR imaging, the in-

flow entered the aneurysmal lumen on

the distal side of the neck. This aneurysm

was placed in group 1.

Case 2. Case 2 was a 58-year-old woman

with an unruptured multilobulated an-

eurysm at the left MCA bifurcation. The

aneurysmal maximum diameter and

neck measured 5.1 and 5.0 mm, respec-

tively (Fig 3A). The angle of the section

plane that identified the orifice with re-

spect to the imaging section direction

on 3D TOF MRA was 25°. 4D flow MR

imaging showed that the inflow entered

through the distal neck of the aneurys-

mal orifice (Fig 3B). The maximum in-

flow velocity was 301 mm/s. The inflow

zone was located at the distal neck (Fig

3C). On TC 3D MRA images, the area

with a signal intensity of �320 sug-

gested that the inflow entered through

the distal neck (Fig 3D). This aneurysm

was recorded as a group 1 aneurysm.

Case 3. Case 3 was a 51-year-old woman who presented with a

medially projecting unruptured aneurysm on the paraclinoid

segment of the left ICA (Fig 4A). The maximum diameters of

the aneurysm and the neck were 5.4 and 2.9 mm, respectively.

The angle of the section plane that identified the aneurysmal

orifice with respect to the imaging section direction on 3D TOF

MRA was 56°. 4D flow MR imaging showed that the inflow

entered through a small area on the distal neck (Fig 4B) where

the inflow zone was located (Fig 4C); maximum inflow velocity

was 285 mm/s. On TC 3D MRA images, color coding of the

area with a signal intensity of �300 suggested that the inflow

entered through the proximal neck and flowed along the an-

eurysm wall (Fig 4D). Because these findings suggested that the

putative inflow zone was located on the proximal rather than

the distal neck, this aneurysm was placed in group 2.

Case 4. Case 4 was a 70-year-old man who presented with a

medially projecting, unruptured aneurysm on the paraclinoid

segment of the right ICA (Fig 5A). The maximum diameters of

the aneurysm and neck were 3.6 and 4.0 mm, respectively. The

angle of the section plane that identified the aneurysm orifice

with respect to the imaging section direction on 3D TOF MRA

FIG 3. Case 2. A 58-year-old woman with an unruptured multilobulated aneurysm at the left
MCA bifurcation. A, 3D TOF MRA. B, 4D flow MR imaging demonstrates inflow entering
through the distal neck of the aneurysmal orifice. The angle of the section plane that
identifies the aneurysmal orifice with respect to the imaging section direction on 3D TOF
MRA is 25°. C, 4D flow MR imaging demonstrates the inflow zone (red). D, TC 3D MRA depicts
the putative inflow zone located on the distal neck. Red indicates the area where the MR
signal intensity exceeds 320.

1366 Futami Jul 2014 www.ajnr.org



was 65°. 4D flow MR imaging showed that the flow entered the

aneurysmal lumen through an area along the distal margin of

the neck (Fig 5B). The inflow zone was located on the distal

neck (Fig 5C). The maximum inflow velocity was 406 mm/s.

On TC 3D MRA images, color coding of the area with a signal

intensity of �395 suggested that inflow entered through the

proximal neck (Fig 5D). We posited that the putative inflow

zone was located on the proximal rather than the distal neck

and placed this aneurysm in group 2.

Case 5. Case 5 was a 65-year-old man with an unruptured lateral-

projection aneurysm on the cavernous segment of the left ICA.

The maximum diameters of the aneurysm and the neck were 7.3

and 6.8 mm, respectively (Fig 6A). The angle of the section plane

that identified the aneurysm orifice with respect to the imaging

section direction on 3D TOF MRA was 86°. By 4D flow MR im-

aging, the inflow entered through the lateral half of the aneurys-

mal orifice (Fig 6B). The inflow zone was located on the side

lateral to the neck (Fig 6C). The maximum inflow velocity was 647

mm/s. However, on TC 3D MRA images, identification of the area

with a signal intensity of �410 suggested that the putative inflow

zone was located on the distal neck (Fig 6D). This aneurysm was

assigned to group 3.

DISCUSSION
Graves et al9 studied a canine carotid an-

eurysm model and reported that aneu-

rysms exhibited 3 distinct flow zones: an

inflow zone, an outflow zone, and a cen-

tral slow flow vortex. They stressed the

importance of packing the inflow zone for

successful aneurysm obliteration. Coils

placed in the inflow zone block the impact

exerted by the blood stream on the aneu-

rysmal wall and induce thrombosis for-

mation within the dome.9,15 After endo-

vascular treatment, the water hammer

effect of the blood flow results in coil

compaction in the inflow zone and recan-

alization.10,15 Valencia et al14 observed

high wall shear stress and increased pres-

sure in the inflow zone; both are related to

the regrowth and rerupture of cerebral

aneurysms. Therefore, to obtain good

treatment outcomes, one must identify

the exact location of the inflow zone and

evaluate the hemodynamics in this area.

During the coil embolization proce-

dure, DSA may yield information on the

temporally resolved hemodynamics and

may help to identify the inflow zone.

However, the information provided by

this conventional method is limited. It

cannot be used for the acquisition of

quantitative variables of various hemody-

namic parameters or of data at arbitrary

time points in the cardiac cycle, and it is

not 3D. Furthermore, DSA information

can be affected by the speed or direction of the injected contrast

medium and even by the mass effect of an inserted catheter.

4D flow MR imaging facilitates the direct, noninvasive mea-

surement of the in vivo 3D blood flow and its velocity in the

vascular region of interest.33-35 Technologic advances in MR im-

aging have made it possible to assay the flow condition in aneu-

rysms by 4D flow MR imaging.18,19 Both 4D flow MR imaging and

computational fluid dynamics studies, used to evaluate the hemo-

dynamics of cerebral aneurysms, returned similar results with

respect to velocity distributions, inflow streamlines, and intra-

aneurysmal flow patterns in human cerebral19,21,23 and experi-

mental canine aneurysms.36 In addition, 4D flow MR imaging

results were validated by computational fluid dynamics studies

performed on a life-size human aneurysm phantom.37-39 More-

over, previous studies confirmed the feasibility of depicting the

aneurysmal inflow.18,20,23,26,27 Consequently, 4D flow MR imag-

ing is the criterion standard for the identification of the inflow

zone of cerebral aneurysms.

According to others,11,13,40 the inflow zone of lateral-projection

aneurysms was located on the distal neck. However, in 6 of our 24

lateral-projection aneurysms (25%), it was found on the other side of

the neck. Because these 6 aneurysms did not differ in their location

FIG 4. Case 3. A 51-year-old woman with a medially projecting unruptured aneurysm on the
paraclinoid segment of the left ICA. A, 3D TOF MRA image. B, 4D flow MR imaging demon-
strates flow entering through the distal neck. The angle of the section plane that identifies
the aneurysm orifice with respect to the imaging section direction on 3D TOF MRA is 56°. C,
4D flow MR imaging shows the inflow zone (red). D, TC 3D MRA image depicts the putative
inflow zone on the proximal neck. Red indicates the area where the MR signal intensity
exceeds 300.
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and morphologic parameters from aneurysms whose inflow zone

was on the distal neck, it is important to identify the exact location of

the inflow zone even in lateral-projection aneurysms. The range of

maximum inflow was very wide (285–922 mm/s). High inflow veloc-

ity might be a predisposing factor for coil compaction or recanaliza-

tion after endovascular coil embolization.

We investigated whether TC 3D MRA represents a convenient

alternative to 4D flow MR imaging for identifying the aneurysmal

inflow zone. We found that in 64% of our aneurysms (group 1),

the inflow zone identified on TC 3D MRA and 4D flow MR im-

aging coincided, while in 14%, especially in paraclinoid aneu-

rysms, the 2 methods localized the inflow zone on opposite sides

of the neck (group 2). To identify aneurysms whose inflow zone is

reliably depicted on TC 3D MRA images without the aid of 4D

flow MR imaging, we looked for factors that played a role in the

consistency of findings made with TC 3D MRA and 4D flow MR

imaging. Neither the aneurysm location, morphologic parame-

ters, nor the MRA signal intensity of the inflow could predict the

consistency.

The signal intensity of 3D TOF MRA is mainly affected by the

flow velocity.41-44 In this study, the maximum inflow velocity in

our group 2 aneurysms was significantly lower than that in group

1 (P � .029). The sensitivity of 3D TOF MRA, on the other hand,

is affected by the direction of the blood flow.41-44 We measured

the angle of the section plane that identi-

fied the aneurysm orifice with respect to

the imaging section direction on 3D TOF

images. This angle was significantly

smaller in group 1 than in group 3 aneu-

rysms (P � .045). In 10 of 11 aneurysms

(91%) whose angle ranged from 0° to 29°,

the inflow zone was at a similar location

on 4D flow MR imaging and TC 3D MRA

studies. In the remaining aneurysm, 3D

TOF MRA failed to depict the putative in-

flow zone. Our findings suggest that if 3D

TOF MRA can depict the putative inflow

zone in aneurysms whose neck has a sec-

tion plane angle below 30° with respect to

the imaging section direction, the infor-

mation it yields is very precise. Concentric

flow conditions such as slow or turbulent

flow may lead to a regional elimination of

TOF signal intensities,41-44 and this may

result in misidentification of the inflow

zone on 3D TOF MRA images. However,

in this study, no aneurysms were excluded

due to signal loss when estimating the in-

flow zone and measuring morphologic

parameters. Moreover, in conjunction

with interpolation methods for 3D TOF

MRA, the voxel dimensions may affect

TOF signal intensities.42-44 Further stud-

ies are needed to improve the accuracy of

3D TOF MRA results,.

Our study has some limitations. First,

because most of the aneurysms were part

of a long-term follow-up study, many of the included small and

wide-neck aneurysms were not candidates for endovascular coil

embolization. Second, for 4D flow MR imaging to evaluate the

inflow zone, we used a section plane that corresponded to the

aneurysm orifice. This rendered difficult the 4D flow MR im-

aging of cerebral aneurysms whose neck configuration was

complicated, and such aneurysms were excluded from the

present study. Third, the spatial resolution of both 4D flow MR

imaging and 3D TOF MRA is limited. Although we expected the

visibility of the inflow zone of small aneurysms to be poor on both

types of study, there was no significant difference in our ability to

identify the inflow zone in groups categorized by the maximum di-

ameter of the aneurysm (data not shown). On 4D flow MR images,

the spatial averaging effect and the partial volume effect may result in

incorrect flow estimation.18 To evaluate the flow condition in aneu-

rysms with a minimum diameter of 2.0 mm, a spatial resolution of

0.5 mm in the isotropic voxel dimensions may be desirable.37 Be-

cause the number of aneurysms included in this study was relatively

small, larger series are needed to identify the role of aneurysmal size.

CONCLUSIONS
We recommend that before endovascular coil embolization,

the exact location of the inflow zone be identified, even in

FIG 5. Case 4. A 70-year-old man with a medially projecting, unruptured aneurysm on the paracli-
noid segment of the right ICA. A, 3D TOF MRA image. B, 4D flow MR image shows that the inflow
enters through the area along the distal margin of the neck. The angle of the section plane that
identifies the aneurysm orifice with respect to the imaging section direction on 3D TOF MRA is 65°.
C, 4D flow MR imaging shows the inflow zone (yellow). D, TC 3D MRA image depicts the putative
inflow zone on the proximal neck. Red indicates the area where the MR signal intensity exceeded 395.
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lateral-projection aneurysms. 4D flow MR imaging can dem-

onstrate the inflow zone and provide inflow velocity profiles.

In aneurysms whose neck section plane angle is �30° with

respect to the imaging section direction on 3D TOF MRA im-

ages, TC 3D MRA may depict the inflow zone reliably. Further

studies on the hemodynamics of the inflow zone are needed to

clarify the mechanisms of coil compaction or recanalization in

patients with cerebral aneurysms treated by endovascular coil

embolization.
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39. van Ooij P, Potters WV, Guédon A, et al. Wall shear stress estimated
with phase contrast MRI in an in vitro and in vivo intracranial an-
eurysm. J Magn Reson Imaging 2013;38:876 – 84

40. Byun HS, Rhee K. CFD modeling of blood flow following coil em-
bolization of aneurysms. Med Eng Phys 2004;26:755– 61

41. Bradley WD, Walunch V. Blood flow: magnetic resonance imaging.
Radiology 1985;154:443–50

42. Sevick RJ, Tsuruda JS, Schmalbrock P. Three-dimensional time-of-
flight MR angiography in the evaluation of cerebral aneurysms.
J Comput Assist Tomogr 1990;14:874 – 81

43. Schuierer G, Huk WJ, Laub G. Magnetic resonance angiography of
intracranial aneurysms: comparison with intra-arterial digital sub-
traction angiography. Neuroradiology 1992;35:50 –54

44. Kim SE, Parker DL. Time-of-flight angiography. In: Carr JC, Carroll
TJ, eds. Magnetic Resonance Angiography: Principles and Applications.
Vol 39. New York: Springer-Verlag Science�Business Media; 2012

1370 Futami Jul 2014 www.ajnr.org



ORIGINAL RESEARCH
INTERVENTIONAL

Natural Course of Dissecting Vertebrobasilar Artery
Aneurysms without Stroke

N. Kobayashi, Y. Murayama, I. Yuki, T. Ishibashi, M. Ebara, H. Arakawa, K. Irie, H. Takao, I. Kajiwara,
K. Nishimura, K. Karagiozov, and M. Urashima

ABSTRACT

BACKGROUND AND PURPOSE: The natural history and therapeutic management of dissecting vertebrobasilar aneurysms without
ischemic or hemorrhagic stroke (nonstroke dissecting vertebrobasilar aneurysms) are not well-established. We conservatively followed
patients with nonstroke dissecting vertebrobasilar aneurysms and evaluated the factors related to clinical and morphologic deterioration.

MATERIALS AND METHODS: One hundred thirteen patients were enrolled and divided by clinical presentation at diagnosis: asymptom-
atic (group 1, n � 52), pain only (group 2, n � 56), and mass effect (group 3, n � 5). Patients were conservatively managed without
intervention and antithrombotic therapy. Clinical outcomes and morphologic changes were analyzed.

RESULTS: A total of 113 patients who were diagnosed with nonstroke dissecting vertebrobasilar aneurysm had a mean follow-up of 2.9
years (range, 27 days to 8 years). Throughout that period, 1 patient in group 1 (1.9%) and 1 patient in group 2 (1.8%) showed clinical
deterioration due to mass effect, and 1 patient in group 3 (20%) developed ischemic stroke followed by subarachnoid hemorrhage. Most
patients (97.3%) were clinically unchanged. Three patients who had clinical deterioration showed aneurysm enlargement (P � .001).
Aneurysms remained morphologically unchanged in 91 patients (80.5%). Aneurysm enlargement was seen in 5 patients (4.4%); risk of
enlargement was significantly associated with either maximum diameter (hazard ratio � 1.30; 95% CI, 1.11–11.52; P � .001) or aneurysm �10
mm (hazard ratio � 18.0; 95% CI, 1.95–167; P � .011).

CONCLUSIONS: The natural course of these lesions suggests that acute intervention is not always required and close follow-up without
antithrombotic therapy is reasonable. Patients with symptoms due to mass effect or aneurysms of �10 mm may require treatment.

ABBREVIATIONS: DVBA � dissecting vertebrobasilar aneurysm

The detection and diagnosis of dissecting vertebrobasilar aneu-

rysms without ischemic or hemorrhagic stroke (nonstroke

DVBAs) have increased due to recent advancements in noninva-

sive brain imaging screening techniques. At the same time, the

natural history of nonstroke DVBA is unknown.1,2 Furthermore,

the risks and benefits of antiplatelet or anticoagulation therapy for

nonstroke DVBA are unclear. The aim of this study was to evalu-

ate the natural course of nonstroke DVBA by identifying the fac-

tors associated with clinical and morphologic deterioration and

thus contributing to the optimal management strategy.

MATERIALS AND METHODS
From October 2003 to April 2012, one hundred fifty-five patients

at our institution were diagnosed with intracranial DVBA, de-

fined as a nonsaccular aneurysm located at a nonbranching site of

the vertebrobasilar artery system. Patients with subarachnoid

hemorrhage (n � 11), ischemic stroke (n � 8), prior surgery (n �

11), and a single visit for a second opinion (n � 12) were excluded;

thus, 113 patients were enrolled prospectively in this study. It was

approved by the institutional review board of our university, and

informed consent was obtained from all patients for inclusion.

The 113 patients were divided into 3 groups based on their

clinical presentation at diagnosis. Group 1 included asymptom-

atic patients who were diagnosed incidentally on a prophylactic

brain screening MRA study (n � 52), group 2 patients presented

with pain only (n � 56), and group 3 patients presented with mass

effect from the aneurysm (n � 5). A history of pain was consid-

ered relevant only when the patient had a sudden onset of neck or

back pain and the date and timing were clearly indicated (Table

1). Patients were followed conservatively with noninvasive imag-
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ing studies, without endovascular or surgical intervention. The

existence of pre-existing conditions and risk factors, such as hy-

pertension, hyperlipidemia, and current smoking, was evaluated;

however, antiplatelet or anticoagulation therapy was not applied

in addition to their pre-existing management.

Radiographic evaluation was performed by using 3D-CTA

(Somatom Sensation 16; Siemens, Erlangen, Germany) according

to our currently accepted protocol. The parameters include

FOV � 180, 100 kV, 250 mA, 60-mL contrast at 4 mL/s. The data

were transferred to a 3D workstation (TeraRecon, San Mateo,

California) by using stretch view software, and the maximum di-

ameter of each aneurysm was measured (including the parent

artery, n � 92) (Fig 1). Patients who had contraindications or

refused contrast-enhanced CTA (n � 21) were evaluated by MR

angiography (Magnetom Symphony 1.5T; Siemens), and their

aneurysms were measured by using axial source images from

time-of-flight sequences. All 113 patients were observed with con-

secutive 3D-CTA and/or MRA TOF. Morphologic evaluation

classified results as “unchanged,” “improved,” or “enlarged.”

“Improved” was defined as any reduction by �1 mm in aneurysm

diameter or normalization of pearl-and-strings findings (ie, ste-

nosis normalization).

Clinical outcomes were evaluated with the modified Rankin

Scale, and “deteriorated” was defined as �1 point deterioration

on the scale.

To find the factors related to clinical and morphologic

changes, we also included the following criteria: sex, size (�10

mm versus �10 mm), initial presentation, pre-existing diseases,

and smoking history.

Statistical Analysis
Associations between clinical presenta-

tion at diagnosis (asymptomatic, pain,

and mass effects) and patient character-

istics were evaluated by using the �2 test

and analysis of variance. Associations

between reduction or enlargement in

aneurysm size and clinical presentation

at diagnosis and the size of aneurysms

and other possible confounders (age,

sex, hypertension, diabetes, hyperlipid-

emia, and smoking status) were evalu-

ated by using the Cox proportional haz-

ards model. Then, significant variables

in the models were applied to a multivar-

iate analysis. Two-sided P values � .05

were considered statistically significant.

All statistical analyses were performed

by using STATA 12.0 (StataCorp, Col-

lege Station, Texas).

RESULTS
Patient Characteristics
The final cohort consisted of 113 pa-

tients, ranging from 31 to 78 years of age

FIG 1. 3D-CTA reconstruction on the TeraRecon workstation and stretch view evaluating enlargement of the aneurysm diameter. Initial findings
show a maximum diameter, 10.2 mm (A). Follow-up findings after 2 years show an increased maximum diameter, 12.2 mm (B). a, Volume rendering
image (arrow indicates an aneurysm). b, Translucent image. c, MIP image of the stretch view. d, Calculated diameter.

Table 1: Patient characteristics stratified by clinical presentation at diagnosis
Group 1:

Asymptomatic
(n = 52)

Group 2:
Pain

(n = 56)

Group 3:
Mass Effects

(n = 5) P Value
Age (yr) (mean) (SD)a 59.3 (9.4) 51.1 (10.6) 54.0 (11.7) .0002a

Male (No.) (%) 38 (73.1) 44 (78.6) 4 (80.0) .78b

Hypertension (No.) (%) 35 (67.3) 19 (33.9) 2 (40.0) .002b

Diabetes (No.) (%) 1 (1.9) 5 (8.9) 0 (0.0) .23b

Hyperlipidemia (No.) (%) 7 (13.5) 14 (25.0) 2 (40.0) .18b

Current smoker (No.) (%) 24 (46.2) 26 (46.4) 1 (20.0) .51b

Initial size of aneurysm (mean) (SD)a 7.7 (3.3) 7.2 (3.2) 10.2 (3.5) .12a

Aneurysm location (No.) (%) .70b

Left VA 18 (34.6) 25 (44.6) 1 (20.0)
Right VA 26 (50) 26 (46.4) 3 (60.0)
Bilateral VA 5 (9.6) 5 (8.9) 1 (20.0)
BA 2 (3.8) 0 (0.0) 0 (0.0)
Both VA and BA 1 (1.9) 0 (0.0) 0 (0.0)

Radiologic changes �.001b

Improved (No.) (%) 1 (1.9) 15 (26.8) 1 (20.0) �.001c

Unchanged (No.) (%) 50 (96.2) 38 (67.9) 3 (60.0) �.001d

Enlarged (No.) (%) 1 (1.9) 3 (5.4) 1 (20.0) .15e

Clinical course .048f

Stable (No.) (%) 51 (98.1) 55 (98.2) 4 (80.0)
Deteriorated (No.) (%) 1 (1.9) 1 (1.8) 1 (20.0)

Note:—VA indicates vertebral artery; BA, basilar artery.
a P value was calculated by analysis of variance.
b P value was calculated by the �2 test.
c P value was calculated by the �2 test between improved or not improved.
d P value was calculated by the �2 test between unchanged or changed, either improved or enlarged.
e P value was calculated by the �2 test between enlarged or not enlarged.
f P value was calculated by the �2 test between clinically stable or deteriorated.
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(mean, 55 years) and 86 men (76%). The mean follow-up was 2.9

years (range, 27 days to 8 years). Fifty-six (49.6%) patients had a

history of hypertension; 51 (45.1%), smoking history; and 23

(20.4%) a history of hyperlipidemia. Patients with hypertension and

hyperlipidemia were on medication according to their physicians’

prescriptions. Patients in group 1 were significantly older than those

in group two: 59.3 years versus 51.1 years, respectively. Hypertension

was more prevalent in group 1 than in the other 2 groups.

Clinical Findings
Of 113 patients, 3 deteriorated during the study period, and the

incidence of clinical deterioration was significantly higher in

group 3 (P � .048). One patient in group 3 (0.9%) developed an

ischemic stroke (Wallenberg syndrome) and was admitted to an-

other institution where the patient received anticoagulation ther-

apy. Subsequently, the patient had SAH (Hunt and Hess grade 2)

and was transferred back to our institution, where endovascular

obliteration was performed. Two patients (1.8%), 1 in group 1

and 1 in group 2, experienced new clinical symptoms due to mass

effect (Tables 1 and 2).

Radiologic Findings
Radiologic evaluation of aneurysm size revealed a statistically sig-

nificant difference (P � .001) among the 3 groups: In most of the

patients in group 1 (96.2%), aneurysm size remained unchanged,

in contrast to 26.8% of patients in group 2% and 20% in group 3

in whom aneurysm size became smaller.

On the basis of proportional hazards models, pain as a clinical

presentation at diagnosis significantly increased the chance for

aneurysm reduction. In contrast, larger maximum aneurysm di-

ameter and hypertension at diagnosis were associated with less

possibility of aneurysm reduction. Using an adjustment with sig-

nificant variables, a multiple regression analysis found that pain

and aneurysm size at diagnosis were still significantly associated

with aneurysm reduction (Table 3).

Next, similar to our analysis of the factors associated with an-

eurysm reduction, we analyzed the factors associated with aneu-

rysm enlargement. The risk of aneurysm enlargement was signif-

icantly associated with either maximum diameter (hazard ratio �

1.30; 95% CI, 1.11–11.52; P � .001) or aneurysm of �10 mm

(hazard ratio � 18.0; 95% CI, 1.95–167; P � .011) (Table 4). All 3

patients who clinically deteriorated showed enlarged aneurysms,

and that association was statistically significant (P � .001),

though the number was small.

DISCUSSION
Management Strategy and Clinical Findings
Reports of incidentally found DVBAs are rare, but the detection of

DVBAs is rising due to increased and improved screening by brain

imaging. Therapeutic management of patients with DVBA who are

asymptomatic or present only with pain remains controversial and is

not well-established.2,3 DVBA with pain is considered a critical con-

dition predictive of stroke, for which either a surgical or endovascular

Table 2: Cases with radiologic and clinical deterioration
Patient No.

(age �yr�)/sex)
Initial

Size (mm)
Maximum
Size (mm)

Follow-Up
Period (mo) Clinical Deterioration Treatment

48/M 21.2 27.5 91.1 Cerebellar ataxia Endovascular trapping
59/F 17.7 25.9 19.2 Cerebellar ataxia, dysphagia Endovascular trapping
43/F 16.1 18.3 20.4 Wallenberg syndrome, SAH Endovascular trapping
35/M 9.1 12.3 35.4 None Stent-assisted coiling
48/M 10.1 12 8.3 None Stent-assisted coiling

Table 3: Cox proportional hazards model to find factors associated with aneurysm reduction
Single Cox Proportional

Hazards Model
Multiple Cox Proportional

Hazards Modela

Hazard Ratio 95% CI P Value Hazard Ratio 95% CI P Value
Age (yr) 0.93 0.89–0.98 .003 0.99 0.93–1.05 .63
Male sex 0.68 0.25–1.86 .46
Clinical presentation at diagnosis

Asymptomatic Reference – – Reference – –
Pain 14.7 1.94–111 .009 3.63 0.38–34.8 .26
Mass effect 7.94 0.50–127 .14 13.3 0.59–299 .10

Size
Maximum diameter (mm) 0.61 0.46–0.82 .001 0.58 0.41–0.84 .004
�10 mm 0.29 0.04–2.26 .24

Hypertension 0.08 0.02–0.35 .001 0.12 0.02–0.70 .018
Diabetesb

Hyperlipidemia 0.47 0.11–2.08 .32
Smoking 0.78 0.29–2.13 .63
Location

Left 1.39 0.16–12.5 .77
Right 2.87 0.37–22.1 .31
Bilateral Reference

Note:—CI indicates confidence interval.
a Variables that were statistically significant in single Cox proportional hazards models were used in the multiple Cox proportional hazards models. The cutoff point of the
P value was set at �.05.
b All 6 patients with diabetes were excluded from this analysis because their aneurysms were unchanged.
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approach is the treatment of choice.4-6 Rabinov et al7 reported on 28

patients with DVBA who were treated surgically or endovascularly; 2

patients presented with pain only, of whom 1 was surgically treated

and rated a score of 3 on the modified Rankin Scale. Ahn et al5 re-

ported their endovascular treatment of 14 patients with DVBA, of

whom 5 presented with headache only. In our series, none of the

patients who presented with pain only at diagnosis had a hemor-

rhagic or ischemic stroke during observation. On the basis of our

results, aggressive interventional treatment may not be necessary for

patients with DVBA presenting with pain only.

The establishment of optimal medical management is also

controversial. Kim et al8 reported their large series of 191 patients

with unruptured vertebrobasilar artery dissections, including

ischemic and nonischemic symptoms, in which 81 patients pre-

sented with headache only. All were treated either endovasculary

(n � 46) or by medical therapy with anticoagulation (n � 49),

antiplatelet therapy (n � 48), or analgesics (n � 48). The necessity

for anticoagulation or antiplatelet therapy remains unclear; our

results, at least, do not prove the necessity for anticoagulation or

antiplatelet therapy for patients presenting with pain only.

We did not use any antiplatelet or anticoagulation therapy during

observation. One patient who presented with mass effect at diagnosis

had a brain stem infarction during observation and was admitted to

another hospital. The patient received anticoagulation therapy and

subsequently experienced SAH. Some similarities can be found with

Tsutsumi et al,9 who reported a vertebral artery dissection causing

SAH in a similar patient who had initially presented with infarction

and had received antiplatelet agent therapy. Thus, pain management

and blood pressure control are recommended for patients presenting

with pain only or ischemic symptoms.

Yasui et al10 reported their histopathologic findings of inci-

dentally detected fusiform vertebrobasilar aneurysms, which

demonstrated intimal thickening, disruption of the internal elas-

tic lamina, and degeneration of the media. They concluded that an

incidental fusiform vertebrobasilar aneurysm has the potential to

develop into a dissecting aneurysm. In our series, only 1 patient

with an incidentally found DVBA experienced clinical deteriora-

tion and aneurysm growth during observation.

Morphologic Changes
Observation with serial radiologic examinations should be per-

formed on patients with unruptured DVBAs. Most of the DVBAs

in group 1 did not show morphologic findings in the vessel wall.

Sato et al11 showed that disrupted internal elastic lamina, covered

with intimal thickening, is commonly found at postmortem ex-

amination in normal intracranial vertebral arteries of patients

who died of causes other than intracranial lesions. Most of the

incidentally detected lesions occurred silently or with minor

headache and vessel wall healing occurred silently.

Ahn et al12 reported the difference in the morphologic evolu-

tion of the lesion; 25 of 34 symptomatic intracranial vertebrobasi-

lar dissections with dilation without stenosis had no change com-

pared with their initial shape. Pozzati et al13 described cases of

spontaneous resolution of fusiform aneurysm in the vertebro-

basilar system proved by angiography. Naito et al1 reported that

angiographic features of vertebral artery dissection changed for 12

of 20 patients (60%) and that deterioration of features was seen in

4 cases (20%). Nakagawa et al14 reported serial angiographic

changes in 88.2% of unruptured vertebral artery dissections. In

our series, morphologic changes were observed in 22 of 113 pa-

tients (19.5%) and 5 (4.4%) had DVBAs that enlarged. As for

DVBAs having the possibility of changing morphologically, we

suggest serial radiologic follow-up for nonstroke DVBAs.

Mizutani15 reported on 44 patients who presented with non-

ischemic unruptured dissections in the vertebrobasilar system, of

which 10 DVBAs improved, 4 enlarged, and 1 ruptured during

observation. Mangrum et al16 reported that enlargement of non-

saccular intracranial aneurysms correlated significantly with me-

dian aneurysm diameter and symptomatic compression at diag-

nosis. Flemming et al17 reported that the annual prospective risk

of hemorrhage from a vertebrobasilar artery nonsaccular intra-

cranial aneurysm is 0.9% and that an aneurysm diameter of at

least 10 mm is strongly indicative of future rupture. In our series,

aneurysms of �10 mm had a favorable clinical outcome, but an-

eurysms of �10 mm with symptoms due to mass effect had a risk

of clinical deterioration and enlargement. In such cases, surgical

or endovascular intervention should be considered.

Limitations of the Study
This study has several limitations. First, the radiologic examina-

tion findings were not the same for all patients. The diameter

of the aneurysm was different between CTA and MRA. Neverthe-

less, the goal of this study was not to compare the differences in

the devices but to evaluate the changes in findings with the same

method. Each patient was evaluated with either CTA or MRA

TOF only. Second, we defined “DVBA” as a nonsaccular aneu-

rysm located at a nonbranching site of the vertebrobasilar artery;

however, it is sometimes difficult to determine whether an inci-

dental asymptomatic fusiform aneurysm may have resulted from

spontaneously healed dissections or other underlying vascular ab-

normalities, especially with only CT. Third, intramural hema-

Table 4: Cox proportional hazards model to find factors
associated with aneurysm enlargement

Single Cox Proportional
Hazards Model

Hazard Ratio 95% CI P Value
Age (yr) 0.93 0.85–1.01 .086
Male sex 0.54 0.09–3.22 .50
Clinical presentation at

diagnosis
Asymptomatic Reference – –
Pain 2.83 0.29–27.3 .37
Mass effect 9.38 0.56–156 .12

Size
Maximum diameter (mm) 1.30 1.11–1.52 .001
�10 mm 18.0 1.95–167 .011

Hypertension 0.38 0.06–2.34 .30
Diabetesa

Hyperlipidemia 0.88 0.10–7.92 .91
Smoking 0.85 0.14–5.10 .86
Location

Left 0.13 0.01–1.65 .12
Right 0.19 0.02–1.57 .12
Bilateral Reference

Note:—CI indicates confidence interval.
a All 6 patients with diabetes were excluded from this analysis because their aneu-
rysms were unchanged.
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toma was significantly associated with a change of vertebrobasilar

dissection on follow-up in a previous report.12 In this study, most

imaging was performed with CT angiography. CTA has limita-

tions in detecting an intramural hematoma. Fourth, in this study,

mean follow-up was 2.9 years. This time is relatively short to eval-

uate the natural history of these lesions. In this study group, 3

patients demonstrated relatively good clinical outcome, though

these patients showed significant risk of enlargement. This dis-

crepancy may be due to lack of long-term follow-up. Fifth, in

some cases, follow-up was discontinued, and these patients might

have experienced SAH or infarction and might have been admit-

ted elsewhere. Finally, we have a small number of patients with

nonstroke DVBA who were treated with endovascular therapy;

they do not entirely reflect the results of the study, but this small

number will have a negligible effect on the natural course of non-

stroke DVBA for the whole group. Although the study has these

limitations, the results may provide important information for

the treatment and further investigation of nonstroke DVBA.

CONCLUSIONS
The natural course of nonstroke DVBA is favorable during a 2.9-

year period. The short-term course of these lesions suggests that

acute intervention is not always required and close follow-up is

reasonable, unless patients develop symptoms associated with sig-

nificant mass effect. Patients with symptoms due to mass effect or

the size of the aneurysm (diameter of �10 mm) may deteriorate

and eventually require intervention.
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ORIGINAL RESEARCH
INTERVENTIONAL

Influence of Patient Age on Angioarchitecture of Brain
Arteriovenous Malformations

S.W. Hetts, D.L. Cooke, J. Nelson, N. Gupta, H. Fullerton, M.R. Amans, J.A. Narvid, P. Moftakhar, H. McSwain, C.F. Dowd, R.T. Higashida,
V.V. Halbach, M.T. Lawton, and H. Kim

ABSTRACT

BACKGROUND AND PURPOSE: The imaging characteristics and modes of presentation of brain AVMs may vary with patient age. Our aim
was to determine whether clinical and angioarchitectural features of brain AVMs differ between children and adults.

MATERIALS AND METHODS: A prospectively collected institutional data base of all patients diagnosed with brain AVMs since 2001 was
queried. Demographic, clinical, and angioarchitecture information was summarized and analyzed with univariable and multivariable models.

RESULTS: Results often differed when age was treated as a continuous variable as opposed to dividing subjects into children (18 years or
younger; n � 203) versus adults (older than 18 years; n � 630). Children were more likely to present with AVM hemorrhage than adults (59%
versus 41%, P � .001). Although AVMs with a larger nidus presented at younger ages (mean of 26.8 years for �6 cm compared with 37.1 years
for �3 cm), this feature was not significantly different between children and adults (P � .069). Exclusively deep venous drainage was more
common in younger subjects when age was treated continuously (P � .04) or dichotomized (P � .001). Venous ectasia was more common
with increasing age (mean, 39.4 years with ectasia compared with 31.1 years without ectasia) and when adults were compared with children
(52% versus 35%, P � .001). Patients with feeding artery aneurysms presented at a later average age (44.1 years) than those without such
aneurysms (31.6 years); this observation persisted when comparing children with adults (13% versus 29%, P � .001).

CONCLUSIONS: Although children with brain AVMs were more likely to come to clinical attention due to hemorrhage than adults,
venous ectasia and feeding artery aneurysms were under-represented in children, suggesting that these particular high-risk features take
time to develop.

ABBREVIATIONS: HR � hazard ratio; p50 � median (i.e., 50% proportion of sample)

An enormous diversity of brain vascular malformations occur

in children. These include vein of Galen malformations, du-

ral arteriovenous fistulas, non-Galenic pial arteriovenous fistulas,

and nidal arteriovenous malformations.1 AVMs are defined by a

group of vessels with an abnormal low-resistance connection be-

tween arteries and veins occurring in a focal geographic area of the

brain parenchyma—the nidus. Nidal AVMs in children have been

described as being different from those in adults. In fact, a diffuse

nidus with intervening brain tissue is sometimes termed “ju-

venile” AVM angioarchitecture.1 A smaller nidus size, the

presence of multiple large arteriovenous fistulas, preferential

location deep within the brain, and more frequent deep venous

drainage have also been described as occurring more com-

monly in children.2-4

Children with brain AVMs are more likely to present with

hemorrhage than adults, particularly including intraventricular

hemorrhage.2 Several studies have identified specific angioarchi-

tectural features that confer higher risk for hemorrhage in adults,

children, or both.3-7 Using data obtained from a large, prospec-

tively collected patient cohort, we sought to determine whether

the clinical and angioarchitectural features of brain AVMs differ

by patient age. We conducted our analysis both by using the age at
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presentation as a continuous variable and dichotomizing the co-

hort into children and adult groups. The former is more relevant

with respect to expected gradual biologic changes that occur with

time and may affect AVM formation and symptom progression.

The latter is a clinical convenience, because patients tend to be

seen and treated by “pediatric” and “adult” groups, with varying

degrees of overlap. Thus, we hope to provide information useful

both to those interested in the underlying disease processes of

brain vascular malformations and to those who take care of pa-

tients on the basis of somewhat arbitrary societal and administra-

tive divisions of patient age.

MATERIALS AND METHODS
Data Acquisition
Under an approved human research protocol, the Brain AVM

Data Base prospectively collects demographic, clinical, and radio-

logic data for all patients with vascular malformations treated at

the University of California, San Francisco. Only patients with

nidal AVMs treated between 2001 and 2013 were included for

analysis (n � 833); those with a primary diagnoses of vein of

Galen malformation, dural arteriovenous fistula, or non-Galenic

pial arteriovenous fistula8 were excluded. Children were defined

as 18 years of age or younger at the time of the first angiogram on

which the diagnosis of AVM was made. The earliest diagnostic

angiogram available for each patient was evaluated by a neuroin-

terventional radiologist, and a structured list of angioarchitec-

tural features was scored by using methods recommended by the

Joint Writing Group.9 When available, the earliest MR imaging

and CT examinations were also evaluated by a neurointerven-

tional radiologist to confirm AVM nidus location and the pres-

ence or absence of current or prior intracranial hemorrhage.

Statistical Methods
Demographic, clinical, and angioarchitectural information for

833 patients with AVMs was analyzed by using the Kaplan-Meier

survival analysis and log-rank tests. Our primary analysis as-

sumed that the AVM was present from birth, starting survival

time at the date of birth and ending at the date of AVM diagnosis

with no censoring. We computed the median (p50) survival time

to diagnosis (ie, age at diagnosis) for each characteristic with as-

sociated 95% confidence intervals to see whether characteristics

were associated with younger or older patients. Secondary analy-

sis compared angiographic characteristics of patients between

children (18 years of age or younger) and adults (older than 18

years) by using the Fisher exact test for categoric variables.

We performed univariable and multivariable Cox regression

survival analyses, calculating hazard ratios (HRs) and associated

95% CIs for the following predictors: AVM nidus size (centime-

ters), exclusively deep venous drainage, venous ectasia, central

location, lobar location, posterior fossa location, and shunt-flow-

related aneurysms (ie, aneurysms of arteries directly supplying the

AVM or subjected to increased blood flow due to the AVM, such

as the anterior communicating artery for frontal AVMs). These

analyses were stratified by initial hemorrhagic presentation

and ethnicity to allow the baseline hazard ratio to vary and,

thus, better adhere to proportional hazard assumption of the

Cox model.

We considered P values � .05 to be significant. All statistical

analyses were performed by using STATA/SE 12.0 (StataCorp,

College Station, Texas).10.

RESULTS
Baseline Demographics and Clinical Presentation
Demographic and clinical data are listed in Tables 1 and 2, with

the former considering age as a continuous variable (survival

analysis) and the latter grouping patients into children versus

adults. The median age at diagnosis for our sample was 33.8 years

(95% CI, 32.7–35.9 years). Survival dis-

tributions did not significantly differ be-

tween men and women (log-rank P �

.937); similarly, no sex difference was

observed (P � .687) between children

(50% female) and adults (51% female).

However, we observed significant differ-

ences in median age at diagnosis by race/

ethnicity (log-rank P � .001), with

Asians and Hispanics having a younger

median age at diagnosis (younger than

30 years) than other race/ethnicities.

Hispanics composed 35% of the chil-

dren in our cohort, but only 24% of the

Table 1: Demographic characteristics and mode of presentation
(all ages)a

Characteristic No. (%)
Median Dx

Age (yr) 95% CI
P

Value
Overall 833 33.8 (32.7–35.9) NA
Sex .937

Female 425 (51%) 33.4 (31.0–35.7)
Male 408 (49%) 34.3 (31.5–37.7)

Ethnicity �.001
Asian/Pacific Islander 113 (14%) 29.9 (25.9–34.3)
Black/African American 56 (5%) 46.5 (41.2–50.3)
Hispanic 224 (27%) 27.0 (23.4–29.8)
Native American 9 (1%) 37.1 (17.4–47.1)
Non-Hispanic Caucasian 431 (52%) 38.7 (35.3–42.6)

Hemorrhagic presentation �.001
Yes 375 (45%) 28.7 (26.6–32.2)
No 458 (55%) 37.6 (35.3–40.6)

HHT diagnosis .695
Yes 12 (1%) 38.3 (1.8–54.0)
No 821 (99%) 33.7 (31.6–35.8)

Note:—Dx indicates diagnosis; NA, not applicable; HHT, hereditary hemorrhagic tel-
angiectasia syndrome.
a P values are from log-rank tests of survivor functions.

Table 2: Demographic characteristics and mode of presentation (children vs adults)a

Characteristic All (N = 833)
Child (0–18 yr)

(n = 203)
Adult (≥19 yr)

(n = 630) P Value
Age at diagnosis (yr) 35.1 � 18.6 12.2 � 4.7 42.6 � 15.0 NA
Female sex 425 (51%) 101 (50%) 321 (51%) .687
Ethnicity .014

Asian/Pacific Islander 113 (14%) 31 (16%) 82 (13%)
Black/African American 11 (5%) 11 (5%) 42 (7%)
Hispanic 224 (27%) 71 (35%) 153 (24%)
Native American 9 (1%) 1 (�1%) 8 (1%)
Non-Hispanic Caucasian 431 (52%) 88 (43%) 343 (54%)

Hemorrhagic presentation 375 (45%) 119 (59%) 256 (41%) �.001
HHT diagnosis 12 (1%) 4 (2%) 8 (1%) .500

Note:—NA indicates not applicable; HHT, hereditary hemorrhagic telangiectasia syndrome.
a Table entries are No. (%) or mean � SD. P values are from the Fisher exact test.
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adults. An inverse trend was seen with non-Hispanic whites (43%

of children and 54% of adults). The difference in diagnosis age

between those who presented with a hemorrhage and those who

did not was particularly pronounced (log-rank P � .001; Fig 1A).

Those who presented with a hemorrhage had a median diagnosis

age of 28.7 years (95% CI, 26.6 –32.2 years), which is almost 9

years younger than those who did not (p50: 37.6; 95% CI, 35.3–

40.6). Children were also more likely to present with AVM hem-

orrhage than adults (59% versus 41%, P � .001).

Nidus Morphology and Location
Angioarchitectural data are summarized in On-line Table 1, with

age as a continuous variable; data are dichotomized into children

versus adults in On-line Table 2. Larger AVMs (categorized as �3

cm, 3– 6 cm, and �6 cm nidus size) were identified at younger

ages than smaller AVMs (AVM � 6 cm p50: 26.8 years; 95% CI,

16.9 –33.9 years versus AVM � 3 cm p50: 37.1 years; 95% CI,

34.1– 40.2 years; log-rank P � .009). A comparison of AVM nidus

size in children and adults was suggestive of an association but was

not significant (P � .069). Most interesting, large AVMs (nidus of

�6 cm) are twice as common in children (8%) as in adults (4%).

The sharpness of the AVM border with adjacent brain on angiog-

raphy, scored as “sharp” or “diffuse,” did not differ by continuous

age (P � .707) or between age groups (23% diffuse border in

children versus 19% diffuse border in adults, P � .218).

When data were analyzed by using age at diagnosis as a con-

tinuous variable (On-line Table 1), AVMs found in lobar loca-

tions (as opposed to central locations) were marginally associated

with older age (log-rank P � .050) and AVMs in the posterior

fossa were observed in older patients (log-rank P � .001). No

association with age based on either du-

ral location (ie, dural arterial supply to a

parenchymal AVM as opposed to a pri-

mary dural arteriovenous fistula, which

would have been excluded from this co-

hort) or central location could be deter-

mined (log-rank P � .518 and log-rank

P � .617, respectively).

Draining Veins
Venous drainage patterns varied signifi-

cantly by age of diagnosis (log-rank P �

.040). Patients with exclusively deep ve-

nous drainage had a median age at diag-

nosis of 26.8 years (95% CI, 21.9 –32.2

years), while those with “superficial and

deep” (p50, 31.5 years; 95% CI, 28.1–

35.1 years) and “superficial” (p50, 37.8

years; 95% CI, 34.9 – 40.6 years) venous

patterns were identified at older ages.

Venous ectasia (Fig 1C) tended to be

identified in older patients (log-rank

P � .040). A dichotomized venous ste-

nosis measure (Fig 1D) did not have an

association with age at diagnosis (log-

rank P � .491).

When age was dichotomized, the ve-

nous drainage of AVMs differed signifi-

cantly between children and adults, but the location did not (On-

line Table 2). Children were more likely to have exclusively deep

venous drainage than adults (28% in children versus 14% in

adults, P � .001). Venous ectasia was also more prevalent in

adults than in children (35% in children versus 52% in adults, P �

.001). There was a trend toward a central, deep location of AVMs

in children compared with adults (P � .075), but this did not

reach statistical significance.

Aneurysms
There was a significant difference between the presence and ab-

sence of flow-related feeding artery aneurysms (log-rank, P �

.001; Fig 1B), because these aneurysms tended to appear in older

patients. We do not have sufficient data to support an association

for intranidal aneurysms (log-rank, P � .143) and aneurysms not

related to shunt flow (log-rank, P � .069) with patient age. When

age was dichotomized, feeding artery aneurysms related to flow

were more prevalent in adults than in children (13% in children

versus 29% in adults, P � .001). Intranidal aneurysms were sim-

ilar in frequency in both age groups (17% in children versus 15%

in adults, P � .537).

Regression Analysis
A multivariable Cox regression was performed on a subset of 550

patients (66%) in whom complete demographic, clinical, and an-

giographic information was available (Table 3). As with the Ka-

plan-Meier analysis, larger AVMs (HR, 1.13; P � .001) and cen-

trally located AVMs (HR, 1.45; P � .001) were more likely to be

diagnosed earlier independent of other characteristics. In con-

FIG 1. Age-related differences in AVM hemorrhagic presentation. Aneurysms related to shunt
flow, draining venous ectasia, and draining venous stenosis. Hemorrhagic presentation (A) was
more prevalent at younger patient ages than nonhemorrhagic presentation. Conversely, feeding
artery aneurysms (B) and ectasia of draining veins (C) were more prevalent in older patients. There
was not a significant difference in the prevalence of venous stenosis observed at presentation in
older versus younger patients (D).
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trast, venous ectasia (HR, 0.75; P � .003) and shunt-flow-related

aneurysms (HR, 0.53; P � .001) were significantly associated with

later AVM diagnosis. Posterior fossa location and exclusively deep

venous drainage were not significant in multivariable analysis,

though there is a suggestion that these characteristics may also be

associated with later or earlier diagnosis, respectively (Table 3).

DISCUSSION
Using a large institutional cohort of patients with brain AVMs, we

were able to describe the angioarchitectural features in detail and

also whether these features differ according to age at presentation

or the demographic group. As expected, the method of data anal-

ysis affected the results of our study. When age was examined as a

continuous variable, patient ethnicity, presentation with hemor-

rhage, nidus size, lobar location, location in the posterior fossa,

eloquent location, venous drainage, venous ectasia, and feeding

artery aneurysms all differed by age (Table 1 and On-line Table 1).

When age was dichotomized into childhood and adult groups,

only patient ethnicity, presentation with hemorrhage, venous

drainage, number of draining veins, venous ectasia, and feeding

artery aneurysms differed between children and adults (Table 2

and On-line Table 2). When a multivariable Cox regression anal-

ysis was conducted on the 550 patients with complete data (Table

3), only AVM nidus size, central (deep) AVM location, venous

ectasia, and feeding artery aneurysms differed by age of

presentation.

In previously reported studies, factors that have been associ-

ated with hemorrhage at presentation in patients of all ages with

AVMs included the following: supply by perforating arteries, ni-

dal aneurysms, multiple aneurysms, supply by the posterior cir-

culation, basal ganglia location, deep venous drainage, venous

reflux, and venous stenosis.5,11 Specifically in children, a smaller

AVM nidus, infratentorial nidus location, and exclusively deep

venous drainage have previously been associated with increased

risk of presentation with hemorrhage.2 Although children with

brain AVMs were more likely to present with an intracerebral

hemorrhage,3 high-risk features such as venous ectasia and feed-

ing artery aneurysms were less frequent among the children in our

cohort.

Brain AVMs are not static lesions; angioarchitectural features

associated with hemorrhage can develop with time. It is reason-

able to assume that venous stenosis, venous ectasia, and feeding

artery aneurysms arise from chronic hemodynamic stresses,

which may explain why they are under-represented in children,

who have not had sufficient time to develop these features. In our

cohort, only 1 feeding artery aneurysm was found in a patient

younger than 8 years of age, and AVM flow-related feeding artery

aneurysms have been reported rarely in young children.12 Lack of

specific time-dependent high-risk angioarchitectural features,

similarly, may help explain why children with AVMs have been

reported to have a lower risk of subsequent hemorrhage after

initial presentation compared with adults in longitudinal studies,3

despite the over-representation of AVMs in deep locations, which

is typically a risk factor for increased incidence of subsequent

hemorrhage.4,13 The presence of venous ectasia and feeding artery

aneurysms may be an indirect method of estimating how long an

AVM has been present in a given patient and may potentially

provide insight into the congenital-versus-acquired nature of

such lesions. Selection of surgical tissue samples from patients

with particular angioarchitectural features may permit direct

evaluation of the age of a given AVM through techniques such as

radiocarbon dating.14

AVMs and their draining veins were often located deep within

the brain in children, raising the possibility that centrally located

AVMs may arise earlier in development or may be more likely to

come to clinical attention early in life than more peripherally lo-

cated AVMs. Although angioarchitecturally distinct from nidal

AVMs, vein of Galen malformations form early in embryonic de-

velopment and are also centrally located in the brain. With the

advent of fetal MR imaging and increasing use of MR imaging in

children and adults, it may be possible to determine whether there

is a continuous progression from centrally arising arteriovenous

fistulas to peripherally located nidal AVMs in asymptomatic

individuals.

A limitation of our study is its cross-sectional nature. Ulti-

mately, longitudinal studies such as A Randomized Trial of Un-

ruptured Brain AVMs will provide more detailed natural history

data for brain AVMs.15

CONCLUSIONS
Although children with brain AVMs were more likely to come to

clinical attention due to hemorrhage than adults, high-risk fea-

tures such as venous stenosis and feeding artery aneurysms were

under-represented in children. AVMs and their draining veins

tended to be in deep locations in children compared with adults,

raising the possibility that centrally located AVMs may arise ear-

lier in development or be more likely to come to clinical attention

early in life.

Table 3: Age at diagnosis: Cox survival analysisa

Predictor

Univariable Multivariable

(n = 550) (n = 550)

HR 95% CI P Value HR 95% CI P Value
AVM nidus size (cm) 1.05 1.00–1.10 .065 1.13 1.07–1.20 �.001
Exclusively deep venous drainage 1.26 0.98–1.63 .077 1.27 0.95–1.69 .110
Venous ectasia 0.83 0.69–0.99 .034 0.75 0.62–0.91 .003
Central location 1.26 1.05–1.52 .014 1.45 1.16–1.81 .001
Lobar location 1.04 0.84–1.30 .716 1.10 0.75–1.61 .622
Posterior fossa location 0.76 0.59–0.98 .037 0.72 0.49–1.06 .099
Aneurysm related to shunt flow 0.59 0.48–0.71 �.001 0.53 0.43–0.65 �.001

a These are the results for Cox regression analyses using age at diagnosis as the survival time and stratifying by ethnicity and hemorrhagic presentation. The multivariable model
includes all listed predictors.
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ORIGINAL RESEARCH
EXTRACRANIAL VASCULAR

A Sonographic Quantitative Cutoff Value of Cerebral Venous
Outflow in Neurologic Diseases: A Blinded Study

of 115 Subjects
L. Monti, E. Menci, P. Piu, S. Leonini, U. Arrigucci, M. Bellini, A. Zandonella, P. Galluzzi, and A. Casasco

ABSTRACT

BACKGROUND AND PURPOSE: The autonomic nervous system maintains constant cerebral venous blood outflow in changing positions.
Alterations in cerebral autoregulation can be revealed by postural changes at quantitative color Doppler sonography. The aim of this study
was to reach an optimal cutoff value of the difference between the cerebral venous blood outflow in the supine and seated positions that
can discriminate healthy controls from patients with multiple sclerosis and those with other neurologic diseases and to evaluate its
specificity, sensitivity, and diagnostic accuracy.

MATERIALS AND METHODS: One hundred fifteen subjects (54 with MS, 31 healthy controls, 30 with other neurologic diseases) underwent
a blinded quantitative color Doppler sonography evaluation of cerebral venous blood outflow in the supine and sitting positions. An
optimal difference value between the supine and sitting positions of the cerebral venous blood outflow cutoff value was sought.

RESULTS: The difference value between supine and sitting positions of the cerebral venous blood outflow was � 503.24 in 38/54 (70.37%)
patients with MS, 9/31 (29.03%) healthy controls, and 13/30 (43.33%) subjects with other neurological diseases. A difference value between
supine and sitting positions of the cerebral venous blood outflow at a 503.24 cutoff reached a sensitivity at 70.37%, a 70.96% specificity, a
80.85% positive predictive value, and a 57.89% negative predictive value; the quantitative color Doppler sonography parameters yielded
significant differences. The difference value between supine and sitting positions of cerebral venous blood outflow � 503.24 assessed the
significant difference between MS versus other neurological diseases.

CONCLUSIONS: Alteration of cerebral venous blood outflow discriminated MS versus other neurologic diseases and MS versus healthy
controls. The difference value between supine and sitting positions of cerebral venous blood outflow � 503.24 was statistically associated
with MS.

ABBREVIATIONS: AUC � area under the curve; CVF � cerebral venous blood outflow; �CVF � difference value between supine and sitting positions of the
cerebral venous blood outflow; HC � healthy controls; OND � other neurologic diseases

Complete evaluation of the cerebral venous circulation is dif-

ficult due to its anatomic variability. In vivo study of this

system began in the 1970s by venography.1 Venography is still

considered the criterion standard; however, only color Doppler

sonography can evaluate dynamic aspects, including the effi-

ciency of the jugular valves or flow characteristics in sitting and

supine positions. MR venography can be a noninvasive imaging

technique for the morphologic detection of extracranial venous

anomalies in the internal jugular and vertebral veins in patients

with multiple sclerosis, but it cannot give a dynamic evaluation.2

Phase-contrast MR imaging was used to measure venous flow in

the internal jugular and epidural veins but only in the supine

position.3 MR perfusion demonstrates a hypoperfusion of white

and gray matter, and the parameters involved are cerebral blood

volume, cerebral blood flow, and mean transit time, but not cere-

bral venous blood outflow (CVF).4,5

Disorders involving the cerebral venous system may result in

CVF insufficiency, elevation of venous pressure, and an increase

of intracranial pressure and may lead to parenchymal abnormal-

ities. Compliance of the venous system depends on anatomic vari-

ants and the onset timing of venous pathologies. Multiple sclero-

sis is defined as an inflammatory demyelinating disease of the

CNS, with presumed autoimmune etiology, which occurs in ge-
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netically susceptible individuals. Recently, a causal relation be-

tween the cerebral venous system and MS has been suggested.6-8

Accordingly, the term “chronic cerebrospinal venous insufficiency”

has been coined to identify a chronic state of impaired venous drain-

age from the CNS as a putative causative factor responsible for MS.

Stenosis of the internal jugular veins and intra- and extracranial re-

flux have been suggested as a cause of this impaired outflow. The

hypothesis is that venous reflux may lead to the accumulation of iron

in the CNS, triggering autoimmune events.9,10

Although chronic cerebrospinal venous insufficiency in MS

has not been supported by recent studies,11-14 it has forced re-

search on possible vascular impairment in this complex multifac-

torial disease, including ischemic strokes, cerebral hypoperfusion,

and venous blood drainage.15,16 In the literature, there are con-

troversial results on chronic cerebrospinal venous insufficiency.

Notably, a phenomenon such as cerebral venous impairment can

be studied by evaluating other sonographic parameters or factors.

Thus, the difference value between the CVF in the supine position

and the seated position (�CVF) has been proposed and evaluated

in a previous scientific article,17 in which MS and healthy controls

(HC) groups were compared with a cutoff value of �CVF � 0.

With that decision threshold, �CVF findings were mainly nega-

tive in patients with MS, an opposite result to that in healthy

subjects.18-20 A negative �CVF is consistent with a reduced ve-

nous outflow in the supine position, resulting from a reduced

venous system compliance in patients with MS.

The aim of the present study was to identify the cutoff value of

�CVF that maximizes the diagnostic accuracy of the model. Its

specificity, sensitivity, and diagnostic accuracy in 3 different

groups of patients, those with MS, those with other neurologic

diseases (OND), and healthy controls, were evaluated.

MATERIALS AND METHODS
This study was approved by the Ethics Committee of our institution,

and written informed consent was obtained from all subjects.

The sample included 115 consecu-

tive subjects (81 women and 34 men;

mean age, 42.25 � 11.2526 years), in-

cluding 54 (43 women and 11 men; mean

age, 42.24 � 9.66 years) patients with MS,

31 (19 women and 12 men; mean age,

36.64 � 9.46 years) age-matched healthy

controls, and 30 (19 women and 11 men;

mean age, 48.93 � 12.11 years) patients

with OND, including patients with differ-

ent defined neurologic diseases with auto-

immune etiology, such as cerebral vasculi-

tis (n � 16), neurosarcoidosis (n � 2), or

chronic cerebral venous sinus thrombosis

(n � 2); Parkinson disease (n � 4); and

epilepsy (n � 6). The recruitment of those

with nonoverlapping pathologies could

test whether �CVF is strongly correlated

to patients with MS.

Patients with MS were divided into

2 subgroups (ie, subgroup 1, including

40 with relapsing-remitting MS, and

subgroup 2, including 14 with primary- and secondary-pro-

gressive MS (n � 1 and n � 13, respectively). No patients with

clinically isolated syndromes were admitted; therefore, none

were enrolled.

All patients underwent neurologic assessment before quantitative

color Doppler sonography examination. The degree of disability was

assessed by using the Expanded Disability Status Scale; arm/hand

dexterity was tested by Nine Hole Peg Test; and leg function, by the

timed 8-Meter Walk Test.

Quantitative color Doppler sonography was performed by 2

skilled neuroradiologists (E.M. and L.M.) with experience in

the sonography field who were blinded to the patient history

and clinical status.

A color-coded sonography system (Sequoia; Siemens, Erlan-

gen, Germany), a 7- to 9-MHz linear probe, and a 2.5-MHz sector

probe were used. The interobserver concordance was evaluated by

the examination of 30 randomly selected subjects (ie, 10 subjects

from each of the 3 groups) who had been examined separately by

the 2 neuroradiologists, each one blinded to the results obtained

by the other. Discrepancies were resolved through discussion to

produce consensus assessments.

The �CVF was evaluated in all the subjects. The outflow of the

internal jugular and vertebral veins was calculated from the time

average velocity (TAV) and the cross-sectional area (CSA) of the

vessel (CVF � CSA � TAV). The time average velocity was mea-

sured during a minimum of 3 cardiac cycles at the end of the

expiratory phase.21-23 The CVF of each vein was calculated in

both clinostatism and the seated position. The sum of all the ve-

nous flows was then calculated in clinostatism and the seated po-

sition (Fig 1). The difference between the clinostatism and seated

position is the �CVF value.17

A positive cutoff value of the �CVF between the different

groups was sought, as well as its sensitivity, specificity, and diag-

nostic accuracy. The relationship among the values of �CVF and

age, sex, and clinical status was considered.

FIG 1. Quantitative evaluation of CVF in the supine and sitting positions in HC (A and B) and
patients with MS (C and D). The �CVF was �503.24 in HC and �503.24 in patients with MS.
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Statistical Analysis
The reliability of the results obtained by 2 operators was calcu-

lated by using the Fleiss � index. The frequency distributions of

the �CVF cutoff value among the subjects in the MS, HC, and

OND groups were displayed as contingency tables. The differ-

ences between the proportions of the outcomes of this diagnostic

index over the MS, HC, and OND groups were assessed through

the Marascuilo procedure, which enabled simultaneous testing of

the differences of all pairs of proportions. The Kruskal-Wallis test

was applied to compare the distributions of the�CVF cutoff value

among the groups and to evaluate the differences among the sub-

classes of MS disease. In either case, the post hoc tests were per-

formed by the Dunn multiple comparison test.

All the statistical tests were 2-tailed, and the significance level

was fixed at .05.

The errors of classification were reported in terms of sensitivity,

specificity, negative predictive value, and positive predictive value

(PPV), along with their 95% confidence intervals. The odds ratio was

also provided, and its P value was determined by the Fisher exact test.

The capability of the �CVF cutoff value to classify the MS forms

(relapsing-versus-progressive) was reported as ORs.

The cutoff (ie, the threshold of the �CVF) had been initially set to

zero—namely the negative values of �CVF were considered prog-

nostic of pathologic status or “events,” while the positive values of

�CVF, as predictive “nonevents.” By increasing the level of the

threshold, we expected to decrease the number of the false-negative

predicted cases because 68.52% of the patients with MS had a positive

�CVF.

Performances of the models were assessed by the receiver operat-

ing characteristic analysis curve, which is reported to be the most

opportune approach and a comprehensive description and measure-

ment of diagnostic accuracy because it estimates all of the combina-

tions of sensitivity and specificity that a diagnostic test can pro-

duce.24,25 The range of the cutoff values from which selecting the

optimal threshold was formed by the percentiles of the distribution

of the �CVF in the HC group not only because the healthy condition

is usually adopted as the reference standard in a diagnostic test, but

also because the �CVF distributions of HC and OND groups were

largely overlapping. Every percentile was, in turn, set as the “potential

best threshold” (this implies, from time to time, establishing, a priori,

the specificity of the test). Then, in correspondence with each percen-

tile, the number of subjects (from MS, HC, OND) with a �CVF lower

than the potential cutoff was counted as an “event” (ie, abnormal—

this means, from time to time, determining the sensitivity of the test).

Hence, by varying the percentile, it has been possible to trace the

relationship between sensitivity and specificity to give rise to the re-

ceiver operating characteristic analysis curve.

The optimal positive cutoff threshold was determined in cor-

respondence to the best compromise among sensitivity, specific-

ity, and PPV.

We measured the area under the receiver operating character-

istic analysis curve (AUC); and its statistical significance against

the null hypothesis of AUC � 0.5 was assessed by means of the

Z-test.26 The area under the curve can take values between 0.5 and

1.0. The greater the area under the curve (ie, the more the curve

approaches the vertex of the graph), the greater the discriminating

power of the test will be. For the interpretation of the values of the

area below the receiver operating characteristic analysis curve, we

referred to the classification proposed by Swets27: AUC � 0.5, the

test is not informative; 0.5 � AUC � 0.7, the test is slightly accu-

rate; 0.7 � AUC � 0.9, the test is fairly accurate; 0.9 � AUC � 1.0,

the test is highly accurate; and AUC � 1 is a perfect test.

The robustness of the �CVF model was tested by using by an

independent (“test”) sample made of 52 subjects with MS and 27

HC. Thus, the AUC of the test set was evaluated, and in corre-

spondence to the best threshold estimated from the “training” set

(ie, the given sample), we traced the values of sensitivity, specific-

ity, and accuracy for the test set.

An internal test set (ie, a cross-validation test) is used for getting

an independent OND sample by iterating the leave-n-out algorithm

2000 times. A different subset of the data (10 records) was held out

each time, so that the training sets included 20 subjects and the out-

of-sample, 10 subjects. The medians of the classification errors ob-

tained from each partition were calculated; then, the sensitivity, spec-

ificity, and diagnostic accuracy were assessed. Last, the AUCs

measured from the training and testing samples were compared.

Logistic regression was applied to predict the realization of the

variable �CVF dichotomized (according to the cutoff value), as a

function of the demographic and clinical regressors—namely,

age, sex and Expanded Disability Status Scale.

RESULTS
The Fleiss � index, calculated on 30 subjects (10 with MS, 10 HC,

10 with OND), was 0.9333, and its confidence interval (95%) was

0.8402–1.0264. Therefore, the observed agreement between the 2

operators was not accidental (z � 5.1117, P � .0001).

An optimal cutoff value of the �CVF was reached at the 30th

percentile (ie, �CVF � 503.24) of the HC data distribution.

�CVF � 503.24 was present in 38/54 (70.37%) patients with MS,

9/31 (29.03%) HC, and 13/30 (43.33%) subjects with OND. The

null hypothesis of equal proportions was rejected (�2 � 14.7584,

P � .0006, power � 0.9405).

By comparing MS versus HC groups with a cutoff of �CVF �

503.24, the sensitivity was 70.37%; the specificity, 70.97%; the

PPV, 80.85%; and the negative predictive value, 57.89%; the OR

calculated for �CVF � 503.24 was significant (5.81, P � .00016).

Given OND versus HC, the sensitivity was 45%; the specificity,

70.97%; the PPV, 50%; the negative predictive value, 66.67%; and

the OR was not significant (OR � 2, P � .1091). If one compared

MS and OND, the sensitivity was 70.37%; the specificity, 55%; the

PPV, 80.85%; the negative predictive value, 40.74%; and the OR

was significant (2.90, P � .0103) (Table 1).

The Kruskal-Wallis test allowed rejecting the null hypothesis

that the observed �CVF in subjects with MS, OND, and HC orig-

inated from the same distribution (P � .0003). The post hoc test

indicated the significant difference (P � .01) between patients

with MS and HC and between subjects with MS and OND. HC

versus subjects with OND was not statistically different (Fig 2).

The Kruskal-Wallis test applied to compare HC and MS sub-

groups (relapsing-remitting, primary-progressive, and second-

ary-progressive) indicated a significant difference (P � .0014),

which was determined by relapsing-remitting versus HC (P �

.01) and primary-progressive/secondary-progressive versus HC

(P � .05). No statistically significant difference was assessed between

the relapsing and progressive forms (Fig 3).
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All the AUCs were different from one another—that is, the AUC

was 0.7034 (standard error � 0.0564, P � .00015) in the comparison

between MS and HC (ie, fairly accurate), 0.7306 (standard error �

0.0597, P � .00001) if the MS group was compared with OND (ie,

fairly accurate), and 0.6323 (standard error � 0.0611, P � .0152)

when comparing OND versus HC (ie, slightly accurate).

In the independent sample, �CVF � 503.24 was present in

41/52 patients with MS, 11/27 HC, and 4/10 subjects with OND

(Table 2). Performance of the �CVF � 503.24 model was also

assessed on the independent sample (test set) by the analysis of the

receiver operating characteristic analysis curve. The AUC was

0.7877 (standard error � 0.0505, z � 5.7018, P � .00015) in the

comparison between MS and HC; the AUC was 0.8260 (standard

error � 0.0591, z � 5.5162, P � 0) if the MS group was compared

with OND; and the AUC was 0.55 (standard error � 0.1092, z �

0.4577, P � .3236) when comparing

OND versus HC. There was significant

difference in the AUC values for MS ver-

sus HC (z � 9.7015, P � 0), MS versus

OND (z � �9.1021, P � 0), and HC

versus OND (z � �3.7631, P �

.000083). The accuracy of the model was

fair for the comparison between MS and

HC and MS and OND, while it was not

informative between OND and HC.

The criterion �CVF � 503.24 applied

within the MS subgroups to assess their

capability to classify relapsing forms

versus progressive forms resulted in 29/40

for relapsing-remitting and 10/14 for

primary-progressive and secondary-

progressive, with OR � 1.0545, not signif-

icantly different from 1 (P � .2674).

The logistic regression was applied to

predict the realization of the variable

�CVF dichotomized according to the cut-

off value, as a function of the demographic

(age and sex) and clinical (Expanded Dis-

ability Status Scale; EDSS) regressors.

The implementation of the logistic

model on the MS, HC, and OND groups

did not result in the identification of sig-

nificant effects of age, sex, and clinical sta-

tus over the outcomes of �CVF. The P val-

ues corresponding to these considered

variables for MS, HC, and OND were re-

spectively: (Page � .81; Psex � .79; PEDSS �

.75), (Page � .77; Psex � 0.56), and (Page �

.86; Psex � .82).

DISCUSSION
The cerebral venous system has very

variable anatomic patterns,28-31 to

maintain an efficient and normal CVF.

Qualitative (ie, jugular valves or flow

characteristics) and quantitative (ie,

flow rate and velocity) aspects of CVF

are demonstrated by using quantitative

FIG 2. The �CVF distribution among the 3 groups. If one applies the Kruskal-Wallis test, significant differ-
ences result between MS and HC and MS and OND, while HC versus OND is not statistically different.

FIG 3. Boxplot �CVF and different subgroups of patients with MS. The Kruskal-Wallis test shows
no significant difference among MS subgroups.

Table 1: Analysis of classification errors: training setsa

MS vs HC MS vs OND OND vs HC
Sen % 70.37 70.37 45
95% CI (Sen) 58.19–82.55 58.19–82.55 23.20–66.80
Spe % 70.97 55 70.97
95% CI (Spe) 54.99–86.95 33.20–76.80 54.99–86.95
FP % 29.03 45 29.03
95% CI (FP) 13.03–45.01 23.20–66.80 13.05–45.01
FN % 29.63 29.63 55
95% CI (FN) 17.45–41.81 17.45–41.81 33.20–76.80
PPV % 80.85 80.85 50
95% CI (PPV) 69.60–92.10 69.60–92.10 26.90–73.10
NPV % 57.89 40.74 67
95% CI (NPV) 42.20–73.59 22.21–59.27 50.58–82.75
OR 5.81 2.90 2
95% CI (OR) 2.20–15.33 1.01–8.34 0.62–6.47

Note—Sen indicates sensitivity; Spe, specificity; FP, false-positive; FN, false-negative;
NPV, negative predictive value; PPV, positive predictive value.
a The columns refer to each comparison between the observed (ie, training) groups.
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color Doppler sonography in the same dynamic (ie, sitting and

supine positions) examinations. On the other hand, MR venog-

raphy, phase-contrast MR imaging, perfusion MR imaging, and

the so-called criterion standard, venography, cannot provide

jointly the qualitative and quantitative features of the venous sys-

tem or CVF.

CVF has been demonstrated to change depending on different

positions.19,32 The major drainage in the supine position is usu-

ally by the internal jugular veins. Postural dependency of the CVF

has been demonstrated in healthy subjects by quantitative color

Doppler sonography.17,18 A previous article17 showed that the

presence of negative �CVF is statistically correlated with a patho-

logic condition. The measurement of �CVF demonstrated a sta-

tistical difference between patients with MS and the HC group in

the supine and sitting positions. The higher the blood volume

difference is between the supine and sitting positions, the higher is

the adaptability of the cerebral venous system. Therefore, healthy

subjects with normal supine/orthostatic responses show a high

blood volume difference. In patients with MS, this venous re-

sponse is statistically reduced. The previous study was based only

on 2 groups of subjects (ie, MS and HC) and was not blinded.

The analysis of the results reported here suggests the following

considerations:

1) The �CVF cutoff value of 503.24 correctly diagnosed a

larger number of patients with MS, despite the detriment of an

increased number of false-positives.

2) �CVF � 503.24 allowed differentiating MS versus HC and

MS versus OND.

The distributions of the variable �CVF in the HC and OND

groups largely overlapped. On the other hand, the difference be-

tween the �CVF in the OND and MS groups is statistically

significant.

These data demonstrate that in some patients with MS, there is

a hemodynamic alteration resulting in a reduced cerebral venous

outflow in the supine position, most likely from decreased verte-

bral and internal jugular vein outflow.17 The present study also

confirmed that the reduced outflow was not correlated with ste-

nosis and dynamic or morphologic leaflet alterations. Further-

more, the reduced CVF has been demonstrated in very young

patients without any venous malformations. A possible explana-

tion is that the active tension imparted by the smooth muscle layer

of the veins is not sufficient to overcome transmural pressure. In

the supine position, a lower venous wall tone is not sufficient to

hold venous outflow, while in the sitting position, the physiologic

collapse of the main drainage veins (ie, internal jugular veins)

always overcomes the low vein wall tone. This deregulation might

be due to a reduced responsiveness of the vessel wall because ho-

meostasis might be lost in changing positions. Previous observa-

tions suggested that the autonomic nervous system may be inti-

mately linked with the disordered immune regulation in MS.

Vasoactive factors such as endothelin-1 and nitric oxide may play

a role in the responsiveness of the vessel wall.33-38

Another possible explanation is that this abnormal venous re-

sponse is secondary to white matter hypoperfusion, and its possi-

ble mechanisms and pathophysiology were reported by De Keyser

et al.39

CONCLUSIONS
The present study showed that a cutoff of abnormal CVF could

discriminate patients with MS from those with OND and HC.
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24. Schäfer H. Constructing a cut off point for a quantitative diagnostic
test. Stat Med 1989;8:1381–91

25. Metz CE. Receiver operating characteristic analysis: a tool for the
quantitative evaluation of observer performance and imaging sys-
tems. J Am Coll Radiol 2006;3:413–22

26. Hanley JA, McNeil BJ. The meaning and use of the area under

a receiver operating characteristic (ROC) curve. Radiology
1982;143:29 –36

27. Swets JA. Measuring the accuracy of diagnostic systems. Science
1988;240:1285–93

28. Lepori D, Capasso P, Fournier D, et al. High resolution ultra-
sound evaluation of internal jugular venous valves. Eur Radiol
1999;9:1222–26

29. Schreiber SJ, Lurtzing F, Gotze R, et al. Extrajugular pathways of
human cerebral venous blood drainage assessed by duplex ultra-
sound. J Appl Physiol 2003;94:1802– 05

30. Chou CH, Chao AC, Hu HH. Ultrasonographic evaluation of verte-
bral venous valves. AJNR Am J Neuroradiol 2002;23:1418 –20
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Detection and Grading of Endolymphatic Hydrops in Menière
Disease Using MR Imaging

K. Baráth, B. Schuknecht, A. Monge Naldi, T. Schrepfer, C.J. Bockisch, and S.C.A. Hegemann

ABSTRACT

BACKGROUND AND PURPOSE: Endolymphatic hydrops has been recognized as the underlying pathophysiology of Menière disease. We
used 3T MR imaging to detect and grade endolymphatic hydrops in patients with Menière disease and to correlate MR imaging findings
with the clinical severity.

MATERIALS AND METHODS: MR images of the inner ear acquired by a 3D inversion recovery sequence 4 hours after intravenous contrast
administration were retrospectively analyzed by 2 neuroradiologists blinded to the clinical presentation. Endolymphatic hydrops was
classified as none, grade I, or grade II. Interobserver agreement was analyzed, and the presence of endolymphatic hydrops was correlated
with the clinical diagnosis and the clinical Menière disease score.

RESULTS: Of 53 patients, we identified endolymphatic hydrops in 90% on the clinically affected and in 22% on the clinically silent side.
Interobserver agreement on detection and grading of endolymphatic hydrops was 0.97 for cochlear and 0.94 for vestibular hydrops. The
average MR imaging grade of endolymphatic hydrops was 1.27 � 0.66 for 55 clinically affected and 0.65 � 0.58 for 10 clinically normal ears.
The correlation between the presence of endolymphatic hydrops and Menière disease was 0.67. Endolymphatic hydrops was detected in
73% of ears with the clinical diagnosis of possible, 100% of probable, and 95% of definite Menière disease.

CONCLUSIONS: MR imaging supports endolymphatic hydrops as a pathophysiologic hallmark of Menière disease. High interobserver
agreement on the detection and grading of endolymphatic hydrops and the correlation of MR imaging findings with the clinical score
recommend MR imaging as a reliable in vivo technique in patients with Menière disease. The significance of MR imaging detection of
endolymphatic hydrops in an additional 22% of asymptomatic ears requires further study.

ABBREVIATIONS: EH � endolymphatic hydrops, MD � Menière disease; 3D-IR � 3D real inversion recovery

According to the 1985 American Academy of Otolaryngology-

Head and Neck Surgery Committee on Hearing and Equilib-

rium guidelines, Menière disease (MD) is defined by �2 defini-

tive spontaneous episodes of vertigo 20 minutes or longer,

audiometrically documented hearing loss on at least 1 occasion,

and tinnitus or aural fullness.1 In 1995, a clinical diagnostic scale

was added with the categories possible, probable, definite, and

certain,2 with “certain” defined as definite disease plus histo-

pathologic confirmation. It is universally agreed that the patho-

genesis of MD consists of endolymphatic hydrops (EH), but a

simple cause-effect relation between EH and clinical symptoms is

not present. Moreover, EH appears to be an end point of different

etiologies such as trauma,2 viral infection and autoimmune pro-

cesses,3 electrolyte imbalance,4 and cellular channelopathies.5

Histopathology has provided evidence that not every individual

with EH presents with symptoms of MD6-8 and not every individ-

ual with the clinical diagnosis of MD has EH.9-12 Only recently has

MR imaging enabled depiction of EH,13 opening a window for in

vivo confirmation of EH. The purpose of our study was to assess

the degree of EH in 53 patients with MD and to correlate the MR

imaging findings obtained by a specific protocol with the certi-

tude of clinical diagnosis.

MATERIALS AND METHODS
From June 2012 until April 2013, sixty-three patients, 27–72 years

of age, female/male � 21:42, with the clinical diagnosis of definite,

Received August 30, 2013; accepted after revision November 20.

From the Medizinisches Radiologisches Institut (MRI Bethanien/Bahnhofplatz/
Stadelhofen) Zurich (K.B., B.S.), Zurich, Switzerland; Department of Oto-Rhino-
Laryngology (A.M.N., T.S.), University Hospital of Zurich, Zurich, Switzerland; and
Departments of Neurology, Ophthalmology and Oto-Rhino-Laryngology (C.J.B.)
and Oto-Rhino-Laryngology, Interdisciplinary Center for Vertigo and Balance Dis-
orders (S.C.A.H.), University Hospital of Zurich, Zurich, Switzerland.

B. Schuknecht shared first authorship with K. Baráth.
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possible, or probable MD were referred for 3T MR imaging of the

temporal bone to demonstrate EH and to exclude other causes of

vertigo and hearing loss such as vestibular schwannoma. Nine

patients with motion artifacts and 1 patient with the MR imaging

diagnosis of hemorrhagic labyrinthitis were excluded from anal-

ysis. With institutional approval for the study and patient in-

formed consent, the MR imaging data of the remaining 53 pa-

tients (106 ears) were retrospectively analyzed.

All patients underwent 3T MR imaging of the temporal bone

by using a 32-channel phased array coil to rule out schwannoma

or other causes of the symptoms. Following a delay of 4 hours

after intravenous contrast administration (Gadovist; Bayer-

Schering Pharma, Berlin, Germany; 1.0 mmol/mL at a dose of 0.2

mmol/kg), a 3D real inversion recovery

(3D-IR) sequence13 was performed with

the following parameters: FOV, 190

mm; section thickness, 0.8 mm; TR,

6000 ms; TE, 177 ms; number of excita-

tions, 1; TI, 2000 ms; flip angle, 180°;

matrix, 384 � 384; bandwidth, 213 Hz/

pixel; turbo factor, 27; scan time, 15

minutes.

The MR images were qualitatively

analyzed by 2 experienced neuroradi-

ologists (K.B. and B.S.) blinded to the

side, uni- or bilaterality of symptoms

and the clinical score of MD.

On the basis of previous histopatho-

logic observations,14 EH was catego-

rized as none (Fig 1A), grade I (Fig 1B),

and grade II (Fig 1C). Hydrops of the

cochlea and vestibule was separately

assessed by visual comparison of the rel-

ative areas of the nonenhanced en-

dolymphatic space versus the contrast-

enhanced perilymph space.

Statistical analysis for interobserver

agreement on detecting and grading EH

was performed by using the Cohen �

test. To test for independence of MR im-

aging and clinical results, we used the

Pearson �2 test (when the clinical grad-

ing was simplified to normal and abnor-

mal ears), and the Fisher exact test, when

the clinical score was 4 levels (normal

ears and ears with possible, probable,

and definite MD). All tests were per-

formed in R (Version 2.14.2; http://

www.r-project.org/) and RStudio (Ver-

sion 0.97; http://www.rstudio.com).

RESULTS
Normal MR Imaging Findings
On the delayed 3D-IR sequence, the

normal cochlea displays the interscalar

septum, scala tympani, osseous spiral

lamina/cochlear duct, and scala vestibuli

(Fig 1A). In the normal vestibule, the added surface areas of the

saccule and utricle are less than half the area of the vestibule at the

midmodiolar level (Fig 1A).

Grading of EH
Grade I cochlear hydrops was defined as mild dilation of the non-

enhancing cochlear duct, sparing parts of the enhancing peri-

lymph of the scala vestibuli (Fig 1B). Grade I vestibular hydrops

presented as distention of the endolymph space of the saccule or

utricle or both, with the perilymphatic space still visible along the

periphery of the bony vestibule (Fig 1B).

In grade II cochlear hydrops, the scala vestibuli was uni-

formly obstructed by the maximally distended cochlear duct

FIG 1. A, Normal labyrinth: interscalar septum (thin arrow), scala tympani (large arrowhead),
osseous spiral lamina/cochlear duct (thick arrow), scala vestibuli (small arrowhead), saccule
(dashed arrow), and utricle (dotted arrow). B, Cochlear hydrops grade I with irregular dilation and
partial obstruction of the scala vestibuli (arrows). In vestibular hydrops grade I, dilation of the
endolymphatic space (dotted arrow) encompasses �50% of the vestibulum. A circular perilym-
phatic space (dashed arrow) remains visible. C, Cochlear hydrops grade II with total obliteration
of the scala vestibuli (arrows). In vestibular hydrops grade II, dilation of the endolymphatic space
leads to effacement of the perilymphatic space (dotted arrow).
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(Figs 1C and 2). In grade II vestibular hydrops, the bony ves-

tibule was entirely encompassed by the dilated endolymphatic

spaces (Figs 1C and 2).

EH was not visible on the 3D heavily T2-weighted spatial and

chemical-shift encoded excitation sequence obtained at a 0.4-mm

section thickness (Fig 2).

MR Imaging Findings of EH
Cochlear hydrops was present in 53 ears (grade I in 35 and grade

II in 18 cases), and vestibular hydrops was detected in 56 ears

(grade I in 30 and grade II in 26 instances). Cohen � test for

interobserver agreement was 0.97 for cochlear findings and 0.94

for the vestibule (normal and abnormal). The average MR imag-

ing grading of EH was 1.27 � 0.66 for 55 clinically affected ears

(55 cochleae and 55 vestibules) and 0.65 � 0.581 for 10 clinically

normal sides (10 cochleae and 10 vestibules).

Correlation of Imaging and Clinical Diagnosis
Ninety percent (55/61) of clinically diseased ears had EH on MR

imaging, whereas 78% (35/45) of the clinically normal ears had no

EH on MR imaging (Fig 3A). The results proved significantly

different from chance (Pearson �2 test with the Yates continuity

correction, �2 � 47.5754, df � 1, P � .001). Conversely, 22%

(10/45) of clinically normal ears showed EH on MR imaging, and

10% (6/61) of ears with a clinical diagnosis of MD did not show

EH.

Of the 10 ears with asymptomatic unilateral EH, MR imaging

in 9 ears (92%) depicted grade I EH in either the cochlea (n � 3),

the vestibule (n � 5), or both (n � 1). Only in 1 case was grade II

vestibular EH present in addition to a grade I cochlear EH.

The correlation between the presence of EH and the clinical

score (normal ears and ears with possible, probable, and definite

MD) was 0.67 (Spearman �, P � .001). EH was depicted in 73%

(11/15) of ears with the clinical diagnosis of possible MD, in 100%

(3/3) with probable MD, and in 95% (41/43) of sides with definite

MD (Fig 3B). These percentages are significantly different from

chance (Fisher Exact Test for Count Data, P value � .001).

DISCUSSION
MR Imaging Visualization of EH
Since the first publication of MR imaging visualization of EH in

an animal study in 200115 and MR imaging demonstration of EH

in patients with MD following intratympanic injection in 2007,16

numerous studies have tried to visualize EH by using different

routes of administration of contrast media, such as intratym-

panic16 versus intravenous17-20 and by altering intravenous dos-

age regimens (single,13,17 double,18 and triple21 dose). Additional

variations included technical parameters such as the number of

receive channels of the head coil (8,22 12,23 and 32,17) and a vari-

able choice of sequences such as 3D-FLAIR,23,24 heavily T2-

weighted 3D-FLAIR,24 and 3D-IR sequences.13 On the basis of

previous demonstration of the feasibility to separate the endo-

and perilymphatic space 24 hours after intratympanic gadolinium

injection by a 3D-IR sequence13 and the observation that perilym-

phatic enhancement occurs 4 hours after intravenous contrast

administration,21,25 our protocol comprised a 3D-IR sequence

obtained 4 hours following intravenous injection of contrast

media.

The intravenous route of contrast administration is also less

invasive and renders perilymph enhancement independent of the

status of the round window membrane.26,27 In a comparative

study in patients with MD, however,28 intratympanic contrast

injection provided higher perilymphatic signal compared with

intravenous administration. An additional advantage of the intra-

venous method is simultaneous examination of both labyrinths

because provided the disease manifestation is unilateral, the non-

diseased ear serves for comparison. A caveat to this, however, is

FIG 2. A 3D-IR sequence depicts cochlear EH grade II (thin arrow) and vestibular EH grade II (thick arrow) on the right. EH is not visible on the
corresponding 3D T2-weighted spatial and chemical-shift encoded excitation (SPACE) sequence. No EH on the normal left side is seen. Normal
anatomy is shown at different levels (below the midmodiolar, midmodiolar, and above the midmodiolar sections) on the 3D-IR (0.8 mm) and 3D
heavily T2-weighted SPACE (0.4 mm) sequence: interscalar septum (thin dashed arrow), anterior ampulla (thick dashed arrow), utricle/common
crus (thick dotted arrow), and the lateral ampulla (arrowhead).

AJNR Am J Neuroradiol 35:1387–92 Jul 2014 www.ajnr.org 1389



that asymptomatic EH had been observed by histopathology in

5%7 and 26%8 of postmortem examinations without docu-

mented MD. Finally, intravenous application of the contrast

agent renders the function of the blood-perilymph barrier visible.

In accordance with others,24,28 gadolinium uptake was more pro-

nounced in symptomatic compared with asymptomatic ears in

patients with unilateral EH in 90% of our cases (Fig 4).

Anatomic Considerations
In 1938, Hallpike and Cairns29 described histopathologic changes

that consisted of gross distention of the cochlear duct and pre-

dominant dilation of the saccule as opposed to the utricle. In most

cases of our series, however, vestibular hydrops was not attribut-

able to either the saccule or the utricle (Fig 1B, -C), and only rarely

a preferential distention of the saccule (Fig 4) or the utricle (Fig 5)

was observed. The saccule is located anteromedially in the pars

inferior of the vestibule, while the utricle is posterior within the

pars superior.30 Because visual assessment was based on axial im-

ages at the widest part of the vestibule (Fig 2), dilation of the

vertically oriented saccule may have been underestimated in com-

parison with the horizontally positioned utricle. Cochlear hy-

drops, an apical distention of the cochlear duct as a normal find-

ing31 and the interscalar septum (Fig 2), can be confidently

identified at this level as well.

MR Imaging Grading of EH
MR imaging grading of EH is meant to assess the presence and

degree of EH in patients with different clinical scores of MD.

In 20 healthy volunteers, Liu et al32 found the endolymph to

account for 8%–26% of the fluid space within the cochlea and

20%– 41% in the vestibule. For the cochlea, Sperling et al33 pro-

posed a grading system of EH with the categories “slight, moder-

ate, and profound,” based on an increasing displacement of the

Reissner membrane. Visualization of the perilymphatic space

within the scala vestibuli in our study is an indirect measure to

depict displacement of the Reissner membrane as well. Cochlear

duct dilation was relatively uniform in grade II hydrops (Fig 1C)

but commonly slightly nodular in grade I (Figs 1B and 4). Histo-

pathologically, the existence of cochlear hydrops of varying sever-

ity in the same cochlea has been proved as well.34

The definition of a cutoff value of �50% required for vestib-

ular hydrops grade I was derived from 41% of the total volume

encompassed by the saccule and utricle.33 Grade II was present

when the entire vestibulum was occupied by the endolymph

space. The MR imaging grading pro-

posed by Nakashima et al34 probably

overestimates “mild hydrops” when de-

fined as “one-third and a half ratio” of

endo- to perilymphatic space.

Relationship between Clinical
Diagnosis and MR Imaging
Diagnosis of EH
Belal and Antunez6 found an incidence

of EH in 9% of 703 temporal bones, in-

cluding normal ears and ears with vari-

ous pathologies. By histopathology,

Rauch et al7 and Merchant et al8 found

EH in 5% and 26% of temporal bones in

patients without previous symptoms of

MD. The latter figure corresponds to an

FIG 3. EH is present in 22% (10/45) of clinically normal ears and in 90%
(55/61) of clinically diseased ears (irrespective of clinical score) (A) and
in 73% of ears with possible (11/15), in 100% in ears with probable (3/3),
and in 95% (41/43) of ears with definite MD (B).

FIG 4. Predominant saccular dilation: 3D-IR sequence (right and left side of the same patient).
The right side shows a dilated saccule (arrow) and a slightly distended utricle (dashed arrow) with
grade I cochlear hydrops (dotted arrow). Note increased contrast enhancement of the perilymph
on the symptomatic right side compared with the normal left labyrinth.
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incidence of 22% in clinically “silent” ears in our series.

EH was found on the clinically affected side in 55/61 ears

(90%). Histopathologically, Fraysse et al12 described similar re-

sults in 93% of 21 affected ears.

The detection rate was 73% in ears with clinically possible MD

(Fig 3), 100% in probable, and 95% in ears with definite MD in

our series. The severity of hydrops was significantly more pro-

nounced for 55 clinically affected ears, with an average grade of

1.27 � 0.66 in comparison with an average grade of 0.65 � 0.581

for 10 clinically normal sides. Accordingly, Sperling et al33 found

a tendency for more severe EH to occur in symptomatic cases and

comparatively less EH in asymptomatic cases.

CONCLUSIONS
In patients with MD, a dedicated MR imaging protocol depicts

cochlear and vestibular EH in vivo. In accordance with histo-

pathologic data, 10% of patients did not have EH in the affected

ear, while EH may be present in clinically silent ears of patients

with MD. A high interobserver agreement on detecting and grad-

ing EH suggests that this MR imaging grading method is robust.
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ORIGINAL RESEARCH
HEAD & NECK

Immunoglobulin G4–Related Disease of the Orbit: Imaging
Features in 27 Patients

C.A. Tiegs-Heiden, L.J. Eckel, C.H. Hunt, F.E. Diehn, K.M. Schwartz, D.F. Kallmes, D.R. Salomão, T.E. Witzig, and J.A. Garrity

ABSTRACT

BACKGROUND AND PURPOSE: Immunoglobulin G4 –related disease is a systemic fibroinflammatory process of unknown etiology,
characterized by tissue infiltration by immunoglobulin G4 plasma cells. The purpose of this study was to retrospectively identify the
spectrum of imaging features seen in immunoglobulin G4 –related disease of the orbit.

MATERIALS AND METHODS: This study included 27 patients with biopsy-proved immunoglobulin G4 –related disease of the orbit and
either a CT or MR imaging of the orbits. These CT or MR imaging examinations were evaluated for the following: extraocular muscle size,
extraocular muscle tendon enlargement, lacrimal gland enlargement, infiltrative process in the orbital fat (increased attenuation on CT or
abnormal signal on MR imaging), infraorbital nerve enlargement, mucosal thickening in the paranasal sinuses, and extension of orbital
findings intracranially.

RESULTS: Extraocular muscles were enlarged in 24 of 27 (89%) patients, 21 (88%) bilaterally. In 32 of 45 (71%) affected orbits, the lateral
rectus was the most enlarged muscle. In 26 (96%) patients, the tendons of the extraocular muscles were spared. Nineteen (70%) patients had
lacrimal gland enlargement. Twelve (44%) patients had an infiltrative process within the orbital fat. Infraorbital nerve enlargement was seen in 8
(30%) patients. Twenty-four (89%) patients had sinus disease. Cavernous sinus or Meckel cave extension was seen in 3 (11%) patients.

CONCLUSIONS: In patients with extraocular muscle enlargement, particularly when the tendons are spared and the lateral rectus is the
most enlarged, and even more so when other noted findings are present, immunoglobulin G4 –related disease should be a leading
differential consideration, even over more commonly known etiologies of extraocular muscle enlargement.

ABBREVIATIONS: IgG4 � immunoglobulin G4

Immunoglobulin G4 (IgG4)-related disease is a systemic inflam-

matory process of unknown etiology, characterized by tissue

infiltration by IgG4 plasma cells and sclerosing inflammation.1-5

Although initially described in association with autoimmune

pancreatitis, manifestations of IgG4-related disease are now re-

ported in nearly every organ system.1-3,5-10

Multiple case reports and small case series of orbital manifes-

tations of IgG4-related disease have noted involvement of the ex-

traocular muscles, lacrimal glands, and infraorbital nerve,1,2,4,7-19

but these small series do not allow evaluation of the typical pat-

terns of imaging findings in IgG4-related disease. The purpose of

this study was to retrospectively identify the spectrum of imaging

features seen in IgG4-related disease of the orbit. Ideally, these

characteristics will help clinicians and radiologists recognize

IgG4-related orbital disease among a broad differential of orbital

pathologies.

MATERIALS AND METHODS
Institutional review board approval was obtained for this Health

Insurance Portability and Accountability Act– compliant retro-

spective research protocol, and the requirement for informed pa-

tient consent was waived. A pre-existing ophthalmology data base

of all patients seen at our institution with biopsy-proved IgG4-

related disease of the orbit was reviewed. Patients were seen in our

Ophthalmology Department between January 1998 and April

2012. All patients in this data base who had undergone CT and/or

MR imaging that included the orbits were included in this study.

There were no exclusion criteria aside from lack of CT and/or MR
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imaging. Twenty-seven patients were identified for inclusion in

this study. There were 17 (63%) female patients. Mean age at the

time of the initial imaging examination was 51 years (range,

30 –71 years).

Orbital biopsies were performed at our or, less commonly, an

outside institution between December 1997 and April 2012. All

pathology was reviewed at our institution. Biopsies were per-

formed of the lacrimal gland, extraocular muscle, orbital soft-

tissue infiltrate, and/or infraorbital nerve. Similar to the report of

Plaza et al,7 diagnosis of IgG4 disease was made on the basis of the

number of immunohistochemically identified IgG4-positive

plasma cells per high-power field. For each specimen, 3 high-

power fields with the highest attenuation of IgG4-positive plasma

cells were selected, and an average number of IgG4-positive

plasma cells per high-power field were calculated. Eleven or more

IgG4 cells per high-power field were necessary to make the diag-

nosis of IgG4-related disease.

CT or MR imaging scans were obtained from January 1998 to

December 2011. Twenty-two (81%) patients had CT as their ini-

tial imaging examination; 5 (19%) patients had MR imaging. CT

scans were either contrast-enhanced (12, 55%) or unenhanced

(10, 45%). Section thickness of the CT scans ranged from 1.25 to

5 mm, with most CT scans having a section thickness of 2–3 mm

(17, 77%). All 5 of the MR imaging examinations were performed

with and without IV gadolinium. Section thickness of the MR

imaging scans ranged from 3 to 5 mm. Twenty-two (81%) pa-

tients had their first CT or MR imaging before their biopsy. The

time between the first CT or MR imaging and biopsy was �1

month in 16 patients (59%), 1–2 months in 4 (15%), 2 months to

1 year in 2 (7%), 1–2 years in 3 patients (11%), and �2 years apart

in 2 patients (7%).

For each patient, if more than 1 study was available, the earliest

CT or MR imaging was evaluated by 2 neuroradiologists (12 and 8

years of imaging experience) and 1 Postgraduate Year 3 radiology

resident in consensus. From the coronal imaging plane, each ex-

traocular muscle was measured in 2 dimensions (millimeters):

maximum diameter and maximum short axis. Short-axis extra-

ocular muscle measurements were compared with normal values

as described by Ozgen and Ariyurek20 and Ozgen and Aydingöz.21

Upper limits of normal used for each muscle were as follows:

medial rectus, 5.0 mm; lateral rectus, 4.8 mm; inferior rectus, 6.5

mm; superior rectus, 6.1 mm; and superior oblique, 4.1 mm.20,21

This reference does not provide a normal size for the inferior

oblique muscle; however, this muscle was measured in a similar

fashion. In addition, the examinations were subjectively evaluated

for the presence or absence of extraocular muscle tendon involve-

ment and lacrimal gland enlargement (including whether these

distorted the globe or caused bony changes), the presence of an

infiltrative process in the orbital fat (defined as increased attenu-

ation on CT or abnormal signal on MR imaging in the intraconal

or extraconal fat), the presence of infraorbital nerve enlargement

(defined as enlargement of the infraorbital canal by CT and en-

largement of the nerve by MR imaging), intracranial involvement

(defined as a soft-tissue mass extending intracranially from the

orbit), and incidental sinus disease (defined as fluid and/or mu-

cosal thickening in any of the paranasal sinuses). Clinical and

laboratory data, including age, sex, steroid use, serum IgG4 level

(at our institution a normal IgG4 level is 2.4 –121.0 mg/dL), clin-

ical symptoms, duration of symptoms until the first imaging

study, and any other areas of known disease involvement (both

within and outside the head and neck), were identified by review

of the electronic medical record.

RESULTS
Clinical Data
The most frequent presenting symptom was proptosis and/or

periorbital swelling (26, 96%). Pain or discomfort was reported in

2 (7%) patients. Information regarding the duration of orbital

symptoms was available by chart review in 24 (89%) patients. The

duration of symptoms ranged from 0.5 to 228.0 months (average,

44.9 months). Four (15%) patients were taking oral steroids at the

time of their initial imaging examination.

Seventeen (63%) patients had serum IgG4 levels measured

during the course of their care, some on multiple occasions. Eight

of 17 (47%) patients had an elevated serum IgG4 level recorded

during this time. When we used only the earliest IgG4 level re-

corded, the average IgG4 level was 363 mg/dL, with a range from

13.3 to 3150 mg/dL. On the basis of this first available serum IgG4

level, 6 (35%) patients had elevated values and 11 (65%) had

normal values. Serum IgG4 levels were not necessarily obtained at

the time of either the initial diagnosis or initial imaging, however;

in many cases, the first serum IgG4 level was not obtained until

months or years after the diagnosis had been made, when the

patient was already being treated.

Extraocular Muscle Involvement
The average maximal and the average short-axis diameters of each

extraocular muscle (considering all 54 orbits) are shown in the

Table. On the basis of an individual comparison of short-axis

measurements with the aforementioned normal measurements,

24 of 27 (89%) patients and 45 of 54 (83%) orbits displayed ex-

traocular muscle enlargement. Twenty-one of 24 (88%) patients

with extraocular muscle involvement demonstrated bilateral en-

largement. Examples of unilateral and bilateral extraocular mus-

cle enlargement are shown in Fig 1. The tendons of the extraocular

muscles were spared in 26 (96%) patients.

Summary of extraocular muscle findings
Lateral
Rectus

Inferior
Rectus

Medial
Rectus

Superior
Rectus

Inferior
Oblique

Superior
Oblique

Average maximum diameter (mm)a 11.7 11.7 10.5 10.0 10.6 6.4
Average short-axis diameter (mm)a 6.4 6.4 5.2 5.5 3.0 3.3
Frequency of enlargementb 41 (76%) 19 (35%) 16 (30%) 11 (20%) N/A 6 (11%)
Frequency of most enlargedc 32 (71%) 9 (20%) 3 (7%) 1 (2%) N/A 0 (0%)

a Average diameters are based on measurements from all orbits (n � 54).
b Frequency of enlargement was determined by the number of times a muscle was enlarged of a possible 54 orbits.
c Frequency of most enlarged muscle was determined by the number of times a muscle was the most enlarged muscle in an eye of 45 affected orbits.
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The Table also lists how often each

extraocular muscle was enlarged com-

pared with normal values, as well as the

frequency of each extraocular muscle

being the most enlarged muscle on a

per-orbit basis. The lateral rectus was

enlarged most commonly, in 41 of 54

(76%) orbits. The lateral rectus was also

most frequently the largest muscle in 32

of 45 (71%) orbits that had extraocular

muscle enlargement.

Additional Imaging Features
Nineteen (70%) patients had lacrimal

gland enlargement, 11 (58%) of whom

had bilateral involvement. Examples of

unilateral and bilateral lacrimal gland

enlargement are shown in Fig 2. In all

cases, lacrimal gland enlargement did

not distort the globe, and there were no

adjacent bony changes. Sixteen (60%)

patients had both extraocular muscle

enlargement and lacrimal gland enlarge-

ment. All 3 patients who did not have

extraocular muscle enlargement demonstrated lacrimal gland in-

volvement, 1 bilaterally and 2 with unilateral involvement.

Twelve (44%) patients were characterized as having an infil-

trative process within the orbital fat (Fig 3). Eight (30%) patients

had infraorbital nerve enlargement (Figs 1B and 4), 5 (63%) of

which were bilateral. Three (11%) patients had intracranial IgG4

involvement, 1 bilateral and 2 unilateral (Fig 5). Both patients

with unilateral involvement had unilateral soft-tissue masses

within the cavernous sinus. The patient with bilateral involve-

ment had soft-tissue masses within the cavernous sinuses and

anterior Meckel cave. Fifteen (63%) patients had documented

IgG4-related lesions outside the orbit, 11 (73%) of which were

outside the head and neck. Other areas of involvement docu-

mented in the electronic medical record included lymph nodes

(cervical, thoracic, and abdominal), parotid glands, autoim-

mune pancreatitis, and hepatic pseudotumor. Paranasal sinus

mucosal thickening was seen in 24 (89%) patients, as demon-

strated in Fig 1.

DISCUSSION
On the basis of this study of the imaging of 27 patients, typical

imaging findings of IgG4-related disease of the orbit are evident.

The most common orbital imaging finding in our patient popu-

lation was extraocular muscle enlargement. The lateral rectus was

the most commonly enlarged muscle and was typically enlarged

to the greatest degree. Lacrimal gland enlargement was also a very

common finding. Intraorbital inflammatory change, infraorbital

nerve enlargement, and sinus disease are supportive findings in

IgG4-related disease. While uncommon, a soft-tissue mass ex-

tending from the posterior orbit into the cavernous sinus and/or

Meckel cave may also be noted. The combination of any primary

(extraocular muscle enlargement or lacrimal gland enlargement)

FIG 1. Noncontrast CT findings of IgG4-related ophthalmic disease. A, Bilaterally symmetric
extraocular muscle enlargement in a 39-year-old man (arrows). Note that the lateral rectus is the
most enlarged extraocular muscle bilaterally. B, Asymmetric left-more-than-right extraocular
muscle enlargement in a 67-year-old man (arrows). Sinus disease (star) and infraorbital nerve
enlargement (arrowhead) are also evident in this patient.

FIG 2. Lacrimal gland involvement in IgG4-related ophthalmic disease. A, Bilateral lacrimal gland
enlargement in a 63-year-old woman (arrows). B, Unilateral lacrimal gland enlargement in a 59-
year-old woman (arrow). This patient did not have extraocular muscle enlargement.

FIG 3. Infiltrative orbital process in a 42-year-old woman with IgG4-
related ophthalmic disease.

FIG 4. Infraorbital nerve enlargement in a 54-year-old man with
IgG4-related ophthalmic disease (arrow).
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and any of these other supportive findings is very suggestive of

IgG4 disease (Fig 6).

The inflammatory mucosal thickening noted in the paranasal

sinuses is an unknown association with IgG4-related disease of

the orbit. Given that it was noted in 89% of our patients versus a

prevalence of approximately 40% in the general population,22

perhaps it reflects another manifestation of altered immune mod-

ulation in those patients with IgG4-related disease. As such, its

presence may offer an additional clue when considering IgG4 of

the orbit versus other etiologies.

The extraocular muscle enlargement seen in many patients in

this series could be misinterpreted as being secondary to Graves

ophthalmopathy. A useful distinguishing feature between these 2

entities is the pattern of extraocular muscle involvement. Graves

ophthalmopathy tends to spare the lateral rectus until late in the

disease course.23,24 By contrast, in our study, the lateral rectus is

the most commonly and most dramatically involved in IgG4-

related disease. Additionally, findings of sinus disease and infraor-

bital nerve enlargement are also not usual features of Graves

ophthalmopathy.23

Idiopathic inflammatory orbital pseudotumor could also be

included in the differential diagnosis of IgG4-related disease of

the orbit. Orbital pseudotumor can present with dacryoadenitis,

myositis, apical, anterior, or diffuse disease.25 Whereas IgG4 typ-

ically spares the tendinous insertions of the extraocular muscles,

orbital myositis characteristically causes enlargement of the entire

muscle, including the tendon.25 Again, the pattern of extraocular

muscle enlargement is an important differentiating feature. Or-

bital myositis most frequently affects the medial rectus, followed

by the superior rectus and lateral rectus,25 and is most often uni-

lateral.25 In contrast, IgG4 favors the lateral rectus and is most

commonly bilateral. Unlike IgG4-related disease of the orbit, pa-

tients with orbital pseudotumor classically present with orbital

pain.25

This case series is, to our knowledge, the largest to describe the

pattern of imaging findings seen in IgG4-related disease of the

orbit. A recent series of 9 cases also iden-

tified lacrimal gland enlargement, extra-

ocular muscle thickening, orbital fat in-

volvement, and perineural involvement

as imaging features of IgG4-related dis-

ease.19 While this series found all cases

of extraocular muscle thickening to be

unilateral, cases in our series were more

often bilateral.19 Several previous publi-

cations regarding IgG4-related disease

of the head and neck have focused their

attention within the orbit on lacrimal

gland enlargement.4,7,17,18 Although

lacrimal gland enlargement was com-

FIG 5. Intracranial disease in IgG4-related ophthalmic disease. A, Axial T1 postcontrast image in a
70-year-old man demonstrates enhancing soft-tissue masses extending bilaterally through the
cavernous sinus to the anterior Meckel caves (arrows). B, Coronal T1 postcontrast image in the
same patient demonstrates extraocular muscle enlargement, infraorbital nerve enlargement, and
sinus disease.

FIG 6. Decision tree for the differential diagnosis of extraocular muscle enlargement.
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mon in this case series, extraocular muscle enlargement was the

most common finding. Several authors have also reported the

presence of perineural spread of IgG4-related disease, with expan-

sion of the associated neural foramina.4,8,9,17,18

Limitations of our study include its retrospective nature. Ad-

ditionally, the imaging-acquisition parameters were not consis-

tent among all patients. The study used 2 different modalities, CT

and MR imaging, because the initial examination technique dif-

fered among patients. Some scans were not dedicated orbital

studies but were performed to assess the sinuses or entire head.

This difference could potentially decrease the sensitivity of detec-

tion for some of the findings that were assessed.

Future research could include evaluation of imaging findings

more closely coordinated to the date of systemic IgG4-level acqui-

sition. We did not identify any published literature regarding se-

rum IgG4 in relation to orbital manifestations. Additionally, fur-

ther research to investigate changes in orbital imaging features

with time would be helpful to document the suspected duration,

natural course of presentation and suspected progression, and

response to treatment.

CONCLUSIONS
In patients with proptosis or periorbital swelling who undergo CT

or MR imaging, IgG4-related orbital disease can be strongly sus-

pected when certain imaging features are also present. When ex-

traocular muscle or lacrimal gland enlargement is noted, partic-

ularly when the lateral rectus is the most involved muscle, IgG4

should be a differential consideration. In these cases, if orbital

inflammatory change, infraorbital nerve enlargement, or inciden-

tal sinus mucosal thickening, or all of these are also noted, IgG4-

related orbital disease should be a leading consideration over

other more commonly known etiologies of extraocular muscle

and lacrimal gland enlargement.
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Role of Mastoid Pneumatization in Temporal Bone Fractures
A. Ilea, A. Butnaru, S.A. Sfrângeu, M. Hedeşiu, C.M. Dudescu, P. Berce, H. Chezan, L. Hurubeanu, V.E. Trombiţaş,

R.S. Câmpian, and S. Albu

ABSTRACT

BACKGROUND AND PURPOSE: The mastoid portion of the temporal bone has multiple functional roles in the organism, including
regulation of pressure in the middle ear and protection of the inner ear. We investigated whether mastoid pneumatization plays a role in
the protection of vital structures in the temporal bone during direct lateral trauma.

MATERIAL AND METHODS: The study was performed on 20 human temporal bones isolated from cadavers. In the study group formed
by 10 temporal bone samples, mastoid cells were removed and the resulting neocavities were filled. The mastoids were maintained intact
in the control group. All samples were impacted at the same speed and kinetic energy. The resultant temporal bone fractures were
evaluated by CT.

RESULTS: Temporal squama fractures were 2.88 times more frequent, and mastoid fractures were 2.76 times more frequent in the study
group. Facial nerve canal fractures were 6 times more frequent in the study group and involved all the segments of the facial nerve. Carotid
canal fractures and jugular foramen fractures were 2.33 and 2.5 times, respectively, more frequent in the study group.

CONCLUSIONS: The mastoid portion of the temporal bone plays a role in the absorption and dispersion of kinetic energy during direct
lateral trauma to the temporal bone, reducing the incidence of fracture in the setting of direct trauma.

The mastoid portion of the temporal bone has a pneumatic

structure similar to that of the paranasal sinuses. While pneu-

matized paranasal structures have developed phylogenetically be-

cause of multiple functional needs,1 however, the functional roles

of the mastoid are discussed less in the literature. Hill and Richts-

meier2 designated pneumatic cells in the temporal bone as enig-

matic structures. They showed that temporal bone pneumatiza-

tion has diminished during the evolution of the human species,

but little is known about the cause or effect of this process.2 Mas-

toid cells are completely formed around 10 years of age and reach

maturity between 15 and 20 years of age.3,4 In the adult, there are

no differences in the size of the mastoid between men and

women.5 Also, Han et al6 found no statistically significant differ-

ences in mastoid pneumatization between the right and left side.

The size of mastoid cells is not only determined genetically, but

environmental factors are also involved. The volume of mastoid

cells depends on the degree of impairment of the middle ear dur-

ing childhood, such as recurrent acute otitis media or otitis media

with effusion.7 Turgut and Tos8 found mastoid length to be sig-

nificantly shorter in specimens with pathologic eardrum and

middle ear adhesions. Pneumatization was also decreased in spec-
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imens with a short length of the mastoid process. However, it is

not clear whether reduced temporal bone pneumatization is the

effect of middle ear infections or their cause.

Kellman and Schmidt1 demonstrated the role of the paranasal

sinuses in the protection of the eyeball. They showed that a direct

blow on the eyeball causes fracture of the orbit floor, while the

eyeball remains intact. In contrast, if the paranasal sinuses are

filled with bone cement, direct eye trauma causes rupture of the

eyeball, without orbit fractures.1

We hypothesize that mastoid pneumatization plays a role sim-

ilar to that of the paranasal sinuses: to protect vital structures such

as the facial nerve, blood vessels, and central nervous tissue, by

dissipating energy.

MATERIALS AND METHODS
Study Samples
The study was performed on isolated temporal bones collected

from human cadavers. After removal, the temporal bones were

treated with formalin for preservation. The study was approved

by the Ethics Board of the “Iuliu Haţieganu” University of Medi-

cine and Pharmacy, Cluj-Napoca, No. 250/22. 02. 2011.

The study included 20 temporal bone samples that were ran-

domly assigned to 2 groups. The study group consisted of 10 tem-

poral bone samples (S1–S10) from which mastoid cells were re-

moved by an external approach. The resulting cavity was filled

with a mixture of calcium carbonate, white gypsum (semihy-

drated calcium sulfate), and hydroxyapatite in a proportion of

10:10:1. The other 10 temporal bone samples had their mastoid

cells intact and represented the control group (M1–M10).

The Impacting System
Each of the 20 temporal bone samples was fixed on a metal sup-

port with an irreversible elastic material (sodium alginate, an ir-

reversible hydrocolloid impression material). All samples were

impacted at a mean speed of 3.35 � 0.013 m/s and a mean kinetic

energy of 50.50 � 0.39 J generated by a rigid arm pendulum (Fig

1). There were no statistically significant differences in the im-

pacting speed or kinetic energy between the 2 groups (P � .17).

The weight of the impacting pendulum was 9 kg, the radius of the

bob was 60 mm, and the length of the pendulum arm was 62 cm.

The impact to the temporal bone samples was performed at

the same point on the exocranial surface of the temporal bone, in

the region of the junction of the mastoid with the temporal

squama, by using laser light guidance (Fig 2 or see impaction at

the following link: https://vimeo.com/73047373).

Imaging Examinations
All temporal bone samples were examined with CT, and images

were analyzed by 3 radiologists. For the evaluation of fracture

lines, the spiral acquisition mode with 350-mAs values was used

(automatic modulation); 120 kV; collimation, 0.65; pitch, 0.8;

reconstructed sections, 0.62– 0.65 mm, with bone filter, by using a

multidetector device with 64 detector rows (Optima CT660 128SL

with ASiR; GE Healthcare, Milwaukee, Wisconsin).

CT images were evaluated by axial acquisitions of the im-

pacted samples in the anatomic position of the right temporal

bone. Temporal bone fractures were evaluated in the axial plane

and in coronal and sagittal multiplanar reconstructions and in a

3D bone reconstruction volume-rendering technique.

Fractures were classified according to the anatomic segment of

the temporal bone and the horizontal and vertical planes. The

styloid process was not assessed because it was absent in some

anatomic samples. Horizontal or transverse fractures were de-

fined in the horizontal plane for the squamous and mastoid parts

and as fractures coursing perpendicular to the petrous ridge for

the petrous part. Vertical or longitudinal fractures were defined in

the vertical plane for squamous and mastoid parts and as fractures

running parallel to the petrous ridge for the petrous part. Oblique

fractures were defined as fractures crossing the petrotympanic

fissure, and coursing between the horizontal and vertical planes

for the squamous and mastoid parts. The involvement of vital

structures was defined by the presence of fracture lines on at least

1 of the walls surrounding that structure, regardless of the fracture

plane. Comminuted fractures had multiple horizontal, longitudi-

nal, and/or transverse components of the same parts of the tem-

poral bone. Temporal bone fractures were defined as petrous frac-

tures when the fracture lines were extending to the otic capsule

or/and petrous apex. Nonpetrous fractures were defined as frac-

tures that did not involve the otic capsule or petrous apex.9

For evaluation of temporal bone pneumatization, CT was per-

formed in axial sections by using the spiral acquisition mode with

values of 350 mAs (automatic modulation), 120 kV, with a 6-mm

thickness of acquired and reconstructed sections, pitch of 0.5, by

using a 20-row multidetector device, with an inner ear filter.

Temporal bone pneumatization was assessed after impaction.

When evaluating the degree of temporal bone pneumatization,

we monitored the extension of mastoid cells (in each axial sec-

tion) in relation to the 3 parallel reference lines of the sigmoid

FIG 1. The impacting system.

FIG 2. Impaction of sample M1 of the control group.
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sinus according to the study performed by Han et al6: through the

anterior margin, through the maximal concavity opened medi-

ally, and through the posterior margin of the sigmoid sulcus. The

lines maintained a 45° inclination in relation to the anteroposte-

rior axis of the image. Han et al6 showed that the degree of pneu-

matization of the entire mastoid can be estimated by evaluating

the mastoid cells around the sigmoid sinus (Fig 3). Group I, with

reduced pneumatization (hypopneumatization), is represented

by mastoid cells positioned anteromedial to the most anterior

line; group II, with moderate pneumatization, is represented by

pneumatized cells extending between the first and second lines;

group III, with good pneumatization, is represented by pneuma-

tized cells between the middle and the last lines; and group IV,

with hyperpneumatization, is represented by pneumatic cells sit-

uated posterolaterally to the last line.6

Statistical Data Processing
We used the following statistical tests: the Kolmogorov-Smirnov

test for normal distribution and the Student t test for the compar-

ison of the means in the case of 2 inde-

pendent samples if the probability dis-

tribution was normal. If variables did

not have a normal distribution, the

Mann-Whitney test was used for the

comparison of the ranks. The �2 test or

the Fisher exact test was used in case of

qualitative variables. For the linear rela-

tionship between 2 discrete quantitative

variables, the Pearson correlation coeffi-

cient was used, and for the nonlinear re-

lationship between 2 discrete quantita-

tive variables, the Spearman correlation

coefficient was used. The significance

threshold for the tests used was � �

.05. Statistical calculations were performed by using the Statis-

tical Package for the Social Sciences, Version 15.0 (IBM, Ar-

monk, New York) and Excel applications (Microsoft, Red-

mond, Washington).

RESULTS
Temporal Squama Fractures
All temporal bone samples (M1–M10 and S1–S10) had temporal

squama fractures (Fig 4). In the study group, horizontal, vertical,

and oblique temporal squama fractures were present. In this

group, horizontal and oblique fractures were predominant in

equal proportions (36.53% horizontal fractures, 36.53% oblique

fractures, 26.92% vertical fractures), and comminuted fractures

represented 42.85% of all fractures. In the control group, there

were also horizontal, vertical, and oblique fractures. Horizontal

fractures were predominant, followed by oblique fractures

(44.44% horizontal, 38.88% oblique, 16.66% vertical), and com-

minuted fractures represented 6.25% of all fractures. The number

of temporal squama fracture lines was 2.88 times higher in the

study group compared with the control group, and comminuted

fractures were 12 times more frequent in the study group. Statis-

tically significant differences were obtained between the 2 groups

for horizontal (P � .007) and vertical fractures (P � .03).

Mastoid Fractures
All temporal bone samples (M1–M10 and S1–S10) had mastoid

fractures. In both groups, horizontal, vertical, and oblique mas-

toid fractures were present. In both groups, oblique mastoid frac-

tures were predominant, followed by horizontal fractures. In the

study group, mastoid fractures were 2.76 times more frequent and

comminuted fractures were 7 times more frequent compared

with the control group. Statistically significant differences were

obtained between the 2 groups for horizontal fractures (P � .03)

and oblique fractures (P � .001).

Temporal Bone Fractures with the Involvement of the
Facial Nerve Canal
The facial nerve canal was affected by fractures in 10% of the

samples of the control group in the mastoid portion, compared

with 60% in the study group. In the study group, facial nerve canal

fractures were most frequently found in the mastoid portion

(50%), followed by the tympanic area (20%) and the geniculate

FIG 3. Degrees of mastoid pneumatization according to the descriptions of Han et al.6

FIG 4. Temporal squama comminuted fracture: 3D reconstruction of
the exocranial surface of the right temporal bone of sample S1 with a
volume-rendering technique. Comminuted fracture of the mastoid
with extension in the petrous bone and important depression. In the
center of the image is highlighted the aspect of bone depression
(black arrows) that keeps the ball contour impaction at the junction
with the mastoid and temporal scales; the main fracture lines are
marked by dashed white lines. The sample position is indicated by
marginal marks with white letters: S indicates superior; I, inferior; A,
anterior; and P, posterior; black letter marks: ZP, zygomatic process of
the temporal bone; P, parietal portion; S, scaly portion of the tempo-
ral bone. EAM, the external acoustic meatus, is indicated by the white
arrow.
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ganglion area (20%); in 10%, the internal auditory canal was af-

fected (Fig 5).

Fractures of Temporal Bone Foramina and Canals
Fractures involving the carotid canal were found in 30% of the

samples of the control group and in 70% of those of the study

group. The stylomastoid foramen was affected by the fracture line

in only 1 sample in the control group. The jugular foramen was

affected in 20% of the samples of the control group and in 50% of

the samples of the study group. The sigmoid sulcus was affected in

80% of the samples in the control group and 100% in the study

group. These fractures can be seen in Fig 6.

Petrous and Nonpetrous Temporal Bone Fractures
Temporal bone fractures, summarized according to the Ishman

and Friedland9 classification (as petrous and nonpetrous), are

shown in Table 1. The number of petrous fractures was 5.75 times

more frequent in the study group than in the control group. The

number of nonpetrous fractures was 3.18 times more frequent in

the study group compared with the control group. In both groups,

nonpetrous fractures were more frequent than petrous fractures.

Mastoid Pneumatization
In the control group, pneumatization type III was present in 30%

of the samples, and pneumatization type IV, in 70% of the sam-

ples (Fig 7). Pneumatization types I and II, or sclerotic mastoids

were not found in the control group. The samples with pneumati-

zation type IV of the control group had more fracture lines with a

higher severity than the samples with pneumatization type III, as can

be seen in Table 2. By relating the number of fracture lines to the

number of samples, one can see that the samples in the control group

with pneumatization type IV had 1.8 times more fracture lines than

the samples with pneumatization type III of the same group.

In the study group, pneumatization type IV was present in 30% of

the samples. In the other temporal bone samples of this group, the

degree of pneumatization could not be evaluated because multiple

fragments were partially destroyed after impaction.

DISCUSSION
This study demonstrates that mastoid pneumatization and archi-

tecture play a role in the mechanical protection of the temporal

bone structures during direct lateral trauma. The mastoid plays

the role of absorbing and dispersing impacting kinetic energy.

Trauma was applied to the temporal bone samples by using a

weight with a radius of 60 mm. Rhee et al10 showed, in a study on

the biomechanics of zygomatic bone fractures on cadaver heads,

that the severity of the fractures did not depend on the contact

surface area or on the thickness of the soft tissue covering the

bone. They showed that the impacting speed was best correlated

with the severity of the fractures and its threshold was 3.5 m/s. In

our study, the mean impacting speed of the temporal bone sam-

ples was 3.35 � 0.013 m/s with an isolated and formalinized tem-

poral bone.

FIG 5. CT image of the mastoid segment of the facial nerve of sample S1 (A–H): successive CT sections reconstructed in the sagittal plane in the
distal segment of the mastoid canal up to the stylomastoid foramen. In the first image (A), the position of the sample in the sagittal section is
marked as follows: A indicates anterior; P, posterior; S, superior; I, inferior. The fracture lines are marked by short arrows; the facial nerve canal
is marked by a long arrow. A, JV, jugular vein. B, SSS, sigmoid sinus sulcus; ZP, zygomatic process. C, EAM, external auditory meatus. D and E, The
long arrow marks the descending segment of the facial nerve. D, TP, tympanic portion; SPT, squamous portion of the temporal bone (it forms
the roof and the posterosuperior wall of the external auditory meatus). F–H, The long arrow indicates the stylomastoid foramen. G, SP, styloid
process.
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By removing, in the study group, the external cortex of the

mastoids and mastoid cells, a low-resistance area was created. In

the study group, the fracture lines were, in fact, fracture surfaces

and comminuted fractures were much more numerous. In addi-

tion, in the study group, the depressing effect of the impacting

object was seen. All these results lead us to believe that the lesions

of the brain tissue adjacent to the tem-

poral bone would have been more severe

in the study group.

The classic classification of temporal

bone fractures (ie, transverse, longitudi-

nal, and oblique) does not correlate with

the clinical aspects of facial nerve dys-

function as well as the classification that

categorizes fractures as petrous and

nonpetrous.9 Ishman and Friedland9

showed that in petrous fractures, facial

nerve lesions are 3 times more frequent

and CSF leakage is 10 times more fre-

quent. If fractures are nonpetrous and

involve the mastoid portion of the facial

nerve, facial nerve injuries are less likely

to occur.9 In our study, in the control

group, the facial nerve canal fracture was

in the mastoid portion, which is part of

the nonpetrous temporal bone fracture,

thus with fewer chances to induce facial

nerve lesions. In contrast, in the study

group, petrous fractures were 5.75 times

more frequent, with higher chances to

induce facial nerve lesions, considering

that facial nerve canal fractures were 6

times more frequent.

Carotid canal fractures were 2.33

times more frequent in the study group.

York et al11 showed that carotid canal

fractures had a 60% sensitivity and 67%

specificity for the detection of internal

carotid artery injuries in subjects with

head trauma. In their study, the fre-

quency of internal carotid injuries was

twice as high in patients with carotid ca-

nal fractures as in those without carotid

canal fractures. Internal carotid injuries

were predominantly represented by dis-

section, and in 1 patient, by carotid cav-

ernous fistula.11

The jugular foramen was affected by

the fracture line 2.5 times more fre-

quently in the study group, which in-

creased the risk of sigmoid sinus throm-

bosis. Delgado Almandoz et al12 showed

FIG 6. Axial CT sections involving vital structures of the temporal bone. The first images (A–C)
belong to the control group, and the last images (D–F) belong to the study group. The position of
the samples in the axial plane is marked as follows: A indicates anterior; P, posterior; L, lateral; M,
medial on the first image. Short white arrows indicate fracture lines with different orientations in
different parts of the temporal bone. Long white arrows indicate fractures of walls of vascular
and nerve structures: carotid canal in images A and D (double-tipped arrow), and F; sigmoid sinus
sulcus and jugular vein bulb in images B and C; the mastoid segment of facial nerve in the image
D; the tympanic segment of the facial nerve in the image E; the stylomastoid foramen in the image
F. The black arrows indicate the different portions of the facial nerve: the mastoid portion in C
and D, tympanic in E, and the stylomastoid foramen in F. IAM indicates internal auditory meatus;
SSS, sigmoid sinus sulcus; JB, jugular bulb; JV, jugular vein; EAM, external auditory meatus. A, M3
sample section at the level of the internal auditory meatus. The long white arrow indicates a
fracture line at the medial wall of the carotid canal. B, M4 sample section at the level of epitym-
panic portion. The long white arrow indicates a longitudinal fracture line at the lateral wall of the
sigmoid sulcus. The short white arrows indicate a comminuted fracture of the petrous apex. C,
M8 sample section at the level of the jugular bulb: The long white arrow indicates a longitudinal
fracture line at the lateral wall of the jugular bulb sulcus. The short white arrows indicate a
comminuted fracture of the mastoid. D, S4 sample section at the level of the external auditory
meatus. The long white arrow indicates a longitudinal fracture line involving the mastoid segment
of the facial nerve; the white double-tipped arrow indicates a comminuted fracture of the lateral
wall of the carotid canal. E, S6 sample section at the level of the tympanic portion of the facial
nerve. The long white arrow indicates a fracture line involving the facial nerve. F, S5 sample
section at the level of the stylomastoid foramen. The long white arrow indicates a bone fragment
in the roof of the carotid canal.

Table 1: Petrous and nonpetrous temporal bone fractures in the control and study groups

Type of Fracture

M1–M10 S1–S10

Transverse
Fracture, No

Fracture Lines

Longitudinal
Fracture, No

Fracture Lines

Oblique
Fracture, No

Fracture Lines

Transverse
Fracture, No

Fracture Lines

Longitudinal
Fracture, No

Fracture Lines

Oblique
Fracture No,

Fracture Lines
Petrous fracture 4 0 0 11 4 8
Non-petrous fracture 5 8 9 23 18 29
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that patients with skull fractures in whom fractures were extended

to the sigmoid sinus or/and jugular bulb had a 40.7% overall risk

for thrombosis. They found a higher injury risk for the sigmoid

sinus, transverse sinus, and jugular bulb in petrous temporal bone

fractures.12

Given that mastoid pneumatization could not be evaluated in

all samples in the study group (because some pieces were de-

stroyed) and the small number of samples in the 2 groups, a sta-

tistical study between the degree of mastoid pneumatization and

the severity of temporal bone fractures could not be performed. In

the control group, however, samples with pneumatization type IV

had more fracture lines than those with pneumatization type III.

These results suggest that mastoids with hyperpneumatization

have a higher susceptibility to fracture than mastoids with good

pneumatization. By extrapolating the results obtained in the

control group, it might be thought that a mastoid with a single

large air cell would fracture more easily than one with the same

air content but with bone septa. There might be an optimal

ratio between the air volume of the

mastoid and that of the bone walls of

the mastoid air-cell system, which

might provide the protection of vital

structures in the temporal bone. Our

study did not include acellular mas-

toids of developmental or secondary

causes that could have provided addi-

tional information about the mechan-

ical protection of the mastoid.

The limitations of the study are the

small number of samples included. In

addition, the study was not performed

on fresh temporal bone samples, but on

formalinized samples. The formalin

used for conservation determined the

dehydration of the samples and changes

of bone structure proteins. All these as-

pects alter bone elasticity and the sus-

ceptibility of bone tissue to fracture.

CONCLUSIONS
In the setting of lateral trauma, mastoid

architecture with air spaces appears to

contribute to the absorption and disper-

sion of impacting kinetic energy and to the

protection of vital structures in the tempo-

ral bone.
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FIG 7. Axial CT section at the level of the sigmoid sinus and epitympanum in samples M1 (A), M5
(B), M6 (C), M7 (D), M8 (E), and M10 (F). The white line marks the separation between pneumatiza-
tion degree III and IV. Samples from images A–C show pneumatization degree III, and the images
D–F show pneumatization degree IV. Short white arrows mark the fracture lines highlighted in
these sections.

Table 2: The degree of pneumatization and the type of fractures in the control group

Type of Fracture
Samples M1–M10

Pneumatization
Degree

Petrous Fracture Nonpetrous Fracture

Transverse
Fracture, No

Fracture Lines

Longitudinal
Fracture, No

Fracture Lines

Oblique
Fracture, No

Fracture Lines

Transverse
Fracture, No

Fracture Lines

Longitudinal
Fracture, No

Fracture Lines

Oblique
Fracture, No

Fracture Lines
M1 IV 1 – – 1 – 3
M2 III – – – – 1 1
M3 IV – – – – – 1
M4 IV 1 – – 1 1 –
M5 IV 1 – – 3 1 1
M6 III – – – – 1 –
M7 IV – – – – 1 –
M8 IV – – – – 1 1
M9 III 1 – – – 1 –
M10 IV – – – – 1 2

Note:—–indicates no fracture lines.
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4. Sadé J, Ar A. Middle ear and auditory tube: middle ear clearance, gas
exchange, and pressure regulation. Otolaryngol Head Neck Surg
1997;116:499 –524
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ORIGINAL RESEARCH
HEAD & NECK

Osteoradionecrosis after Radiation Therapy for Head and
Neck Cancer: Differentiation from Recurrent Disease with CT

and PET/CT Imaging
L. Alhilali, A.R. Reynolds, and S. Fakhran

ABSTRACT

BACKGROUND AND PURPOSE: Our aim was to compare the CT and PET/CT imaging features of osteoradionecrosis with those of
recurrent disease after treatment of head and neck malignancy.

MATERIALS AND METHODS: We retrospectively reviewed maxillofacial and neck CT scans obtained for suspected osteoradionecrosis or
tumor recurrence for the presence of the following: 1) discrete solid mass, 2) cystic mass, 3) interruption of the bony cortex, 4) bony
fragmentation, 5) bony trabecular loss, 6) intraosseous gas, and 7) bony sclerosis. Trabecular bone loss was further categorized as
permeative (�75% loss of trabecula) or lucent (�75% loss). PET/CT studies performed for suspected osteoradionecrosis or tumor
recurrence were evaluated for mean standard uptake value and maximum standard uptake value.

RESULTS: Ten maxillofacial CT, 53 neck CT, and 23 PET/CT studies were performed in 63 patients. Osteoradionecrosis was diagnosed by
pathology or imaging stability in 46 patients, and tumor recurrence, in 17 patients. Bony sclerosis was found to be significantly more
prevalent in osteoradionecrosis and was never seen with tumor recurrence (P � .013). Patients with tumor recurrence were more likely to
have a solid (P � .001) or cystic mass (P � .025), which was rare in osteoradionecrosis. While patients with tumor recurrence had significantly
higher mean standard uptake values and maximum standard uptake values, there was significant overlap in mean standard uptake values
and maximum standard uptake values between the 2 groups.

CONCLUSIONS: There is significant overlap of standard uptake values in patients with osteoradionecrosis and tumor recurrence. CT
findings provide more reliable diagnostic tools, with a solid or cystic mass strongly associated with tumor recurrence and bony sclerosis
seen only with osteoradionecrosis.

ABBREVIATIONS: ORN � osteoradionecrosis; SUV � standard uptake value; SUVmean � mean standard uptake value; SUVmax � maximum standard uptake value

Osteoradionecrosis (ORN), often with coexistent osteomyeli-

tis, is a serious and often debilitating complication of radi-

ation therapy for head and neck neoplasms. The mandible is the

most common site of ORN due to its tenuous blood supply,1-3

though ORN can be seen in almost any bone within a radiated

field. The primary factor implicated in the pathogenesis of ORN is

the amount of radiation given to the affected bone, with both early

(�2 years from radiation) and late onset ORN (�2 years from

radiation) seen.4 There is a wide range of incidence of mandibular

ORN reported, ranging from 5% to 22%, with more recent studies

showing a decreased incidence, presumably attributable to in-

creasing awareness and to improvements in preventive care and

radiation techniques.5-9

Patients are often referred for imaging to evaluate the extent of

clinically suspected ORN, and, at the same time, to assess poten-

tial tumor recurrence. Multiple previous reports have character-

ized the imaging findings of ORN,10-14 namely soft-tissue thick-

ening and enhancement, cortical bone erosion, trabecular

disorganization, and bone fragmentation. All these findings can

be seen in tumor recurrence, however, making the imaging dif-

ferentiation of these 2 entities quite challenging.

We compared the relative frequency of CT and PET/CT find-

ings of ORN and tumor recurrence to find patterns that might

allow reliable differentiation of one entity from the other.

MATERIALS AND METHODS
Patient Selection and Image Acquisition
Our institutional review board approved this study, with a waiver

of informed consent. All imaging examinations included in this
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study were performed as standard of care, and the results were

retrospectively reviewed.

We searched our enterprise-wide electronic medical record

encompassing 20 academic and community hospitals between

January 1, 2008, and July 20, 2013, to identify patients in whom

ORN was suspected on CT or PET/CT, or in whom a question of

ORN versus recurrent tumor was raised. All neck and maxillofa-

cial CT reports (including diagnostic neck CT studies performed

as part of PET/CT) were searched by using the keywords “osteo-

radionecrosis,” “ORN,” “osteoradionecrosis versus tumor recur-

rence,” “osteoradionecrosis or tumor recurrence,” “osteoradio-

necrosis versus recurrent tumor,” and “osteoradionecrosis or

recurrent tumor.” Patients were excluded if there was not patho-

logic confirmation of suspected tumor recurrence (1 patient) or if

ORN could not be confirmed by either pathologic diagnosis or

stability of �2 years on serial imaging (6 patients). A single patient

was also excluded due to extensive artifacts from dental amalgam,

which precluded accurate measurement of standard uptake value

(SUV) values on PET/CT. The average time gap between imaging

and pathologic confirmation of tumor recurrence or ORN was

14.3 days (range, 3–26 days) and 18.6 days (2–34 days), respec-

tively. At our institution, all maxillofacial and neck CT examina-

tions, as well as all PET/CT examinations performed for evalua-

tion and/or follow-up of head and neck malignancy, are

interpreted by fellowship-trained, Certificate of Added Qualifica-

tion– certified neuroradiologists as part of a dedicated ear, nose,

and throat imaging team. Demographic data collected included

age and sex. Clinical data collected included location and type of

primary neoplasm; initial imaging findings; follow-up imaging

results, including any PET/CT results; time from completion of

the last radiation therapy to the detection of the abnormality on

imaging; and pathology results from either biopsy or operative

intervention.

CT Examinations
CT examinations of the neck and maxillofacial bones were per-

formed on 16- or 64-detector multidetector row CT scanners

(LightSpeed VCT; GE Healthcare, Milwaukee, Wisconsin). CT

acquisitions were obtained from the frontal sinuses to the thoracic

inlet for the neck and from the top of the frontal sinuses through

the mandible for the maxillofacial bones. Neck CT examinations

were performed by using a pitch of 1.0, 2.5-mm collimation, 100

maximal mA, 120 kV(peak), 21.0-cm FOV, in bone and standard

algorithms, with 2.0-mm sagittal and coronal reconstructions.

Maxillofacial CT studies were performed by using pitch of 0.5,

1.25-mm collimation, 225 maximal mA, 125 kVp, 19.6-cm FOV,

with bone and standard algorithms, with 1.0-mm sagittal and

coronal reconstructions.

PET/CT Examinations
Patients fasted for at least 6 hours before the PET/CT examination

with the exception of water intake. Intravenous access was estab-

lished for both blood glucose measurement and radiopharmaceu-

tical administration. If serum glucose was �200 mg/dL, the ex-

amination was cancelled and rescheduled. Patients received

between 10 and 17 mCi of IV [18F] FDG. Following radiopharma-

ceutical administration, the patients rested quietly during a stan-

dard 60-minute uptake period, after which imaging was

performed.

The studies were performed on 16- to 64-section PET/CT

scanners (Discovery; GE Healthcare). The CT scan parameters

were 120 –130 kVP, variable/smart milliampere, and 3.75-mm

collimation. CT scanning commenced following a 30-second de-

lay after the administration of IV contrast (125-mL iopamidol,

Isovue-370; Bracco Diagnostics, Princeton, New Jersey) and was

performed from the top of the skull through the abdomen

or pelvis (based on ordering clinician’s preference). Following

CT, PET data were acquired by using a 4-minute bed position.

The PET acquisition included an on-line delayed coincidence

subtraction to correct for random coincidences as well as a dead-

time correction. Two different PET/CT scanners were used in this

study; one had a bismuth germanium oxide scintillation crystal,

and the other had a lutetium oxyorthosilicate crystal. All PET

acquisitions were uniform, using a 2D technique. The helical CT

scan was reconstructed by filtered back-projection into 512 � 512

pixel images with a section thickness of 2.4 mm to match the PET

scan. Images were reconstructed by using ordered-subset-expec-

tation maximization with 2 full iterations of 8 subsets. Rescaled

CT images were used to produce attenuation-correction values

for the PET emission reconstruction.

Image Analysis

CT Examinations. All CT examinations were reviewed retrospec-

tively in random order, separately by 2 Certificate of Added Quali-

fication– certified neuroradiologists (L.A., S.F.), blinded to the

clinical findings, the original study interpretation, and the final

pathologic diagnosis. Reviewers were asked to comment on the

presence or absence of the following imaging findings: 1) a solid

measurable mass, 2) a cystic mass, 3) interruption of the cortical

margin of the affected bone, 4) fragmentation of the affected

bone, 5) loss of trabecula of the affected bone, 6) intraosseous gas

in the affected bone, and 7) sclerosis of the affected bone. They

were instructed that surrounding inflammatory change (ie, amor-

phous soft-tissue stranding or infiltration) and muscle or tissue

thickening (Fig 1A, -B) did not qualify as a solid mass and that a

discrete measurable mass (Fig 2) must be present. They were fur-

ther asked to measure the size of any solid or cystic mass (Fig 2E,

-F), and in those cases in which trabecular loss existed, they were

asked to classify the pattern of trabecular loss as either permeative

or lucent. They were instructed that a permeative pattern indi-

cated multiple, independent focal lucent lesions, which, in sum,

did not account for �75% loss of total bone trabecula (Fig 3A). A

lucent pattern was defined as �75% loss of total bone trabecula in

the area of abnormality (Fig 2C, -D). Radiologists were also asked

to record the area or areas of the mandible affected, with choices

being either the right or left mandibular condyle, coronoid pro-

cess, ramus, angle, or body.

PET Examinations. In cases in which PET/CT was performed, the

radiologists were asked to record both the mean (SUVmean) and

maximum (SUVmax) SUV values. All PET studies were analyzed

quantitatively with a software platform capable of deformable regis-

tration of multimodal images in the sagittal, coronal, and axial planes

(Mirada XD3; Mirada Medical, Denver, Colorado). On PET scans,
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metabolic volumes were manually delineated at the most metaboli-

cally active site of suspected ORN or tumor recurrence.

The SUV was automatically calculated by using the following

formula:

SUV�Cdc/�d/w),

where d is the injected dose (in becquerels), w is the patient’s body

weight (in grams), and Cdc is the decay-corrected tracer tissue

concentration (in becquerels per gram). SUV was measured as

SUVmean and SUVmax. These parameters were obtained from a

2D region of interest placed onto the axial image containing the

most metabolically active area of abnormality (based on visual

inspection). The smallest possible region of interest was used that

would capture the most metabolically active area of abnormality.

SUVmean was defined as the average pixel value in the region of

interest, while SUVmax was defined as the highest pixel value in the

region of interest.

Statistical Analysis
Comparison of the demographic data

between the 2 groups was performed by

using a Fisher exact test for dichoto-

mous variables and a 2-tailed, unpaired t

test for continuous variables. The repro-

ducibility of subjective imaging findings

was tested between 2 fellowship-trained

neuroradiologists on 50 randomly cho-

sen cases from among patients with

ORN and tumor, and a Cohen � was cal-

culated. Comparison of the prevalence

of imaging findings between the 2

groups was performed with the Fisher

exact test. Comparison of SUVmean and

SUVmax was performed between cases of

osteoradionecrosis and tumor recur-

rence by using a 2-tailed, unpaired t test.

FIG 1. Images from 2 different patients with soft-tissue findings of osteoradionecrosis. A, Axial
CT scan (soft-tissue window) shows enlargement and thickening of the musculature of the right
masticator space (white arrowheads), without evidence of a distinct measurable mass, adjacent
to an area of osteoradionecrosis. B, Axial CT scan (soft-tissue window) shows inflammatory
thickening of soft tissues (white arrow) adjacent to an area of osteoradionecrosis involving the
right mandibular body.

FIG 2. Images depicting soft-tissue findings of recurrent tumor. Axial CT scan from a 62-year-old man with recurrent oral cancer shows a large
mass (white arrows) adjacent to the left mandibular angle in soft-tissue (A) and bone (B) algorithms. Axial CT scan at a different level shows an
area of lucent trabecular loss involving the left mandibular angle (white arrowheads) in soft-tissue (C) and bone (D) algorithms. Axial CT images
in an 83-year-old patient with recurrent oral cancer show another finding seen in recurrent tumor, a cystic mass (curved arrows), at 2 different
levels (E and F).
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P � .05 was considered indicative of a statistically significant

difference.

RESULTS
Fifty-three neck CTs and 10 maxillofacial CTs were evaluated.

Twenty-three patients had a PET/CT performed as well. Seven-

teen of these studies demonstrated findings of tumor recurrence,

while 46 demonstrated findings of ORN. Of the subset of patients

with a PET/CT, 14 demonstrated findings of ORN, while 9 dem-

onstrated findings of tumor recurrence. No significant differences

were found between the 2 groups with regard to age, sex, or the

interval between the end of radiation therapy and the detection of

an abnormality on imaging (P � .11, 1.00, and 0.19, respectively).

Demographic and clinical data for the 2 groups are summarized in

the Table.

Most cases of ORN primarily affected the mandible (43 pa-

tients, 93%), with 1 case involving the hard palate, and 2 cases

involving the maxilla. Most cases of ORN involving the mandible

affected either 1 or 2 subsites of the mandible ipsilateral to the site

of primary tumor (31 patients, 72%), with the remaining cases

affecting either 3 (6 patients, 14%) or �3 (6 patients, 14%) sub-

sites of the mandible. The preponderance of ORN cases involving

the mandible affected the lingual surface (20 patients, 47%), while

the remainder affected either the buccal surface (13 patients,

30%) or involved both the lingual and buccal surfaces (10 pa-

tients, 23%). None of the patients received hyperbaric oxygen

before detection of ORN.

Interpretation of the subjective imaging findings between ob-

servers was almost perfect, by using Cohen � interpreted accord-

ing to Landis and Koch,15 with � values as follows: 0.865 (95% CI,

0.683–1.00) for cortical disruption, 0.868 (95% CI, 0.724 –1.00)

for a pattern of trabecular loss, 0.891 (95% CI, 0.743–1.00) for the

presence of a cystic mass, 0.940 (95% CI, 0.823–1.00) for the pres-

ence of a solid mass, 0.929 (95% CI, 0.792–1.00) for the presence

of bony sclerosis, and 1.000 (95% CI, 1.00 –1.00) for the presence

of intraosseous gas.

CT Examinations
The CT imaging findings in both groups of patients are summa-

rized in Fig 4. The presence of a measurable solid soft-tissue mass

in the tumor-recurrence group was 59% (10 of 17 patients), which

is significantly higher than that in the osteoradionecrosis group (1

of 46 patients, 2%, P � .001). Similarly, the presence of a cystic

mass was also significantly higher in the recurrence group, 41% (7

of 17 patients), than in the osteoradionecrosis group (3 of 46

patients, 6.5%, P � .025).

Several osseous changes showed a significant difference be-

tween the 2 groups as well. A permeative pattern of trabecular loss

was significantly higher in the ORN group, 80% (37 of 46 pa-

tients), than the tumor-recurrence group (4 of 24 patients, 16.7%,

P � .0001). Bone sclerosis was also seen significantly more often

in the setting of ORN, 28% (13 of 33 patients), than in tumor

recurrence (0 of 17 patients, 0%, P � .013). While interruption of

the cortical margin was seen signifi-

cantly more often in the tumor-recur-

rence group (17 of 17 patients, 100%)

than in the ORN group (33 of 46 pa-

tients, 71.7%, P � .013), it was noted to

have a rather high prevalence in both

groups.

PET Examinations
The SUVmean was significantly higher in

cases of tumor recurrence (SUVmean

range, 4.6 –14.1; mean, 8.0) compared

with ORN (SUVmean range, 2.2–7.5;

mean, 4.3), with a P value of .0021. Like-

wise, the SUVmax was significantly

higher in cases of tumor recurrence

(SUVmax range, 5.7–20.2; mean, 11.3)

compared with ORN (SUVmax range,

1.7–9.2; mean, 5.3), with a P value of

FIG 3. Images from 2 different patients with osseous findings of osteoradionecrosis. A, Axial CT
scan (bone algorithm) shows ORN involving the mandibular angle with an adjacent soft-tissue
defect. Areas of permeative trabecular loss (white arrow) are evident. B, Axial CT scan (bone
algorithm) shows ORN involving the left mandibular body with bony sclerotic changes (white
arrow) evident.

Patient demographics and clinical characteristics
Patients Diagnosed with

Osteoradionecrosis
Patients Diagnosed with

Tumor Recurrence P Value
No. of patients 46 17 NA
Average age (yr) 62 69 .11
Age range (yr) 33–93 53–85
% Men (No.) 76.1 (35) 77.5 (13) 1.00
Primary malignancy site Oral Cavity (n � 27), oropharynx (n � 11),

parotid (n � 5), NPC (n � 2) unknown (n � 1)
Oral cavity (n � 15), oropharynx (n � 1),

sinonasal (n � 1)
Primary malignancy histology Squamous cell (n � 44), adenoid cystic (n � 2) Squamous cell (n � 17)
Mean interval (range) between last RT

and detection of abnormality (mo)
40.56 (6–110) 48.82 (5–98) .19

Note:—NA indicates not applicable; NPC, nasopharyngeal cancer; RT, radiation therapy.
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.0023. There was, however, substantial overlap in both SUVmean

and SUVmax values between the 2 entities (Fig 5A, -B).

In the subset of patients with ORN who underwent histo-

pathologic sampling, 20% (5 of 25 patients), had pathologic

evidence of associated osteomyelitis. Unfortunately, only 1 of

those patients also underwent a PET/CT examination; there-

fore, it is difficult to compare the relative SUV values of ORN

with and without associated osteomyelitis.

DISCUSSION
The findings of a cystic or solid mass on imaging were significantly

more prevalent in patients with tumor recurrence, being relatively

FIG 4. Prevalence of imaging findings of ORN and metastatic or recurrent lesions.

FIG 5. Scatterplots for SUV measurements for patients with ORN and those with tumor recurrence. A, Scatterplot for SUVmean in patients with
ORN and tumor recurrence demonstrates significant overlap between SUV values, despite a significant difference between their means. B,
Scatterplot for SUVmax in patients with ORN and tumor recurrence also demonstrates significant overlap between maximum SUV values in the
2 groups.
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rare in patients with ORN. Conversely, the presence of bony scle-

rosis was not uncommon in patients with ORN but was never seen

in tumor recurrence. Although the SUV values in tumor recur-

rence were significantly higher than in ORN, the substantial over-

lap in the SUV values for these 2 entities renders SUV measure-

ments relatively impractical for differentiating ORN from tumor

recurrence reliably in the clinical setting.

We attempted to evaluate the utility of various CT findings

and PET/CT parameters in an effort to distinguish ORN from

recurrent malignancy in the head and neck following irradiation

for head and neck cancer. Multiple prior studies have also found

the relative unreliability of an elevated SUV in differentiating

recurrent tumor from ORN.11,12,16-18 While recurrent tumor

does, in general, demonstrate higher SUVmean and SUVmax

values compared with ORN, there is significant overlap, which

makes differentiating the 2 entities on a case-by-case basis ex-

tremely unreliable. This overlap is presumably responsible for

previous reports of false-positive results in PET scans attrib-

uted to osteoradionecrosis.16

Unlike SUV values, there were conventional imaging findings

that were rather selective for differentiating ORN from tumor

recurrence. In evaluating tumor recurrence, a discrete, associated

mass provides a significant diagnostic indication for the presence

of recurrent tumor. While ORN may be associated with inflam-

matory and edematous changes in the surrounding musculature

and soft tissues,10,19-21 an asymmetric, discrete solid mass was

seen in more than half of the patients with recurrent malignancy,

but it was exceedingly rare in ORN, seen in only 2% of patients

with ORN. Similarly, a cystic mass was seen in nearly half of pa-

tients with recurrent tumor, but in �10% of patients with ORN.

This indicates that the presence of a cystic component in a patient

with suspected ORN should not be assumed to be an abscess from

associated osteomyelitis but should instead prompt concern for

possible recurrent neoplasm.

Osseous findings on CT can also be extremely helpful in dif-

ferentiating ORN from tumor recurrence. Multiple prior studies

have delineated the classic bony CT findings associated with

ORN, namely cortical disruption, trabecular loss, bone frag-

mentation, bony sclerosis, and the presence of intraosseous

gas.1,10,11,13,21 However, we tested the value of these imaging find-

ings for discriminating ORN and tumor recurrence. Tradition-

ally, on the basis of known pathologic findings in ORN, it has been

thought that a more permeative pattern of bone loss is seen in

ORN as opposed to tumor recurrence. This was thought to be

related to the fact that irradiation leads to a relatively hypoxic,

hypocellular, and hypovascular substrate with an inconsistent

ability to remodel tissue loss secondary to radiation-induced in-

jury22; this, in turn, would lead to relatively less bony loss than

would be seen when tissue is being actively destroyed and replaced

by tumor. In our patients, the permeative pattern of bone loss,

though significantly more common in ORN, was also seen in a

significant minority of patients with tumor recurrence. This may

be related to our patient population, which is actively surveyed

both clinically and with imaging for tumor recurrence. This hy-

pervigilance for tumor recurrence may lead to earlier detection of

recurrent tumor, which may show less advanced bony replace-

ment, mimicking the more restrained bone loss seen in ORN.

Similarly, significant bone replacement producing a lucent pat-

tern of trabecular loss, though common in tumor recurrence, was

also seen in one-fifth of patients with ORN, presumably reflecting

more advanced radiation injury or aggressive infection in this

subset of patients.

Perhaps the most useful imaging feature in distinguishing

ORN from tumor recurrence was the presence of bony sclerosis

(Fig 3B). Seen in nearly one-third of patients with ORN, it was not

seen in any of our patients with recurrent tumor. This finding may

reflect the tendency of squamous cell carcinoma to induce bony

destruction rather than sclerosis in contradistinction to the often

chronic nature of ORN that may be associated with bony sclero-

sis.13,23 Thus, while most patients with ORN may not have bony

sclerosis, the presence of this finding on imaging should prompt a

relatively confident diagnosis of ORN rather than tumor recur-

rence. Similarly, intraosseous gas, which has been suggested to be

pathognomonic of superimposed osteomyelitis,24 was not seen in

any of our patients with tumor recurrence. This finding did not

reach significance in our study, however, in part due to its overall

rarity on imaging for either entity.

These imaging findings are readily incorporated into clinical

practice and were highly reproducible among observers in our

study. The near-perfect agreement indicated by the very high �

values for each of the imaging findings evaluated in this study

suggests that interpretation of these imaging findings will be con-

sistent when implemented clinically.

There were several limitations to our study. We purposefully

geared our initial search to evaluate only lesions that were either

thought to be ORN on imaging or for which the interpreting

radiologist entertained the diagnosis of ORN versus tumor recur-

rence. While this search results in a selection bias toward cases in

which the 2 entities look similar and results in a greater number of

patients with ORN, we would argue that these “problem cases” are

most relevant to everyday practice and the situation in which

specific imaging findings may be the most useful. Additionally,

not all patients in our study with ORN had pathologic correlation;

in many cases, the clinician and patient preferred a noninvasive

method of follow-up. As such, it is possible that undetected tumor

recurrence occurred in the bed of ORN, confounding evaluation

of imaging findings. However, we believe the chances of recurrent

tumor remaining stable on imaging studies during a 2-year period

are relatively low. Finally, clinical variables such as radiation dose

and time from radiation were not considered in our analysis be-

cause we, instead, chose to focus on the imaging picture as it was

presented to an interpreting radiologist.

CONCLUSIONS
The presence of a discrete solid or cystic mass is associated with

tumor recurrence, while bony sclerosis, though not common, was

seen exclusively in the setting of ORN in our study. Permeative

rather than lucent trabecular loss was most often seen in the set-

ting of ORN, but it may also be seen in a minority of patients with

recurrent tumor. Finally, while an elevated SUV does suggest a

diagnosis of tumor recurrence, the significant overlap of SUV

values in patients with tumor recurrence and ORN renders SUV

values relatively impractical for use on an individual clinical basis.
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ORIGINAL RESEARCH
HEAD & NECK

Comparison of the T2 Relaxation Time of the
Temporomandibular Joint Articular Disk between Patients with
Temporomandibular Disorders and Asymptomatic Volunteers

N. Kakimoto, H. Shimamoto, J. Chindasombatjaroen, T. Tsujimoto, S. Tomita, Y. Hasegawa, S. Murakami, and S. Furukawa

ABSTRACT

BACKGROUND AND PURPOSE: T2 relaxation time is a quantitative MR imaging parameter used to detect degenerated cartilage in the
knee and lumbar intervertebral disks. We measured the T2 relaxation time of the articular disk of the temporomandibular joint in patients
with temporomandibular disorders and asymptomatic volunteers to demonstrate an association between T2 relaxation time and tem-
poromandibular disorder MR imaging findings.

MATERIALS AND METHODS: One hundred forty-four patients with temporomandibular disorders and 17 volunteers were enrolled in this
study. An 8-echo spin-echo sequence for measuring the T2 relaxation times was performed in the closed mouth position, and the T2
relaxation time of the entire articular disk was measured. Patients were classified according to the articular disk location and function,
articular disk configuration, presence of joint effusion, osteoarthritis, and bone marrow abnormalities.

RESULTS: The T2 relaxation time of the entire articular disk was 29.3 � 3.8 ms in the volunteer group and 30.7 � 5.1 ms in the patient group
(P � .177). When subgroups were analyzed, however, the T2 relaxation times of the entire articular disk in the anterior disk displacement
without reduction group, the marked or extensive joint effusion group, the osteoarthritis-positive group, and the bone marrow abnor-
mality–positive group were significantly longer than those in the volunteer group (P � .05).

CONCLUSIONS: The T2 relaxation times of the articular disk of the temporomandibular joint in patients with progressive temporoman-
dibular disorders were longer than those of healthy volunteers.

ABBREVIATIONS: ADDWOR � anterior disk displacement without reduction; ADDWR � anterior disk displacement with reduction; PADDWOR � partial anterior
disk displacement without reduction; PADDWR � partial anterior disk displacement with reduction; TMD � temporomandibular disorders; TMJ � temporomandibular
joint

Disorders of the temporomandibular joint (TMJ) are charac-

terized by intra-articular positional and/or structural abnor-

malities.1 MR imaging is the preferred imaging technique for di-

agnosing temporomandibular disorders (TMD).2 It has been

reported that the diagnostic accuracy of MR imaging for the as-

sessment of the articular disk position and articular disk forma-

tion is 95% and for the assessment of osseous changes is 93% in

postmortem examinations.3 Numerous studies of TMD by using

MR imaging have reported qualitative and morphologic evalua-

tions, because the most important subgroup of articular abnor-

malities in patients with TMD includes different forms of articu-

lar disk displacement and deformation of the articular disk, either

with normal bony joint components or accompanied by degen-

erative joint diseases such as osteoarthritis.4 Other MR imaging

findings of TMD, including joint effusion and bone marrow

abnormalities, have also been evaluated qualitatively and

morphologically.5,6

The T2 relaxation time is a quantitative MR imaging parame-

ter derived from multiecho spin-echo sequences. Measuring the

T2 relaxation times by using MR imaging has been reported to

detect degenerated cartilage in the knee and lumbar intervertebral

disk.7-11 The T2 relaxation time of the articular disk of the TMJ in

healthy volunteers has been previously described by using a 3T

MR imaging system,12 but the T2 relaxation time of the articular

disk of the TMJ in patients with TMD has not been reported, to

our knowledge.

We hypothesized that the T2 relaxation time of the articular
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disk of the TMJ correlates with the qualitative and morphologic

variations in the pathology of the TMJ. The aims of this study were

to measure the T2 relaxation time of the articular disk of the TMJ

in patients with TMD and asymptomatic volunteers to demon-

strate any association between T2 relaxation time and MR image

findings of TMD.

MATERIALS AND METHODS
Institutional review board approval was obtained for this study,

and all patients and volunteers provided their written informed

consent after the nature of the procedure was fully explained.

Study Population
From 2009 to 2012, one hundred fifty patients with TMD referred

for MR imaging due to facial or TMJ pain; mandibular dysfunc-

tion, such as clicking, crepitation, or locking; or suspected inter-

nal derangement were recruited for this study. Six patients were

excluded from this study due to motion or metallic artifacts on

MR images. After these exclusions, the remaining 144 patients

(110 females, 34 males; median age, 36 years; age range, 11– 80

years) were analyzed. In addition, 21 asymptomatic volunteers

underwent MR imaging examinations. The MR images of the

TMJ in 4 of these volunteers demonstrated abnormal findings

such as anterior disk displacement; hence, data from these volun-

teers were excluded from this study. The remaining 17 asymp-

tomatic healthy volunteers (5 women, 12 men; median age, 26

years; age range, 23–32 years) were considered to have normal

TMJs.

MR Imaging
All subjects were examined by using a 1.5T MR imaging scanner

(Signa HDxt 1.5T; GE Healthcare, Milwaukee, Wisconsin)

equipped with a TMJ surface coil. The imaging protocol to diag-

nose TMD consisted of oblique sagittal and coronal fast spin-

echo proton-attenuation-weighted sequences (TR/TE/echo-train

length/NEX, 2500 ms/20 ms/8/2); fat-suppressed T2-weighted se-

quences (TR/TE/echo-train length/NEX, 2000 ms/85 ms/16/3)

obtained perpendicular and parallel to the long axis of the man-

dibular condyle in a closed-mouth position; and sagittal spin-

echo proton-attenuation-weighted sequences (TR/TE/echo-train

length/NEX, 800 ms/24 ms/4/2) in closed- and open-mouth po-

sitions with the following parameters: 120 � 120 mm FOV; 256 �

160 matrix size; 3-mm section thickness; and 1-mm gap. In addi-

tion to these sequences, oblique sagittal 8-echo fast spin-echo se-

quences were obtained perpendicular to the long axis of the man-

dibular condyle in a closed-mouth position to measure the T2

relaxation times with the following parameters: TR/TE/NEX �

1000 ms/8.9, 17.8, 26.7, 35.6, 44.5, 53.4, 62.4, 71.3 ms/2; 120 �

120 mm FOV; 256 � 160 matrix size; 4-mm section thickness; and

1-mm gap. The total acquisition time for this T2 relaxation time–

measuring sequence was 5 minutes 22 seconds for each joint.

MR Image Evaluation
All MR images were independently evaluated by 2 oral and max-

illofacial radiologists (N.K. with 16 years of experience and H.S.

with 8 years of experience). In cases of disagreement, the final

diagnosis was made by consensus. We evaluated the following

features: the articular disk position and function, the articular

disk configuration, joint effusion, osteoarthritis, and bone mar-

row abnormalities.

The articular disk position and function were classified into 5

categories, as reported by Tasaki et al,13 with some modifications:

normal superior, partial anterior disk displacement with reduc-

tion (PADDWR), partial anterior disk displacement without re-

duction (PADDWOR), anterior disk displacement with reduc-

tion (ADDWR), or anterior disk displacement without reduction

(ADDWOR) in closed- and open-mouth-position sagittal pro-

ton-attenuation-weighted MR images. The articular disk config-

uration was classified into 6 categories, as reported by Murakami

et al,14 with some modifications: biconcave, biplanar, hemicon-

vex, thickening of the posterior band, biconvex, or folded on

closed-mouth-position oblique sagittal proton-attenuation-

weighted MR images. Joint effusion was classified into 4 catego-

ries, as proposed by Larheim et al5: no or minimal fluid, moderate

fluid, marked fluid, or extensive fluid on closed-mouth-position

oblique sagittal fat-suppressed T2-weighted MR images. Osteoar-

thritis was classified into negative and positive, in which condylar

osteophytes or erosion was observed, as reported by Kirk15 on

closed-mouth-position oblique sagittal proton-attenuation-

weighted MR images. Bone marrow abnormalities of the mandib-

ular condyle were classified into negative and positive on the basis

of the presence of edema or osteonecrosis, as described by Lar-

heim et al16 on closed-mouth-position oblique sagittal proton-

attenuation- and T2-weighted MR images.

Measurement of the T2 Relaxation Time
The 8-echo spin-echo image data were transferred to an indepen-

dent workstation (Advantage Workstation, Version 4.4; GE

Healthcare). ROIs for measuring the T2 relaxation time were

manually placed by 2 observers independently (N.K. and H.S.) on

the entire articular disk, the anterior band of the articular disk,

and the posterior band of the articular disk (Fig 1). The T2 relax-

ation time of the articular disk was calculated by using a software

program (Functool 4.4.5; GE Healthcare).

The average value measured by the 2 observers was defined as

the T2 relaxation time. For the measurement of the intraobserver

reproducibility, 1 observer (N.K.) placed ROIs on the entire ar-

ticular disk in 17 healthy volunteers 10 times on different days.

Statistical Analysis
As mentioned above, the coefficient of variation of 10 datasets of

the entire articular disk in healthy volunteers was calculated to

evaluate the intraobserver reproducibility. To evaluate the inter-

observer reproducibility, the Pearson product moment correla-

tion coefficient was calculated for the 2 observers’ data for the T2

relaxation time of the entire articular disk in healthy volunteers

and patients. In the healthy volunteers, a paired t test was used to

compare the T2 relaxation times of the entire articular disk be-

tween the right and left TMJs and between the anterior and pos-

terior bands of the articular disk. A P value � .05 was considered

a significant difference. To compare the T2 relaxation times of the

entire articular disk between healthy volunteers and patients, the

Mann-Whitney U test or the Kruskal Wallis test was performed. A

P value � .05 was considered a significant difference. A post hoc

AJNR Am J Neuroradiol 35:1412–17 Jul 2014 www.ajnr.org 1413



pair-wise analysis was performed by using the Mann-Whitney U

test with a Bonferroni correction, in which a P value of � .05/5 for

the articular disk position and function and joint effusion, .05/7

for the articular disk configuration, and .05/3 for osteoarthritis

and bone marrow abnormalities was considered a significant dif-

ference. Multiple-regression analyses with simultaneous entry

were used to identify important predictor variables for the T2

relaxation time of the entire disk among the MR image interpre-

tations, and the patient age and sex were used as confounding

variables. All of the statistical analyses were performed by using a

commercially available software package (Statistical Package for

the Social Sciences, Version 16.0; IBM, Armonk, New York).

RESULTS
The MR imaging findings of TMJs in healthy volunteers and pa-

tients are summarized in Table 1. In the healthy volunteers, all

joints showed normal articular disk position and function, and 32

biconcave and 2 biplanar disks were found. All joints were classi-

fied as having no or minimal fluid for joint effusion and were

negative for both osteoarthritis and bone marrow abnormalities.

In patients with TMD, most joints showed a normal articular disk

position and function followed by anterior disk displacement

without reduction, a biconcave disk, and no or minimal fluid for

joint effusion and were negative for osteoarthritis and bone mar-

row abnormalities.

Intraobserver reproducibility by using the coefficient of vari-

ation of the T2 relaxation times of the entire articular disk in the

healthy volunteers ranged from 1.1% to 4.7%. Interobserver re-

producibilities, determined by using the Pearson product mo-

ment correlation coefficient for the 2 observers’ data for the entire

FIG 1. MR images of the articular disk of the TMJ, in a volunteer, used to measure the T2 relaxation time. A, The source MR image of the
articular disk. The ROIs used for the measurement of the T2 relaxation time of the entire articular disk (B), the anterior band of the
articular disk (C), and the posterior band of the articular disk (D). The T2 relaxation times on a color map ranging from 0 to 100 ms (E) and
25 to 75 ms (F).

Table 1: The patient and volunteer characteristics and MR
imaging findings

Volunteers Patients
Cases 17 144

Male 12 34
Female 5 110

Age (yr)
Range 23–32 11–80
Median 26 36

Articular disk position and function (joints)
Normal superior 34 113
PADDWR 0 18
PADDWOR 0 2
ADDWR 0 48
ADDWOR 0 107

Articular disk configuration (joints)
Biconcave 32 143
Biplanar 2 20
Hemiconvex 0 37
Thickening of the posterior band 0 36
Biconvex 0 7
Folded 0 45

Joint effusion (joints)
None or minimal fluid 34 169
Moderate fluid 0 80
Marked fluid 0 24
Extensive fluid 0 15

Osteoarthritis (joints)
Negative 34 237
Positive 0 51

Bone marrow abnormality (joints)
Negative 34 260
Positive 0 28
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articular disk T2 relaxation time, were 0.862 (P � .001) in the

healthy volunteers and 0.891 (P � .001) in patients.

The mean T2 relaxation times of the entire articular disk are

shown in Table 2. In healthy volunteers, there was no significant

difference in the T2 relaxation times of the entire disk between the

left and right TMJs (29.6 � 3.9 versus 28.9 � 3.8 ms, P � .585),

whereas a significant difference between the T2 relaxation times

of the anterior and posterior bands was observed (29.0 � 5.4

versus 26.5 � 3.6 ms, P � .007). Moreover, there were no signif-

icant differences in the T2 relaxation times of the entire articular

disk between male and female groups (29.0 � 3.6 versus 29.8 �

4.3 ms, P � .620) and between younger and older age groups

(29.4 � 3.9 versus 29.1 � 3.8 ms, P � .814). When healthy vol-

unteers were compared with patients, the mean T2 relaxation

times of the entire articular disk in healthy volunteers and patients

with TMD were 29.3 � 3.8 and 30.7 � 5.1 ms, respectively. There

were no significant differences in the mean T2 relaxation times of

the entire articular disk between these 2 groups (P � .177). In

patients with TMD, there was no significant difference in the T2

relaxation time of the entire articular disk between male and fe-

male groups (29.5 � 4.0 versus 31.1 � 5.4 ms, P � .890). How-

ever, there was a significant difference in the T2 relaxation times

of the entire disk between younger and older age groups (29.5 �

4.4 versus 3.19 � 5.5 ms, P � .001).

With respect to the articular disk position and function, only 2

joints were classified as PADDWOR. The data from these 2 joints

were excluded from further analyses of the articular disk position

and function. The mean T2 relaxation times of the entire articular

disk in the normal superior patients, the PADDWR, ADDWR,

and ADDWOR groups were 29.4 � 4.2, 28.9 � 4.0, 30.5 � 5.3,

and 32.3 � 5.7 ms, respectively. The mean T2 relaxation time of

the entire articular disk in the ADDWOR group was significantly

longer than that observed in the volunteer group (P � .005) and

the normal superior patient group (P � .001) (Fig 2A).

With respect to the articular disk configuration, the mean T2

relaxation times of the entire articular disk in the biconcave, bi-

planar, hemiconvex, thickening of the posterior band, biconvex,

and folded groups were 30.0 � 4.6, 29.9 � 4.8, 32.5 � 6.6, 30.7 �

3.9, 31.6 � 6.9, and 31.6 � 5.8 ms, respectively. There were no

significant differences among these groups (Fig 2B).

With respect to joint effusion, the mean T2 relaxation times of

the entire articular disk in the patient groups with no or minimal

fluid, moderate fluid, marked fluid, and extensive fluid were

30.0 � 4.7, 30.2 � 4.5, 34.0 � 6.3, and 36.2 � 5.6 ms, respectively.

The mean T2 relaxation time of the entire articular disk in the

marked or extensive fluid group was significantly longer than that

observed in the healthy volunteer group (P � .002 or P � .001),

the patient group with no or minimal fluid (P � .001 or P � .001),

and the moderate fluid group (P � .002 or P � .001) (Fig 2C).

With respect to osteoarthritis, the mean T2 relaxation times of

the entire articular disk in patients with negative and positive

findings were 29.9 � 4.3 and 34.4 � 6.7 ms, respectively. The

mean T2 relaxation time of the entire articular disk in the osteo-

arthritis-positive group was significantly longer than that ob-

served in the healthy volunteer group (P � .001) and the osteoar-

thritis-negative group (P � .001) (Fig 2D).

With respect to bone marrow abnormalities, the mean T2 re-

laxation times of the entire articular disk in the patients with neg-

ative and positive findings were 30.4 � 5.0 and 33.6 � 5.9 ms,

respectively. The mean T2 relaxation time of the entire articular

disk in the bone marrow abnormality–positive group was signif-

icantly longer than that observed in the healthy volunteer group

(P � .003) and the bone marrow abnormality–negative in the

group (P � .002) (Fig 2E).

According to the multiple-regression analysis, the important

variables affecting the T2 relaxation time of the entire disk were

identified as osteoarthritis (P � .001), joint effusion (P � .003),

and bone marrow abnormalities (P � .02) (Table 3). The adjusted

R2 for the multiple regression analysis for the T2 relaxation time

of the entire disk was 0.957 (P � .001).

DISCUSSION
Quantitative measurements of the T2 relaxation time are useful

for characterizing knee osteoarthritis and degenerated interverte-

bral disks.7-11 The immobilization of water protons in the carti-

lage by the collagen-proteoglycan matrix promotes T2 decay and

renders the cartilage low in signal intensity on T2-weighted im-

ages, while mobile water protons in the synovial fluid retain their

high signals. A loss of collagen and proteoglycan in degenerating

cartilage increases the mobility of water, thus increasing its signal

intensity on T2-weighted images.17 The T2 relaxation times of the

intervertebral disk anulus fibrosus and nucleus pulposus correlate

strongly with the water content and weakly with the proteoglycan

content.18 It has been reported that the T2 relaxation times of the

nucleus pulposus of the intervertebral disk in the lumbar spine

exhibit significant differences in disks with herniation and anular

tears compared with disks without these abnormalities,10 and the

T2 relaxation time in lumbar disks was reported to be correlated

with the stage of disk degeneration and patient age.11

Measurement of the T2 relaxation time of the TMJ articular

disk in normal joints has only been performed in 1 previous

study.12 In that study, the T2 relaxation time of the entire articular

disk of the normal TMJ was 40.21 � 2.95 ms, which was longer

than the value measured in our study. They used a 3T MR imaging

scanner to measure the T2 relaxation time of the articular disk,

Table 2: The T2 relaxation time of the articular disk
T2 Relaxation

Time (ms) P
Volunteers

Left TMJ 29.6 � 3.9
Right TMJ 28.9 � 3.8 .585
All TMJs 29.3 � 3.8
Anterior band of all TMJs 29.0 � 5.4
Posterior band of all TMJs 26.5 � 3.6 .007
Male 29.0 � 3.6
Female 29.8 � 4.3 .620
Age �26 years 29.4 � 3.9
Age �26 years 29.1 � 3.8 .814

Patients
All TMJs 30.7 � 5.1 .177a

Male 29.5 � 4.0
Female 31.1 � 5.4 .890
Age �36 years 29.5 � 4.4
Age �36 years 31.9 � 5.5 �.001

a The T2 relaxation time of all TMJs in patients was compared with that of all TMJs in
volunteers.
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but we used a 1.5T scanner. They also measured the T2 relaxation

time at the anterior, middle, and posterior band and found that

the middle zone of the articular disk showed longer T2 relaxation

times than the anterior and posterior bands. In contrast to our

study, there was no significant difference in the T2 relaxation

times between the anterior and posterior bands. It has been re-

ported that the elastic fiber attenuation of the anterior and poste-

rior bands of the articular disk of the TMJ is significantly differ-

ent.19 Therefore, the T2 relaxation time of both bands may be

different, as shown in our study. Further investigations might be

necessary to confirm which findings are appropriate and whether

there are population-based differences or scanner magnet-

strength differences. Moreover, in patients with TMD, the T2 re-

laxation time of the entire articular disk in the older age group was

significantly longer than that in the younger age group. Further

investigations are needed for the correlation of age or duration of

TMD and the T2 relaxation time.

The TMJ articular disk is composed of collagen fibers, pro-

teoglycans, and tissue fluid.20 It has been reported that the content

of glycosaminoglycan, a polysaccharide attached to a core protein

in proteoglycan, in the articular disk of the TMJ in patients with

anterior disk displacement and those with chronic closed lock is

considerably lower than that observed in normal disk tissue.21,22

Therefore, the composition of the articular disk is thought to

change under the above conditions. In this study, although pa-

tients and healthy volunteers showed no differences in the T2

relaxation time of the entire articular disk, the T2 relaxation times

of the entire articular disk in the ADDWOR group, the severe

joint effusion group, the osteoarthritis-positive group, and the

bone marrow abnormality–positive group were significantly lon-

ger than that observed in the volunteer group. The multiple re-

gression analyses showed that osteoarthritis, joint effusion, and

bone marrow abnormalities were important variables affecting

the T2 relaxation time of the entire disk. This finding means that

FIG 2. The T2 relaxation times according to the MR image interpretations. A, The T2 relaxation times according to the articular disk position and
function categories. The asterisk indicates P � .05/5 in the Mann-Whitney test with a Bonferroni correction. B, The T2 relaxation times according
to the articular disk configuration categories. “Thickening” indicates thickening of the posterior band. C, The T2 relaxation times according to the
joint effusion categories. “None” indicates no or minimal fluid; “Moderate,” moderate fluid; “Marked,” marked fluid; and “Extensive,” extensive
fluid. The asterisk indicates P � .05/5 in the Mann-Whitney test with a Bonferroni correction. D, The T2 relaxation times according to the
osteoarthritis categories. The asterisk indicates P � .05/3 in the Mann-Whitney test with a Bonferroni correction. E, The T2 relaxation times
according to the bone marrow abnormality categories. The asterisk indicates P � .05/3 in the Mann-Whitney test with a Bonferroni correction.
NorVol indicates healthy volunteers.

Table 3: The multiple regression model for T2 relaxation time of the entire disk

Variable
Unstandardized
Coefficient (ß)

Unstandardized
Coefficient (SE)

Standardized
Coefficient (ß) T P

95% Confidence
Interval

Disk position and function 0.652 1.116 0.052 0.585 .559 �1.543 2.848
Disk configuration �1.658 1.014 �0.12 �1.635 .103 �3.653 0.337
Joint effusion 2.467 0.838 0.188 2.944 .003 0.819 4.116
Osteoarthritis 3.986 1.221 0.273 3.264 .001 1.583 6.389
Bone marrow abnormalities 2.896 1.243 0.19 2.331 .02 0.451 5.341
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the T2 relaxation time of the articular disk is longer in patients

with advanced TMD findings on MR imaging. Therefore, the T2

relaxation time of the articular disk of the TMJ may correlate with

a progressive course of TMD.

It has been reported that the articular disk configuration

changed from biconcave configuration to distorted configuration

after disk displacement.14 Then the T2 relaxation time of the dis-

torted articular disk may show a value similar to that of the T2

relaxation time of the ADDWOR group. In our study, the T2

relaxation times of the hemiconvex, thickening of the posterior

band, biconvex, and folded group were 32.5 � 6.6, 30.7 � 3.9,

31.6 � 6.9, and 31.6 � 5.8 ms, respectively, and that of ADDWOR

group was 32.3 � 5.7 ms. These T2 relaxation times were fairly

similar. Although there were no significant differences among the

T2 relaxation times of these disk-configuration groups, further

study is needed.

There are some limitations associated with the present study.

First, the T2 relaxation times were only measured on the central

portion of the articular disk. The medial and lateral areas of the

articular disk could not be evaluated because the section thickness

of the MR images used to measure the T2 relaxation time was set

to 4 mm with a 1-mm intersection gap, and this thickness led to a

limited volume of the articular disk appearing on MR images.

Second, there was no histopathologic correlation with the T2 re-

laxation time of the articular disk in this study. Almost all patients

with TMD were treated conservatively with medication, splint

therapy, or physical therapy, and due to the high diagnostic accu-

racy of MR imaging for assessing TMD,3 the conditions of pa-

tients were not confirmed histopathologically. On the basis our

study, the potential alterations in the T2 relaxation time of the

articular disk may result from underlying pathologic conditions;

thus, the T2 relaxation time can provide important information

about TMD. Third, there was no clinical correlation such as pain

scale with the T2 relaxation time of the articular disk in this study.

Further studies with clinical correlation are needed to confirm the

significance of the T2 relaxation time.

CONCLUSIONS
The T2 relaxation time of the entire articular disk was 29.3 � 3.8

ms in healthy volunteers and 30.7 � 5.1 ms in patients with TMD,

and there was no significant difference between these groups. The

T2 relaxation times of the entire articular disk in the ADDWOR

group, the severe joint effusion group, the osteoarthritis-positive

group, and the bone marrow abnormality–positive group were,

however, significantly longer than those observed in the volunteer

group; and the T2 relaxation times of the articular disk of the TMJ

in patients with progressive TMD were longer than those of

healthy volunteers. Hence, the T2 relaxation time of the TMJ ar-

ticular disk may correlate with a progressive course of TMD.
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ORIGINAL RESEARCH
PEDIATRICS

Correlation of Prenatal and Postnatal MRI Findings
in Schizencephaly

S.A. Nabavizadeh, D. Zarnow, L.T. Bilaniuk, E.S. Schwartz, R.A. Zimmerman, and A. Vossough

ABSTRACT

BACKGROUND AND PURPOSE: Schizencephaly is a rare malformation of the brain characterized by a gray matter–lined defect extending
from the pial surface to the lateral ventricles. The purpose of this study was to correlate imaging findings of schizencephaly and associated
anomalies on fetal and postnatal MR imaging and assess possible changes that may occur from the prenatal-to-postnatal state.

MATERIALS AND METHODS: A retrospective review of subjects with schizencephaly who had both pre- and postnatal MR imaging was
performed. Subject age, cleft type, number, location, and features of the defects and associated anomalies were recorded. Normalized
dimensions of the defect and ipsilateral ventricle were measured and correlated to changes in the clefts between pre- and postnatal
imaging.

RESULTS: Ten subjects with 18 clefts (8 bilateral) were included. Most defects (83%) were open on prenatal MR imaging, but 47% of those
were found to have subsequently closed on postnatal imaging. Evidence of prior hemorrhage was seen in 83%. Prenatal MR imaging
detected all cases of an absent septum pellucidum but detected a fraction of gross polymicrogyria and missed all cases of optic nerve
hypoplasia. The normalized ipsilateral ventricular and inner and middle width dimensions of the defects were significantly decreased at
postnatal imaging (P � .05). The widths of the defects, ventricular width, and presence of hemorrhage were not predictors of closure of
prenatally diagnosed open defects (P � .05).

CONCLUSIONS: In our series, nearly half of prenatally open schizencephaly defects had closed on postnatal imaging. Prenatal MR imaging
was only able to demonstrate some of the associated anomalies.

Schizencephaly is a rare malformation of the central nervous

system characterized by a gray matter–lined defect extending

from the pial surface to the lateral ventricles. The etiology of schi-

zencephaly is poorly understood; however, it appears to be heter-

ogeneous.1-3 The presence of gray matter lining the defects,

distinguishing schizencephaly from porencephaly, is usually

ascribed to the damage to the radial glial cell fibers or to the mol-

ecules that promote neuronal migration and timing during preg-

nancy.2,4 Despite early reports of the association of schizenceph-

aly and mutations of the EMX2 homeobox gene,5 this association

has not been verified in further studies.6 The common pathophys-

iology of injury is frequently ascribed to a vascular disruption,

hypoxia-ischemia, and/or prenatal infection at critical time

points during neuronal development,1-3 though there are some

reports favoring schizencephaly as a developmental disorder.7-9

Classically, schizencephaly has been divided into “closed” or

“closed-lip” defects, in which the walls appose one another within

the defect, and “open” or “open-lip” defects, in which CSF fills the

defect all the way from the lateral ventricle to the overlying sub-

arachnoid space.10 Open lesions have been further subclassified as

small or large according to size of the defect.10 These classifica-

tions have prognostic significance because it has been shown that

a small, unilateral closed defect without involvement of the motor

cortex can be associated with seizures but otherwise normal de-

velopment.10 The prognosis is poorer with open and bilateral de-

fects.2,10,11 Associated anomalies, such as optic nerve hypoplasia,

absence of the septum pellucidum, and other migrational abnor-

malities, will also adversely affect the prognosis.2,9,12,13

MR imaging was reported to prenatally diagnose schizenceph-

aly as early as 1989.14 On the basis of the current literature, the
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imaging appearance of schizencephaly on fetal MR imaging is

considered identical to that in postnatal MR imaging.2 The pur-

pose of this study was to correlate imaging findings of schizen-

cephaly and associated anomalies on fetal and postnatal MR im-

aging and to assess the possible changes that may occur from the

prenatal-to-postnatal state on MR imaging.

MATERIALS AND METHODS
A retrospective review of fetal MRI at our institution was per-

formed. A key word search of the PACS was done to find fetuses

that were diagnosed with schizencephaly or porencephaly be-

tween 2000 and 2012. We included patients with the prenatal

diagnosis of porencephaly in our primary search due to the po-

tential difficulty of differentiating schizencephaly and porenceph-

aly on prenatal MR imaging in some cases. Medical records were

reviewed to determine which fetuses had postnatal brain MR im-

aging available to review. Medical records were also reviewed for

subject sex and age at the time of prenatal and postnatal exami-

nations. The study was performed with the approval of the insti-

tutional review board.

Retrospective search and chart review initially revealed 44 pre-

natal subjects. All patients had been referred from outside insti-

tutions for fetal MR imaging at our tertiary fetal diagnosis center.

The MR imaging diagnosis among these patients included 23 with

bilateral schizencephaly (52.2%), 9 with unilateral schizencephaly

(20.4%), 8 with porencephaly (25%), 1 with agenesis of the cor-

pus callosum with an interhemispheric cyst (2.2%), and 1 with

transmantle cortical dysplasia (without heterotopia) confirmed

postnatally (2.2%). In 2 patients, the distinction between schizen-

cephaly and porencephaly could not be made on the basis of the

available prenatal imaging (4.4%) and there was no postnatal fol-

low-up. In the end, 10 subjects had both prenatal and postnatal

MR imaging confirming schizencephaly and were, therefore, in-

cluded in this study. The diagnosis of schizencephaly was further

confirmed on postnatal MR imaging on the basis of the presence

of a gray matter–lined defect extending from the brain surface to

the ventricular system. The remaining fetal patients with a diag-

nosis of schizencephaly were not followed at our institution and

were, therefore, excluded from this study. The outcome of the

excluded subjects is not known to us.

MR Imaging Protocol
Prenatal MR imaging was performed on 1.5T magnets (Siemens,

Erlangen, Germany). We used the following sequences: T2

HASTE in multiple orthogonal planes (TR � 1100 ms; 2 different

sequences with TEs of 78 and 64 ms each, respectively; FOV� 280

mm2; matrix � 56 � 192; section thickness � 3 mm) and 2 dif-

ferent echo-planar T2* sequences with different sensitivities to

susceptibility (first with TR � 5290 ms, TE � 94 ms; second with

TR � 4200 ms, TE � 42 ms, generalized autocalibrating partially

parallel acquisition 2; and both with flip angle � 90°, FOV � 280

mm2, matrix � 256 � 256, section thickness � 3 mm). Also T1

FLASH (TR � 202 ms, TE � 4.76 ms, FOV � 280 mm2, flip

angle � 60°, matrix � 256 � 166, section thickness � 4 mm) was

available in patients who were imaged after 26 weeks’ gestational

age.

Postnatal MR imaging was performed on 1.5T or 3T magnets

(Siemens). The MR imaging sequences varied among subjects,

given the long timeframe in this retrospective study, but included

sagittal and axial T1-weighted, axial and coronal T2-weighted,

axial and coronal fluid-attenuation inversion recovery, axial dif-

fusion-weighted imaging, and axial T2* gradient-echo or suscep-

tibility-weighted imaging.

Imaging Review
All MR imaging studies of these subjects were reviewed by a pe-

diatric neuroradiologist (with 8 years’ fetal MR imaging experi-

ence) and a second-year neuroradiology fellow (with 1 year of

fetal MR imaging experience) and were reported by consensus.

For each scan, data on schizencephaly type, number of clefts, lo-

cation of clefts, status of the cortex lining the defect, the presence

or absence of a covering membrane (a thin linear membrane

along the surface or depth of the cleft), the presence of signs of

hemorrhage, and the presence of other anomalies were recorded.

The schizencephalic clefts were considered open if CSF could be

tracked through the defect from the lateral ventricle to the sub-

arachnoid spaces. If there was complete apposition of the defect

walls at any point or if the defect walls were only separated by

intervening vessels in all 3 planes, the clefts were considered

closed. Detection of hemorrhage was largely based on the pres-

ence of focal hypointensity on T2, hyperintensity on T1, and an

excessive susceptibility effect on T2* gradient-echo or susceptibil-

ity-weighted images.

Quantitative measurements were made of the width of the

schizencephalic cleft (outer, middle, and inner margins) and the

width of the ipsilateral ventricle at the level of the atrium to assess

a possible relationship between the size of the cleft or ventricle and

changes in the appearance of the cleft between the prenatal and

postnatal scans (Fig 1). Cleft-width measurements were done ei-

ther on axial or coronal planes, based on the imaging plane that

showed the clefts better for accurate measurement on prenatal

imaging. However, they were performed consistently in the same

plane between the prenatal and postnatal studies in each subject.

In 2 clefts, the outer and midcleft width measurements could not

be made because the clefts were large and it was difficult to deter-

FIG 1. Measurement of the outer, middle, and inner widths of the
schizencephalic cleft.
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mine the margins. Similarly, 2 ventricular width measurements

could not be made because the cleft engulfed the region of the

ventricular atrium. To account for the marked differences in head

size in the various gestational and postnatal ages, we normalized

all the measurements to the mean of the maximum anteroposte-

rior and transverse inner diameters of the skull.

Statistical Analysis
Paired sample t tests were used to compare the absolute and nor-

malized width of the ipsilateral ventricle and width (outer, mid-

dle, and inner) of the cleft between pre- and postnatal imaging. A

�2 test was used to investigate the possible effect of hemorrhage

between open defects that remained open and those that had

closed on postnatal imaging. T tests were used to compare the

prenatal absolute and normalized width of the ipsilateral ventricle

at the level of the atrium and the width (outer, middle, and inner)

of the defect between open defects that remained open and those

that were closed on postnatal imaging.

RESULTS
Ten subjects with both prenatal and postnatal MR imaging were

included in this study. The mean age of the subjects at the time of

prenatal imaging was 27.6 � 4.1 weeks (range, 25–35 weeks). The

median age of the subjects at the time of postnatal imaging was 1.5

months (range, 1 day to 7 years) (On-line Table). The reasons for

fetal MR imaging referral included sonographic suspicion or di-

agnosis of ventriculomegaly in 3 (30%), holoprosencephaly in 3

(30%), absence of the cavum septum pellucidum in 2 (20%), and

detection of a cyst in the brain in 2 (20%), with one of the latter

also diagnosed with agenesis of the corpus callosum by sonogra-

phy. All patients had been referred from outside institutions for

fetal MR imaging, so the actual experience of the sonography

physician was not known.

Eight (80%) subjects had bilateral clefts, and 2 (20%) subjects

had unilateral clefts, resulting in 18 clefts. Most (15 of 18, 83%)

were open on prenatal MR imaging, but only 8 (53%) of those

remained open on postnatal MR imaging, secondary to closing of

the cleft in 7 (47%) (On-line Table and Figs 2 and 3). Only 3

(16%) clefts were closed on prenatal MR imaging compared with

10 (55%) on postnatal MR imaging. In all 18 clefts, there was at

least partial visualization of the gray matter lining of the 2 margins

(lips) of the cleft on prenatal imaging. In 67%, there was visual-

ization of gray matter completely lining the cleft margins, and in

32%, there was only partial visualization of the gray matter lining

a small portion of the cleft margins. A complete gray matter lining

was visualized in all 18 clefts on postnatal imaging, confirming the

diagnosis of schizencephaly. In schizencephaly, the clefts are an-

atomically lined with dysmorphic gray matter and polymicro-

gyria. Dysmorphic gray matter with polymicrogyria was grossly

detectable along the cleft in only 3 of 18 (17%) subjects on prena-

tal imaging, with the remainder only showing an apparent smooth

lining, within the resolution limits of prenatal MR imaging. Polymi-

crogyria separate from the defect was found in 3 subjects (17%) post-

natally but was only detected in 2 of the 3 (66%) prenatally.

The septum pellucidum was absent in 9 subjects (complete in

8, partial in 1), and all were detected both prenatally and postna-

tally. Bilateral subependymal nodular heterotopia was also de-

tected in 1 subject on postnatal MR imaging, which appeared to be

only unilateral prenatally. Optic nerve hypoplasia was detected

postnatally in 3 cases but could not be detected prenatally. A cov-

ering membrane was detected in 10 defects prenatally (Fig 4) but

only persisted in 2 defects postnatally. Other associated anomalies

included agenesis of the corpus callosum and coloboma in the

same subject, detected both pre- and postnatally. Some evidence

of prior hemorrhage was seen either on prenatal or postnatal im-

aging in 15 of 18 (83%) patients (Table 1).

When we compared the normalized pre- and postnatal ven-

tricular and cleft width measurements, the normalized ipsilateral

ventricular width (0.15 versus 0.12, P � .003), inner cleft width

(0.14 versus 0.10, P � .038), and middle cleft width (0.15 versus

0.08, P � .004) were all significantly decreased postnatally com-

pared with prenatal normalized widths. However, the normalized

outer width of the defect did not significantly change between

pre- and postnatal imaging (0.19 versus 0.13, P � .09). The �2 test

revealed that there was no significant relationship in the preva-

lence of hemorrhage between open clefts that remained open

postnatally and those that had closed on postnatal imaging (either

pre- or postnatally detected hemorrhage, P � .36; prenatally de-

tected only hemorrhage, P � .33; postnatally detected only hem-

orrhage, P � .11). Comparing open defects that remained open

with those that closed demonstrated that although the outer, in-

ner, and midwidths trended toward being smaller in the latter

group, the differences were not statistically significant (Table 2).

The normalized prenatal width of the ipsilateral lateral ventricle

was also not different between defects that remained open com-

pared with those that had closed (mean normalized width, 0.14

versus 0.16; P � .24; Table 2).

DISCUSSION
The results of this study suggest that most schizencephalic clefts

are seen as open-lip defects in the prenatal period, and a large

proportion (47%) will be seen as closed defects when imaged after

birth. Most of our subjects demonstrated bilateral defects; this

finding is higher than that reported in previous publica-

tions.9,10,15,16 In previous studies of postnatal imaging of schizen-

cephaly, open defects were the predominant pattern in some,10,15

while closed defects were more common in another report.9 None

of these larger case series studies had serial imaging or had docu-

mented open defects converting to closed defects as we have

shown in this study. Open defects were consistently the predom-

inant pattern in prenatal imaging of schizencephaly in previous

series,3,17 which is consistent with our results.

The fine membrane that covers the roof or floor of the defect is

likely a remnant of the pia mater or ependyma and is a rarely

reported finding in schizencephaly.15 In our series, the prevalence

of detecting a membrane was much more common prenatally.

Part of this may be due to closure of the defect in some cases;

however, we had open defects with prenatally documented mem-

branes that remained open after birth but a membrane could no

longer be visualized. The reason the membrane is no longer seen

postnatally is not clear, but it may be that chronic distention and

tension on the membrane leads to its thinning and dissolution. A

similar phenomenon is commonly observed in the septum pellu-

cidum in patients with long-standing or severe hydrocephalus.
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Although visualization of gray matter along the margin of the cleft

was much better on postnatal imaging compared with prenatal MR

imaging, there was at least partial visualization of gray matter in all

cases to suggest the diagnosis of schizen-

cephaly on prenatal MR imaging. A care-

ful inspection for the gray matter lining is

required on multiple planes to differenti-

ate it from porencephaly because the gray

matter lining may be small and appear in-

complete in some cases and, therefore, dif-

ficult to identify.

Numerous associated anomalies have

been reported with schizencephaly, in-

cluding polymicrogyria (both adjacent to

and remote from the defect)15; partial or

complete absence of the septum pelluci-

dum3,9,12,18; a thinned or absent corpus

callosum; and gray matter heterotopia.15

Fetal MR imaging did not detect a grossly

dysmorphic appearance of the gray matter

lining and polymicrogyria along the cleft

in most patients. Fetal MR imaging also

detected only some of the cases with polymicrogyria outside the

defect and detected subependymal nodular heterotopia on only 1

side in a patient with bilateral heterotopia. The presence of optic

FIG 2. Prenatal imaging at 22 weeks’ gestational age demonstrates bilateral wide-open clefts on axial (A) and coronal HASTE (B and C) imaging.
Postnatal imaging at 15 months of age demonstrates interval closure of both defects, with apposed lips that contain intervening vessels. Note
the complete absence of the septum pellucidum. Axial T2 (D), axial FLAIR (D and E), and coronal T2 (F) images are shown.

FIG 3. Prenatal coronal HASTE imaging at 26 weeks’ gestational age demonstrating a right tem-
poral open cleft communicating with the temporal horn (arrow), with a faint membrane covering
(A). Postnatal coronal T2 imaging at 2 months of age demonstrates interval closure of defect lips,
which are now apposed to each other and closed (B).
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nerve hypoplasia was not identifiable on prenatal imaging in any

of the 3 patients with this finding. These limitations are likely due

to the resolution limits of fetal MR imaging.

The high number of subjects with absence of the septum pel-

lucidum in our series is consistent with the findings in previous

literature.2,18,19 The high number of septal defects caused some

authors to regard it as part of the definition of or in the same

group18,19 as schizencephaly. Raybaud et al,9 in a retrospective

study of 16 postnatal cases of schizencephaly, demonstrated a cor-

relation between the absence of the septum pellucidum and the

frontal location of the defect. We also found the same trend in our

series (On-line Table), with all of our subjects with complete ab-

sence of the septum having frontal defects (unilateral or bilateral).

We also had 1 case of partial absence of the septum (posterior

septal defect) that had parietal and temporal defects, which is also

consistent with the findings of Raybaud et al,9 who noted a cor-

relation of posterior septal defects with parietal schizencephalic

defects. In our study, the absence of the septum pellucidum was

detected by prenatal MR imaging in all cases, which was higher

compared with the sonography series by Howe et al,20 because

they only detected the absence of the septum pellucidum in 6 of 8

cases.

Clinical manifestations of schizen-

cephaly are diverse but often include

varying degrees of developmental delay,

motor impairment, and seizures.10,13,21

Bilaterality of the defect is the major

poor prognostic factor.10,13 While chil-

dren with unilateral schizencephaly of-

ten present with hemiparesis and mild

mental delay, those with bilateral defects

may be tetraparetic with severe mental

deficits.16 Distinguishing porencephaly

from schizencephaly can also be impor-

tant. Defect size and location in the cor-

tex are also important factors.22 The

presence of dysplasia and heterotopia

can also contribute to a worse progno-

sis.13 The prenatal diagnosis of schizen-

cephaly and associated anomalies has an

important role in prognostication and

family counseling.3 Usually subjects

with open schizencephaly will be coun-

seled about poor outcome, and a signif-

FIG 4. Prenatal imaging at 29 weeks’ gestational age. Axial HASTE image (A) reveals an open cleft
with a membrane along the roof of the cleft (arrow), which remained open in postnatal imaging
1 month after birth (B).

Table 1: Imaging characteristics of patients with schizencephaly

Subject Clefts

Prenatal: Visualization of
Cortex Lining the 2

Margins of the Cleft

Postnatal: Visualization
of Cortex Lining the

2 Margins of
the Cleft

Prenatal:
Membrane along

the Cleft

Postnatal:
Membrane along

the Cleft
Prenatal: Evidence

of Hemorrhage
Postnatal: Evidence

of Hemorrhage
1 R Partial-partial Complete-complete Present Absent Bilateral ventricular

hemosiderin
staining

Absent

L Complete-partial Complete-complete Absent Absent Right choroid plexus
hemorrhage

2 L Complete-partial Complete-complete Absent Absent Absent Absent
L Complete-complete Complete-complete Absent Absent

3 R Complete-partial Complete-complete Present Absent Absent Absent
L Complete-complete Complete-complete Present Absent

4 R Complete-partial Complete-complete Absent Absent Absent Absent
L Complete-partial Complete-complete Absent Absent

5 R Complete-complete Complete-complete Present Absent Left lateral ventricle and
choroid plexus gross
hemorrhage

Bilateral ventricular staining,
left choroid plexus
staining

L Complete-partial Complete-complete Present Absent
6 L Complete-complete Complete-complete Absent Absent Hemosiderin staining in

the cleft
Bilateral ventricular and

cleft staining
7 R Complete-partial Complete-complete Absent Absent Absent Left choroid plexus

hemorrhage
L Complete-partial Complete-complete Absent Absent

8 L Complete-partial Complete-complete Present Partial Bilateral ventricular, choroid
plexus, and cleft
hemosiderin staining

Bilateral ventricular, choroid
plexus, and cleft
hemosiderin staining

9 R Complete-partial Complete-complete Present Absent Bilateral ventricular
hemosiderin staining

Bilateral ventricular
hemosiderin staining

L Complete-partial Complete-complete Present Absent
10 R Complete-complete Complete-complete Present Absent Bilateral ventricular

hemosiderin staining
Bilateral ventricular

hemosiderin staining
R Complete-complete Complete-complete Present Present

Note:—R indicates right; L, left.
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icant proportion have terminated their pregnancies in previously

published studies.17,23 Awareness of the fact that open clefts can

close may potentially affect prenatal counseling regarding postna-

tal prognosis.

Prenatal sonography has been used for diagnosis of schizen-

cephaly,3,24 though it has been reported that even sizeable open

defects may be missed with second-trimester sonography scans24

and it is more typically identified during the third-trimester

sonography examinations.3 Howe et al20studied 38 cases of schi-

zencephaly by searching collected register data and revealed that

only 18 of the 38 cases were identified prenatally. In their study,

the main diagnostic technique was sonography, and MR imaging

was used in only 6 of the 18 prenatally detected cases. Due to the

limitations of sonography, MR imaging is considered the study of

choice for the evaluation of suspected schizencephaly. The focus

of our study was not a comparison of the accuracy of ultrasound

versus MR imaging for the diagnosis of schizencephaly. There are

only a few small studies evaluating the prenatal MR imaging of

schizencephaly. The largest published series are those of Oh et al

(6 cases)3 and Denis et al (3 cases).17 Both of these studies were

limited to subjects with open-lip schizencephaly (unilateral or

bilateral), and the pregnancy was terminated in all 3 subjects in

the study of Denis et al. Recent work by Glenn et al25 on a rela-

tively large series of fetal MR imaging in subjects with malforma-

tions of cortical development included 3 subjects with schizen-

cephaly. In their study, fetal MR imaging had 100% sensitivity and

specificity for the prenatal diagnosis of schizencephaly in their 3

patients (both open and closed). We also demonstrated a perfect

correlation on the number of defects between pre- and postnatal

imaging; however, our methodology was different, having been

based on retrospective selection of subjects with schizencephaly.

Therefore, the sensitivity of prenatal MR imaging for the diagno-

sis of schizencephaly cannot be evaluated.

There are 2 single case reports in the literature that described

unilateral schizencephaly changing from the open type prenatally

to the closed type postnatally.24,26 Our study of 18 clefts demon-

strated closure of prenatally diagnosed open clefts in 47% of cases

on postnatal imaging. We qualitatively and quantitatively as-

sessed a number of parameters to determine whether we can pre-

dict closure of prenatally open clefts. These factors included cleft

width at 3 measurement points, ventricular width, and the pres-

ence of hemorrhage, but none showed a statistically significant

relationship to the closure of open defects. A smaller normalized

width of the midportion of the cleft showed a strong trend (P �

.06) in predicting closure of open clefts, but it did not reach sta-

tistical significance in our sample. The exact timing of the process

of closure of the open schizencephalic clefts is not known. How-

ever, we believe that the closing occurs sometime in the later

stages of prenatal life because some of our patients who were

imaged in early postnatal life still showed closing of the clefts. The

cause of closing of open schizencephalic clefts is also not known,

but we hypothesize that it may be related to continued growth of

the cortical plate or changes in CSF hemodynamics. While we

could not statistically relate the closure of clefts to the presence of

hemorrhage, the size of the clefts, or the size of the ventricles,

future studies with larger numbers may be sufficiently powered to

potentially demonstrate an association.

The major limitation of this study is the small sample size,

despite being a rather large study of the condition, which is partly

due to the rarity of the condition and lack of imaging follow-up,

because most of our baseline subject pool was referred from other

institutions only for their prenatal assessment. Prospective studies

with larger numbers of subjects accompanied by short- and long-

term clinical follow-up are needed to investigate the long-term

clinical outcome between those subjects whose defects are closed

after birth and those whose defects remain open. Larger studies

may also elucidate factors that predict closure in a subset of open

defects.

CONCLUSIONS
This study showed that nearly half of open schizencephaly defects

seen on fetal imaging will be closed when evaluated on postnatal

MR imaging. Prenatal MR imaging can only demonstrate some of

the associated anomalies. More precise knowledge of the prenatal

and postnatal imaging appearance of schizencephaly and associ-

ated anomalies may have important implications in counseling

and management of these patients.

Disclosures: Robert A. Zimmerman—UNRELATED: Expert Testimony: various law
firms.
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ORIGINAL RESEARCH
PEDIATRICS

The Diagnostic Value of CT Myelography, MR Myelography,
and Both in Neonatal Brachial Plexus Palsy

R. Tse, J.N. Nixon, R.S. Iyer, K.A. Kuhlman-Wood, and G.E. Ishak

ABSTRACT

BACKGROUND AND PURPOSE: Although most infants with brachial plexus palsy recover function spontaneously, approximately 10 –30%
benefit from surgical treatment. Pre-operative screening for nerve root avulsions is helpful in planning reconstruction. Our aim was to
compare the diagnostic value of CT myelography, MR myelography, and both against a surgical criterion standard for detection of
complete nerve root avulsions in birth brachial plexus palsy.

MATERIALS AND METHODS: Nineteen patients who underwent a preoperative CT and/or MR myelography and subsequent brachial
plexus exploration were included. Imaging studies were analyzed for the presence of abnormalities potentially predictive of nerve root
avulsion. Findings of nerve root avulsion on surgical exploration were used as the criterion standard to assess the predictive value of
imaging findings.

RESULTS: Ninety-five root levels were examined. When the presence of any pseudomeningocele was used as a predictor, the sensitivity
was 0.73 for CT and 0.68 for MR imaging and the specificity was 0.96 for CT and 0.97 for MR imaging. When presence of pseudomenin-
gocele with absent rootlets was used as the predictor, the sensitivity was 0.68 for CT and 0.68 for MR imaging and the specificity was 0.96
for CT and 0.97 for MR imaging. The use of both CT and MR imaging did not increase diagnostic accuracy. Rootlet findings in the absence
of pseudomeningocele were not helpful in predicting complete nerve root avulsion.

CONCLUSIONS: Findings of CT and MR myelography were highly correlated. Given the advantages of MR myelography, it is now the
single technique for preoperative evaluation of nerve root avulsion at our institution.

Brachial plexus palsy occurs in approximately 1 in 1000 neo-

nates.1,2 Downward traction on the shoulder girdle produces

stereotyped patterns of plexus injury.3 Nerve lesions occur first at

higher levels, with more severe traction resulting in progressive

inferior extension.3,4 More superior nerve injury is typically ex-

traforaminal, at the level of the superior trunks, because a well-

developed investing fascia protects the upper nerve roots from

proximal traction. In contrast, inferior lesions are more often in-

traforaminal, manifesting as either partial or complete avulsion of

the nerve root.4

Clinical manifestations and spontaneous recovery depend on

the extent, location, and type of nerve lesions. The clinical presen-

tation can generally be grouped into 1 of 4 patterns outlined by

Narakas5: Type I involves C5 and C6 deficits (Erb-Duchenne

type) with loss of shoulder abduction, shoulder external rotation,

elbow flexion, and forearm supination. Type II involves C5 to

C7/C8 deficits, resulting in a “waiter’s tip” posture from addi-

tional loss of wrist extension. Type III involves C5 to C8/T1 defi-

cits, resulting in an arm that is generally paralyzed. Type IV in-

volves C5 to T1 and the sympathetic chain, resulting in a flail arm

with Horner syndrome. Upward traction on the brachial plexus

can result in isolated lower plexus deficits that manifest as paral-

ysis of the hand only.6,7 This pattern is known as Klumpke palsy.

The decision to proceed with surgical exploration and recon-

struction is based on the clinical presentation and progression.

While 70%–90% of infants are treated with therapy alone, 10%–

30% have indications for surgical treatment.8-11 Nerve injuries

distal to the intervertebral foramen can be reconstructed by using

nerve grafts, whereas intraforaminal nerve root avulsions require

nerve transfer. While both partial and complete nerve root avul-

sions are described,12,13 there is no clear consensus on the surgical

approach to partial nerve root avulsions. Preoperative imaging

capable of accurately identifying complete nerve root avulsions
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and distinguishing them from extraforaminal nerve injuries is,

therefore, critical for optimal surgical planning.

The current standard for preoperative assessment of nerve

root avulsions in infants is CT myelography.12,14-19 A pseudome-

ningocele is suggestive of nerve root avulsion, and the additional

finding of absent rootlets traversing the pseudomeningocele

greatly increases the specificity of this finding.14 CT myelography

requires a lumbar puncture for injection of intrathecal contrast,

with attendant risks of infection and seizure.20-22 Recent studies

have also raised concern for malignancy with early exposure of

children to radiation.23,24 MR myelography can be performed

without injection of contrast and is a promising alternative.17,25

However, the performance of MR myelography for predicting

nerve root avulsion is not yet established26 in neonatal brachial

plexus injury, and the diagnostic value of MR myelography has yet

to be compared with CT myelography in this setting.

The purpose of this study was to determine the predictive

value of CT myelography, MR myelography, and both CT and

MR myelography for detecting complete nerve root avulsions in

neonatal brachial plexus palsy, by using a surgical criterion

standard.

MATERIALS AND METHODS
This study was approved by the institutional review board and

was conducted in compliance with Health Insurance Portability

and Accountability Act guidelines. Informed consent for partici-

pation was waived, given that evaluation was retrospective and

data were pre-existing.

Subjects
All consecutive patients with neonatal brachial plexus palsy who

underwent surgical exploration at our institution (from Novem-

ber 2009 to May 2013) and who had preoperative CT and/or MR

myelography were included in this study. Indications for surgical

treatment followed the protocol developed at the Toronto Hos-

pital for Sick Children9 and were based on clinical examination:

flail arm and persistent Horner syndrome at 1 month of age; com-

posite active movement scale score for elbow flexion, elbow ex-

tension, wrist extension, finger extensions, and thumb extension

of �3.5/10 at 3 months of age; no clinical progression at 6 months

of age; and failed “cookie test” (the child has to bring the hand to

the mouth) at 9 months of age. One infant with isolated lower

plexus palsy underwent exploration at 9 months of age because of

lack of clinical recovery. Myelography was performed only on

infants in whom a clinical decision to proceed with surgical ex-

ploration was made. Subject demographics were collected by ret-

rospective chart review.

Imaging Studies
CT myelography was performed with a 64-detector LightSpeed

CT scanner (GE Healthcare, Milwaukee, Wisconsin) following

intrathecal injection of iopamidol iodinated contrast material (Is-

ovue-M 200; General Injectables and Vaccines, Bastian, Virginia)

under fluoroscopic guidance according to a weight-based proto-

col of 0.5 mL/kg with a maximum dose of 5 mL. Axial 0.625-mm

sections were reconstructed from a volumetric acquisition ex-

tending from the skull base to T4 by using both standard and

sharpening convolution kernels. A pitch of 0.53:1, reconstruction

increment of 0.4 mm, beam width of 20 cm, focal spot size of

0.6 � 0.7 mm, matrix size of 512 � 512, and an FOV of 10 cm were

used. Data were reconstructed into sagittal and curved coronal

planes for optimal nerve root assessment. Kilovolt(peak) and mil-

liampere values of 100 and 155 were used.

MR imaging examinations were performed on a 3T TrioTim

MR imaging (Siemens, Erlangen, Germany) following a MR my-

elography protocol. Sequences included coronal and sagittal

STIR, coronal and sagittal T1-weighted, and a fully-rewound co-

herent steady-state gradient-echo sequence with dual excitation

(constructive interference in steady state on the Siemens plat-

form) acquired at high resolution. Resolution of the steady-state

sequence varied between 0.5 and 0.9 mm isotropic, and the time

of the acquisition varied between 2 minutes 11 seconds and 7

minutes 38 seconds depending on plane, resolution, and

coverage.

None of the imaging studies were excluded on the basis of

study quality, so our results represented true clinical practice.

Blinded Myelogram Findings
CT and MR myelograms were de-identified, unlinked, random-

ized, and loaded onto a test PACS system. A subject key code was

stored securely, and the participating radiologists were blinded to

the identity of each scan and the results of surgical exploration.

The side of the clinical deficit was provided, and the contralateral

side was used for comparison.

Two pediatric radiologists (with 7 and 8 years’ experience,

respectively) independently evaluated each imaging study and

rated each root level from C5 to T1 according to the system in

Table 1. Discrepancies were resolved by consensus analysis. Find-

ings A and B (Figs 1 and 2) have previously been used as predic-

tors of nerve root avulsion in infants.14 Finding C (Fig 3) has

been described as a predictor in adults.19 Findings D and E

(Figs 4 and 5) have been suggested to indicate partial nerve root

avulsion.12

To determine the subjective quality of each type of myelo-

gram, each radiologist rated their confidence in their findings at

each root level by using a 3-point scale: 1, absolutely sure; 2, likely;

3, unsure.

Surgical Findings
Brachial plexus exploration involved a supraclavicular approach

with retroclavicular and infraclavicular exposures as needed. Each

nerve root was dissected proximal to the intervertebral foramen

for inspection. A nerve root was considered completely avulsed

when we found any of the following:

Table 1: Potential findings on myelography

Rating

Finding

Dura Rootlets
A Pseudomeningocele Absent
B Pseudomeningocele Present
C Normal Absent
D Normal Thinned
E Normal Thickened
F Normal Normal
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1) The dorsal root ganglion was identified outside the inter-

vertebral foramen.

2) The intervertebral foramen was empty.

3) There was a normal-appearing nerve with no response to

electrical stimulation on exploration, no clinical function on pre-

operative examination, and no distal lesion identified.

We did not define partial nerve root

avulsion based on surgical findings,

given that this would require laminec-

tomy for intraspinal exploration, and

this is not performed for neonatal bra-

chial plexus palsy.

Statistical Analysis
The radiologic findings on preoperative

myelograms were compared with the

surgical findings. The operative findings

were considered the criterion standard.

The diagnostic accuracy of each of the

predictors identified on myelography

was analyzed, and the sensitivity, speci-

ficity, positive predictive value, negative

predictive value, and likelihood ratio for

complete root avulsion of each were

calculated.

Confidence ratings by each radiol-

ogist for each root level were com-

pared for CT and MR myelography

with a �2 test by using STATA (Stata-

Corp, College Station, Texas). In con-

trast to other studies, which excluded

imaging studies based on poor quality

or technical error,12,14 we included all

FIG 1. Axial (A), coronal (C), and left parasagittal (E) images from a CT
myelogram and corresponding axial (B), coronal (D), and left parasag-
ittal (F) images from an MR myelogram (B, D, and F) on the same
patient demonstrating 3 consecutive left-sided pseudomeningoce-
les with absent rootlets at C7–T1 (arrows in A and B, arrowheads in C
and D, arrows in E and F). Note the internal septa within the middle
and lower pseudomeningoceles that can simulate intact rootlets on
a single image.

FIG 2. Left parasagittal (A) and axial (B) images from a CT myelogram demonstrating a left-sided
pseudomeningocele at T1. A thin linear filling defect within the pseudomeningocele continued
centrally to the cord and was interpreted as an intact nerve root.
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imaging studies to allow us to compare the 2 modalities in a

practical clinical setting.

RESULTS
Subjects and Surgical Findings
During a 3.5-year period (between November 2009 and May

2013), 226 children presented to the Brachial Plexus Program

at our institution. Of these new visits, 116 children were

younger than 18 months of age at presentation. Nineteen of the

116 infants (16%) underwent surgical exploration, and all met

the inclusion criteria for this study. Seventeen patients had

both CT and MR myelography performed preoperatively. Two

subjects underwent CT myelography alone without concomi-

tant MR myelography. All imaging studies were included in

this study.

The male/female ratio was 9:10. The mean gestational age was

39.5 weeks (range, 36 – 41 weeks), and the mean birth weight was

3978 g (range, 2580 – 4479 g). Seventeen infants (89%) presented

in the cephalic position at vaginal delivery, and none presented

breech. Two infants (11%) were born by cesarean delivery. Bra-

chial plexus palsies were identified immediately after birth. Two

infants had ischemic encephalopathy, 1 had a clavicle fracture, 2

had humerus fractures, and 6 had torticollis. Infants were fol-

lowed clinically, and myelography was only performed if a deci-

sion was made to proceed with surgical exploration. The overall

mean age at myelography was 25 weeks (range, 10 – 65 weeks).

Incidence, age at myelography, and avulsions on surgical explo-

ration according to clinical presentation are summarized in Table

2. Ten subjects (52%) had nerve root avulsions. There was an

increasing incidence of root avulsion with increasing severity of

injury according to the Narakas classification. Avulsions occurred

more often in the lower roots.

Ninety-five root levels were examined (5 ipsilateral levels in 19

patients). There were no abnormalities detected on contralateral

levels. Twenty-two avulsions were identified on surgical explora-

tion, giving an overall incidence of 23%. The distribution of avul-

sions according to root level and palsy type is summarized in

Table 2.

Predictive Value of Findings on Myelography
Table 3 summarizes the predictive values of CT myelography, MR

myelography, and both CT and MR myelography for all root lev-

els by using either pseudomeningocele with absent rootlets or all

pseudomeningoceles as indicators of complete nerve root avul-

sion. No benefit of CT and MR myelography combined was found.

The findings and predictive values of CT myelography compared

with MR myelography were almost the same and were consistent

with those previously reported in the literature.12,14-16,18,19

Other nerve root findings in the absence of pseudomeningo-

cele were also analyzed (absent rootlets, thinned rootlets, and

thickened rootlets). These findings did not improve the predictive

values for CT, MR imaging, or both CT and MR myelography

(Table 4). We found no association between the presence or type

of additional findings and age at imaging.

Predictive Value According to Root Level
The predictive values of CT myelography alone, MR myelog-

raphy alone, and both CT and MR myelography could not be

determined according to root level by using quantitative meth-

ods, given the limited cohort size. For all clinical presentations,

there were no avulsions of C5 and there were only 3 avulsions

of C6 in 19 subjects (Table 5). Qualitative analysis revealed

little variation in the predictive value according to root level.

Confidence Ratings
Confidence ratings (190 scores for CT and 170 scores for MR

imaging) were pooled according to imaging technique. There was

FIG 3. Axial minimum-intensity-projection image from an MR my-
elogram demonstrating only left-sided rootlets at C5 (arrows),
with absent corresponding right-sided rootlets. The base resolu-
tion was 0.6-mm isotropic, with a 2-mm minimum-intensity-pro-
jection slab.

FIG 4. Coronal minimum-intensity-projection image from an MR my-
elogram demonstrating thinned left-sided ventral rootlets at C6 and
C7 (arrowheads), relative to the normal fan-shaped right-sided ven-
tral rootlets on the contralateral side at the same levels (arrows). Base
resolution was 0.6-mm isotropic, with a 2-mm minimum-intensity-
projection slab.
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significantly better confidence on CT myelography compared

with MR myelography (P � .01).

DISCUSSION
Preoperative assessment of nerve root avulsion is useful for sur-

gical planning for brachial plexus palsy. Although CT myelogra-

phy is the established standard in adults13,18,19,26-28 and in-

fants,12,14,15,29 the risk of infection and

seizure related to intrathecal contrast

administration20-22 and evidence that

early exposure to radiation may increase

later risks of malignancy23,24 make iden-

tifying an alternative important.

MR myelography for brachial plexus

palsy has evolved during the past de-

cade.30,31 Its predictive value for detect-

ing nerve root avulsions has been evalu-

ated32-35 and has been found to have

similar36,37 or greater38 value compared

with CT myelography in adults. MR my-

elography has also been evaluated in

neonatal brachial plexus palsy25,39-44

but is yet to be widely adopted. Medina

et al43 demonstrated good sensitivity

and specificity for the detection of extra-

foraminal neuromas by using an MR

imaging– based technique, but sensitiv-

ity for the detection of findings reflect-

ing proximal nerve root avulsions, par-

ticularly characterization of the nerve

roots themselves, was poor. In addition,

the predictive value of MR imaging for

complete nerve root avulsion is yet to be

compared in a side-by-side manner with

CT, the current standard in infants.

Relative to previous studies, we

used newer MR imaging technology.

In our study, MR myelography was

equal to and perhaps better than CT

myelography for the prediction of

complete nerve root avulsions on sur-

gical exploration, and we found no

benefit to the combined use of CT and

MR imaging over MR myelography

alone. This outcome supports the

findings of several prior studies that

evaluated the diagnostic performance

of MR myelography alone25,39-44 and

is further evidence that with the cur-

rent technique, MR myelography may

be capable of replacing CT myelogra-

phy in the preoperative assessment of

infants with neonatal brachial plexus

palsy. In addition, MR imaging has the

advantage of evaluating the intrinsic

signal intensity and integrity of the

spinal cord in better detail compared

with CT. Increased use of MR myelog-

raphy will potentially allow a decrease in radiation exposure

and morbidity associated with invasive myelography.

We evaluated specific predictors of nerve root avulsion

(pseudomeningocele with or without visible rootlets) on both

CT and MR imaging and found that the predictive value of

these findings was similar to that in other published studies.14

FIG 5. Coronal (A) and right parasagittal (B) images from a CT myelogram and the coronal (C) and right
parasagittal (D) images from the corresponding MR myelogram demonstrating a thickened ventral
rootlet at C8 on the right (arrows in A through D). Note that the dorsal rootlet at C8 is thinned. Normal
caliber ventral and dorsal rootlets at C7 (arrowheads in B and D) are visible for comparison.
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Subtler isolated rootlet findings (ie, findings C, D, and E) did

not improve the predictive value of either CT or MR myelog-

raphy for complete nerve root avulsion. These findings, in the

absence of pseudomeningoceles on imaging, may be indicators

of proximal nerve insult that cannot be detected on surgical

exploration (ie, partial nerve root avulsion). Further study to

determine their relevance for surgical planning is necessary.

Correlation with proximal nerve stump histopathology and

results of nerve grafting may provide further insights.

Chow et al14 previously reported that the additional finding of

absent rootlets associated with a pseudomeningocele increased

specificity from 0.85 to 0.98 for complete nerve root avulsion. We

did not find this difference in our cohort because there were ab-

sent rootlets associated with 18 of 19 pseudomeningoceles on CT

and with 17 of 17 pseudomeningoceles on MR imaging. The com-

mon finding of absent rootlets with pseudomeningoceles in our

study may reflect the relatively high prevalence of severe injuries

(ie, Narakas 3 and 4) in our cohort compared with that of Chow et

al.14 We identified avulsions in 23% of nerve roots examined,

whereas Chow et al reported a rate of 14%. Similar to the study of

Steens et al,12 the number of patients with at least 1 avulsion was

52% in our cohort versus 56% in theirs. Steens et al also found

pseudomeningoceles with intact rootlets to be rare, occurring in

only 0.5% of root levels analyzed.

The lack of relevance of subtle nerve root findings for the pre-

diction of complete avulsion, as well as the uncommon finding of

pseudomeningoceles with present rootlets, may help explain the

similar performance of CT and MR myelography in our study.

One of the main advantages of CT myelography over MR imag-

ing– based techniques is the higher spatial resolution that can

be achieved in clinically acceptable scanning times. The effec-

tive spatial resolution of CT myelography by using the acqui-

sition protocol at our institution was 0.4 – 0.5 mm isotropic.

For MR myelography, the resolution ranged between 0.5 and

1.0 mm isotropic by using a fully rewound coherent gradient-

echo sequence, depending on the required coverage and time

constraints.

Because the more conspicuous imaging findings proved to be

most predictive of complete nerve avulsion, the weakness of MR

imaging in terms of spatial resolution was rendered less signifi-

cant. In addition, improvements in MR imaging hardware and

sequence design have allowed acquisition of progressively higher

resolution imaging within acceptable scanning times. We were

consistently able to assess the presence or absence of nerve roots in

this study by using MR myelography, in contrast to prior stud-

ies.43 As the impact of subtler nerve root findings on surgical

planning and outcomes is elucidated, the relevance of high-reso-

lution nerve root assessment may become clearer. Furthermore,

nerve root status may prove more relevant in patient populations

with less severe injury grades. For these reasons, continued ad-

Table 2: Subject demographics

Clinical Presentation
Subjects

(No.)

Mean Age at
Myelography
(wk) (Range)

Nerve Root Avulsion on
Surgical Exploration Mean Avulsions per

Subject (All Levels)C5 C6 C7 C8 T1
Narakas I 4 (21%) 52 (46–65) 0% 0% 0% 0% 0% 0
Narakas II 4 (21%) 32 (16–49) 0% 25% 0% 0% 0% 0.25
Narakas III 3 (16%) 20 (14–27) 0% 33% 66% 33% 66% 2
Narakas IV 7 (37%) 14 (10–16) 0% 14% 57% 71% 71% 2.14
Klumpke 1 (5%) 14 (NA) 0% 0% 0% 0% 0% 0

Note:—NA indicates not applicable.

Table 3: Predictive value of CT versus MRI versus CT and MR myelography
Pseudomeningoceles with Absent Rootlets All Pseudomeningoceles

CT MRI CT and MRI CT MRI CT and MRI
Sensitivity 0.68 0.68 0.68 0.73 0.68 0.68
Specificity 0.96 0.97 0.97 0.96 0.97 0.97
Positive predictive value 0.83 0.88 0.88 0.84 0.88 0.88
Negative predictive value 0.9 0.9 0.9 0.92 0.9 0.9
Likelihood ratio 17 22.7 22.7 18 22.7 22.7

Table 4: Likelihood ratios of detecting nerve root avulsions using different imaging predictors

Predictors of Nerve Root Avulsion
Findings on

Imaging

Likelihood Ratio

CT MRI CT and MRI
Pseudomeningoceles with absent rootlets A 17 22.7 22.7
Any pseudomeningocele A and B 18 22.7 22.7
Any pseudomeningocele or any absent rootlets A, B, and C 18 13.6 13.6
Any pseudomeningocele or any rootlet abnormality A, B, C, D, and E 3.7 5.4 5.4

Table 5: Avulsions on surgical exploration according to root level

Root
Level

Findings on Surgical Exploration

Avulsions
(Roots Examined)

Prevalence of
Avulsions

C5 0 (19) 0
C6 3 (19) 0.16
C7 6 (19) 0.32
C8 6 (19) 0.32
T1 7 (19) 0.37
All levels 22 (95) 0.23

1430 Tse Jul 2014 www.ajnr.org



vancement toward the acquisition of high-resolution MR myelo-

graphic images remains the ideal.

Confidence ratings were highly correlated between the 2

radiologists and were significantly better on CT myelography be-

cause of better spatial resolution compared with MR imaging (Fig

2). We found that MR myelography acquired with voxel sizes of

0.5– 0.6 mm was sufficient for high-confidence evaluation com-

mensurate with CT myelography; 0.7– 0.8 mm voxel size yielded

intermediate confidence ratings on average, while �0.9 mm voxel

size led to severely diminished confidence ratings.

Similar to authors of other studies, we report predictive

values by using sensitivity, specificity, and predictive

values14-16,18,19,35-37; and we used clinical examination and/or

findings on extradural surgical exploration as our reference stan-

dard for the detection of root avulsions.14-16,18,19,35,37,45 Hemi-

laminectomy and opening of the dura mater would provide a

more accurate reference standard and have been used to assess

CT,13,27 MR imaging,32 and both CT and MR imaging46 findings

in adults. However, the procedure involves significant morbidity

and is not performed in infants for neonatal brachial plexus palsy

reconstruction.

Given that the decision for surgical treatment at our center is

based on clinical examination, our imaging studies were designed

to assist with surgical planning only and not to screen for injuries.

Our myelography protocols are not optimized to detect more

distal extraforaminal neuromas; thus, clinical and imaging find-

ings could not be directly compared.

Accumulation of more CT and MR myelograms to compare

diagnostic values would make our conclusions more robust. We

had no subjects born breech (in which there is a higher likelihood

of C5 and C6 avulsions), and our cohort size did not allow sub-

group analysis according to nerve root level. However, this study

was initiated as a quality improvement audit following a 3.5-year

period during which we performed both CT and MR myelogra-

phy preoperatively. While both CT and MR myelography are fre-

quently used together and are thought to be complementary,46-48

given the findings of this study, we can no longer justify routinely

performing both CT and MR myelography in the evaluation of

neonatal brachial plexus palsy at our institution.

CONCLUSIONS
The predictive values of CT and MR myelography are similar for the

detection of complete nerve root avulsion in neonatal brachial plexus

palsy, and we found no benefit to the combined use of CT and MR

imaging over MR myelography alone. Although radiologists’ confi-

dence ratings were significantly better with CT myelography, find-

ings on CT and MR myelography were highly correlated. Given the

advantages of MR myelography, it is now the single technique for

preoperative evaluation of nerve root avulsion at our institution.
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ORIGINAL RESEARCH
PEDIATRICS

Hydrocephalus Decreases Arterial Spin-Labeled
Cerebral Perfusion

K.W. Yeom, R.M. Lober, A. Alexander, S.H. Cheshier, and M.S.B. Edwards

ABSTRACT

BACKGROUND AND PURPOSE: Reduced cerebral perfusion has been observed with elevated intracranial pressure. We hypothesized
that arterial spin-labeled CBF can be used as a marker for symptomatic hydrocephalus.

MATERIALS AND METHODS: We compared baseline arterial spin-labeled CBF in 19 children (median age, 6.5 years; range, 1–17 years) with
new posterior fossa brain tumors and clinical signs of intracranial hypertension with arterial spin-labeled CBF in 16 age-matched controls
and 4 patients with posterior fossa tumors without ventriculomegaly or signs of intracranial hypertension. Measurements were recorded
in the cerebrum at the vertex, deep gray nuclei, and periventricular white matter and were assessed for a relationship to ventricular size.
In 16 symptomatic patients, we compared cerebral perfusion before and after alleviation of hydrocephalus.

RESULTS: Patients with uncompensated hydrocephalus had lower arterial spin-labeled CBF than healthy controls for all brain regions
interrogated (P � .001). No perfusion difference was seen between asymptomatic patients with posterior fossa tumors and healthy
controls (P � 1.000). The median arterial spin-labeled CBF increased after alleviation of obstructive hydrocephalus (P � .002). The distance
between the frontal horns inversely correlated with arterial spin-labeled CBF of the cerebrum (P � .036) but not the putamen (P � .156),
thalamus (P � .111), or periventricular white matter (P � .121).

CONCLUSIONS: Arterial spin-labeled–CBF was reduced in children with uncompensated hydrocephalus and restored after its alleviation.
Arterial spin-labeled–CBF perfusion MR imaging may serve a future role in the neurosurgical evaluation of hydrocephalus, as a potential
noninvasive method to follow changes of intracranial pressure with time.

ABBREVIATIONS: ASL � arterial spin-labeled; ICP � intracranial pressure; PF � posterior fossa

Hydrocephalus is a common neurosurgical condition in chil-

dren and adults, accounting for approximately 69,000 annual

hospital admissions and 39,000 shunt procedures in the United

States.1,2 While concepts of hydrocephalus remain complex, includ-

ing pathophysiology, diagnostic and therapeutic approaches,3-5 and

outcome,6,7 it is generally accepted that hydrocephalus reflects

pathologic dynamics among brain, spinal cord, blood, and CSF

within a confined environment.8-10 In clinical practice, imaging is

often used to work-up hydrocephalus in search of obstructing

lesions or the presence of ventriculomegaly. However, ventricular

size, a frequently used imaging feature, does not always correlate

with underlying CSF pressures or resorptive capacity for CSF11-16

and, therefore, may not reliably identify compensated hydroceph-

alus without signs of raised intracranial pressure (ICP) and pro-

gressive hydrocephalus with raised ICP.

Prior studies have shown reduced CBF with elevated ICP in var-

ious animal models of hydrocephalus.17-20 Reduced CBF has also

been reported in small case series of children with either congenital

hydrocephalus or acute hydrocephalus from brain tumors by using
15O-PET21 or SPECT.22 Recently, 2D phase-contrast MRA has

shown that carotid and basilar arterial flow rates are reduced in in-

fants with hydrocephalus.23 However, 2D phase-contrast MRA does

not directly measure CBF at the tissue level and may be hampered by

long scanning times and flow-sensitive technical challenges.24,25

In contrast, arterial spin-labeled (ASL) MR imaging perfusion

directly measures tissue perfusion without requiring long scan-

ning times, contrast, or radioisotope injection.26 It is also
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uniquely advantageous in children with high labeling efficiency

and SNR and can be repeated in the event of patient motion or

after CSF diversion without the risk of radiation exposure.27

While ASL perfusion has increasingly become clinically available,

no studies have investigated its role for evaluating hydrocephalus.

We hypothesized that ASL-CBF is reduced in uncompensated hy-

drocephalus and improved after its alleviation and, therefore, can

be used as a marker for symptomatic hydrocephalus.

MATERIALS AND METHODS
Patients with Symptomatic Hydrocephalus
All patients presenting with a posterior fossa (PF) brain tumor at

our children’s hospital from 2010 to August 2013 were retrospec-

tively reviewed after approval by the institutional board (protocol

28674). The study cohort was identified by using the following

inclusion criteria: The patients underwent a baseline ASL perfu-

sion MR imaging at 3T, presented acutely with clinical signs of

elevated ICP that required neurosurgical intervention (tumor re-

section or CSF diversion) within 7 days of a baseline ASL scan, had

ventriculomegaly, and received no prior medical/radiation ther-

apy or neurosurgical intervention, including CSF diversion.

One of the important pathogenic factors in hydrocephalus is

increase in resistance to outflow of CSF, which has been correlated

with elevated CSF pressure.11,14 Children acutely presenting

with uncompensated hydrocephalus from a new PF tumor that

required symptom alleviation were selected as our study co-

hort, given that this group represented a relatively uniform

cohort with similar obstructive mechanisms and could be dis-

tinguished from those with chronic compensated or uncom-

pensated hydrocephalus.

Patients with underlying cardiac disease, epilepsy, migraines,

hemorrhage, vascular lesions (aneurysm, AVM, fistula, or steno-

occlusive disease), prior strokes, concomitant supratentorial tu-

mors or leptomeningeal seeding, and prior history of radiation or

chemotherapy were excluded, given their potential impact on ce-

rebral perfusion.

Asymptomatic Patients
Patients with an incidentally discovered PF tumor but without

signs of elevated ICP based on neurosurgical assessment and with-

out ventriculomegaly or interstitial periventricular edema on MR

imaging were also included for comparison if they had undergone

a treatment-naïve ASL perfusion MR imaging at 3T.

Controls
Healthy controls who underwent ASL perfusion at 3T as part of

routine brain MR imaging were randomly selected from our data

base and matched for age and sedation status of the study subjects.

The control group consisted of children with no underlying neu-

rologic diseases and normal brain MR imaging findings. Exam-

ples of clinical reasons for undergoing MR imaging were isolated

headaches, cholesteatoma of the middle ear, isolated facial lesions

(eg, hemangioma, dermoid), scalp nevus, inflammatory nasal ob-

struction, short stature, and family history of aneurysms. Chil-

dren with neurocutaneous syndromes; ataxia; gaze abnormality;

developmental delay; endocrinopathies; psychiatric diseases; mi-

graines; and any chronic diseases, including epilepsy, cancer, and

previously treated neurologic diseases; and prior or ongoing med-

ical therapy were excluded.

Clinical Assessment
Neurosurgical documentation regarding patient symptoms at

baseline and after neurosurgical intervention was reviewed,

including the patient’s clinical status at follow-up ASL perfu-

sion and, if present, the functional status of the shunt or

ventriculostomy.

Imaging Methods
All subjects underwent brain MR imaging at 3T (Discovery 750;

GE Healthcare, Milwaukee, Wisconsin), by using an 8-channel

head coil. The technique used to perform perfusion ASL MR im-

aging has been described in detail elsewhere.28 Briefly, our ven-

dor-supplied ASL was performed by using a pseudocontinuous

labeling period of 1500 ms, followed by a 1500-ms postlabel delay.

Whole-brain images were acquired with a 3D background-sup-

pressed fast spin-echo stack-of-spirals method, with a TR of ap-

proximately 5 seconds. Multiarm spiral imaging was used, with 8

arms and 512 points acquired on each arm (bandwidth, 62.5

kHz), yielding in-plane and through-plane spatial resolutions of 3

and 4 mm, respectively. A high level of background suppression

was achieved by 4 separate inversion pulses spaced around the

pseudocontinuous labeling pulse. The sequence required 5 min-

utes to acquire, which included proton-attenuation images re-

quired for CBF quantitation. For graphic prescription of the ASL,

the sagittal image following the 3-plane localizer was used for

alignment. Postprocessing was performed by using an automated

reconstruction script that returned CBF images directly to the

scanner console within 1 minute, by using the microsphere meth-

odology described by Buxton et al.29 Other ASL MR imaging pa-

rameters were TR/TE, 4632/10.5 ms; FOV, 24 cm; matrix, 512 �

8; and NEX, 3.

Imaging Analysis

ASL Perfusion. Quantitative mean cerebral CBF was measured

and averaged at 3 consecutive axial images just above the centrum

semiovale near the vertex by using region-of-interest analysis

(size, 6500 mm2). The axial planes near the vertex were selected,

given a higher proportion of gray matter in this region, and be-

cause higher SNR is seen in the gray matter compared with white

matter.30,31 Also, a large region-of-interest size was chosen in this

region for a more global CBF assessment that is easy to perform in

a clinical setting by a radiologist or a neurosurgeon. In addition,

more specific anatomic regions were interrogated by using region

of interest (size, 85 mm2) at the bilateral basal ganglia (at the level

of putamina), thalami, and periventricular white matter. Exam-

ples are shown in Fig 1. The ROIs were independently performed

by 2 neurosurgeons (A.A., R.M.L.) blinded to clinical informa-

tion, including the status of hydrocephalus and follow-up clinical

management. A blinded pediatric neuroradiologist (K.W.Y.) with

a Certificate of Added Qualification in neuroradiology (7 years of

experience) confirmed the proper region-of-interest placement.

For comparison between CBF at baseline and after neurosur-

gical intervention, the last follow-up ASL perfusion scan at 3T

before initiation of any medical/radiation therapy was used so
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that no therapy other than tumor decompression or CSF diver-

sion occurred in the interval between the baseline and the fol-

low-up MR imaging.

Ventricular Size and Edema
The bifrontal diameter at the level of the caudate heads and un-

derlying perfusion were measured in each patient at baseline and

serial follow-up MR imaging by a neuroradiologist (K.W.Y.)

blinded to patient clinical status (symptomatic versus asymptom-

atic with regard to hydrocephalus) at the time of imaging. The

presence or lack of periventricular interstitial edema was noted

based on T2-weighted images.

Statistical Analysis
All statistical analyses were performed with the Statistical Package

for the Social Sciences, Version 20.0 (IBM, Armonk, New York)

with an a priori significance level of � �.05. Associations of per-

fusion at various sites (eg, thalamus, putamen, and white matter)

with age and diameter between the fron-

tal ventricular horns were tested by us-

ing the 2-tailed Pearson correlation.

Comparisons of perfusion between

sexes and between patients with and

without interstitial edema were made by

using the Mann-Whitney U test for in-

dependent samples. Comparisons of

perfusion between healthy controls and

asymptomatic patients with tumor and

those symptomatic from obstructive hy-

drocephalus, based on tumor type, were

made by using the Kruskal-Wallis test

for independent samples with pair-wise

comparisons. Differences between per-

fusion before and after relief of obstruc-

tive hydrocephalus were evaluated with

the Wilcoxon signed rank test for related

samples.

RESULTS
Clinical Findings
Twenty-three patients, median age, 6.2

years (range, 0.9 –18 years), were in-

cluded in the study. Patient demographics and clinical data are

shown in Table 1. The control group matched by age and sedation

status consisted of 16 children (7 boys and 9 girls; median age, 8.2

years; range, 1–18 years).

Patients with Symptomatic Hydrocephalus
Nineteen patients with PF tumor presented with symptomatic

obstructive hydrocephalus, 16 of whom underwent at least partial

resection. In 6 of these patients, CSF diversion in the form of an

extraventricular drain or ventriculoperitoneal shunt was per-

formed at the time of the surgery or subsequent to tumor resec-

tion. Three patients with unresectable brainstem tumors also un-

derwent CSF diversion: ventriculoperitoneal shunt placement in

1 case of diffuse intrinsic pontine glioma and endoscopic third

ventriculostomy in 2 cases of tectal astrocytoma.

Seventeen patients demonstrated symptomatic improvement

after removal of the obstructing mass and/or CSF diversion. Two

patients continued to demonstrate intractable hydrocephalus af-

ter tumor resection either from shunt complications or extraven-

tricular drain malfunction that required further surgery.

Asymptomatic Patients
Four patients with PF tumor were asymptomatic for hydroceph-

alus at presentation. These patients underwent MR imaging for

neurofibromatosis type 1, whole-body fever work-up, possible

Bell palsy, and chronic headaches. Three of these patients elec-

tively underwent surgical resection of the tumor and 1 underwent

focal CyberKnife.

Sedation Status
Sedation status was matched for all patients and their respective

age-matched controls. For all patients with symptomatic hydro-

cephalus who underwent follow-up ASL perfusion, the sedation

FIG 1. Brain region-of-interest placement and ventricular measurement. A, ROIs were placed in
the 3 axial levels of the cerebrum near the vertex and just above the centrum semiovale. B and C.
Additional ROIs were placed in bilateral periventricular white matter, and the deep gray matter,
including the bilateral thalami and putamina. D, Ventricular measurement of the bilateral frontal
horns was performed at the level of the caudate heads.

Table 1: Patient characteristics (n � 23)
Characteristic

Age at initial diagnosis (yr)
Median 6.2
Range 0.9–18

Sex
Male 17 (74%)
Female 6 (26%)

Diagnosis (in order of frequency)
Medulloblastoma 8 (35%)
Pilocytic astrocytoma 5 (22%)
Ependymoma 5 (22%)
Choroid plexus papilloma 2 (9%)
Tectal astrocytoma 2 (9%)
Diffuse intrinsic pontine glioma 1 (5%)

Hydrocephalus at presentation 19 (83%)

AJNR Am J Neuroradiol 35:1433–39 Jul 2014 www.ajnr.org 1435



status was also identical for both baseline and follow-up MR

imaging.

Cerebral Blood Flow

Controls. For the 16 age-matched and sedation-matched healthy

controls, there was no correlation between age and CBF of the

cerebrum at the vertex (P � .884). Similarly, there were no corre-

lations between age and perfusion at more specific sites—that is,

the putamen (P � .920), thalamus (P � .244), or periventricular

white matter (P � .297).

Baseline CBF. CBF for all interrogated cerebral regions is sum-

marized in Table 2. Patients with symptomatic hydrocephalus

had lower CBF than healthy controls for all brain regions interro-

gated (P � .001) (Fig 2). No perfusion difference was seen be-

tween asymptomatic patients with PF tumor and healthy controls

(P � 1.000).

Baseline and Follow-Up Comparison
Of 17 patients who showed symptomatic relief after neurosurgical

intervention, 16 had both baseline and follow-up ASL perfusion.

The median time between intervention and follow-up MR imag-

ing used in the comparison analysis was 27 days (range, 1 day to 7

months). The median CBF increased after alleviation of obstruc-

tive hydrocephalus (P � .002) (Table 3 and Fig 3). Examples are

shown in Figs 4 and 5.

Two patients continued to demonstrate elevated ICP after tu-

mor resection due to ventriculoperitoneal shunt complications

(peritoneal contamination from gastrostomy) and extraventricu-

lar drain malfunction that required a new shunt placement or

revision. Therefore, these patients were only included in the pre-

intervention CBF analysis. For these 2 patients, CBF values were

low during elevated ICP. For example, the patient with elevated

ICP due to shunt complications from peritoneal contamination

showed further decrease in perfusion with CBF values of 10, 15,

12, and 6 mL/100 g/min at the cerebral vertex, putamen, thala-

mus, and periventricular white matter, respectively. MR imaging

performed several hours after shunt revision showed mild im-

provement with CBF of 21, 33, 33, and 13 mL/100 g/min in the

respective brain regions. The other patient also showed low CBF

during extraventricular drain malfunction with improvement af-

ter a new shunt placement (Fig 6).

Ventricular Size and Other Parameters
The bifrontal ventricle size ranged from 35 to 65 mm in our pa-

tients with hydrocephalus at presentation. CBF at each site did not

correlate with sex (P � .082) or tumor type (P � .203). Among the

patients with tumor, the distance between the frontal horns in-

versely correlated with CBF of the cerebrum (P � .036), but not

the putamen (P � .156), thalamus (P � .111), or periventricular

white matter (P � .121).

Among patients with clinical improvement following relief of

symptomatic hydrocephalus, ventricular size showed a small but

statistically significant decrease, with a median change of 0.8 mm

(range, 0.4 –13.3 mm) (P � .002).

DISCUSSION
Reduced ASL-CBF was seen in children presenting with acute

hydrocephalus from PF tumors compared with controls, with res-

toration of CBF close to the normal range after alleviation of hy-

drocephalus. Prior studies have shown that when ICP increases,

disturbance in autoregulatory vasomotor capacity can reduce ce-

rebral perfusion pressure, where a pronounced decrease in CBF

can result at cerebral perfusion pressure below 40 –50 mm

Hg.17,18 Because CBF was not significantly reduced in patients

with PF tumors but without signs of raised ICP, CBF changes in

our study were likely driven primarily by ICP effects rather than

the presence of a mass lesion.

Infants and young children with hydrocephalus often present

with nonspecific symptoms32; therefore, the distinction between

ventriculomegaly and hydrocephalus with increased ICP is criti-

cally important. Given that many different etiologies for ventricu-

lomegaly (underdevelopment, atrophy, metabolic diseases, and

others) exist and ventricular size does not reliably identify symp-

tomatic hydrocephalus,11-14,16 a method that reflects alterations

in cerebral hydrohemodynamics is desired. To our knowledge,

this is the first study to report the use of ASL perfusion as a marker

for symptomatic hydrocephalus. In contrast to nuclear medicine,

CT and MR imaging contrast perfusion, or 2D phase-contrast

MRA methods, ASL perfusion does not require contrast or radi-

ation, provides quantitative CBF measurements directly at the

tissue level, and is technically easy to acquire at a relatively short

scan time.

The CBF of our hydrocephalus cohort (34.3 � 14.9 mL/100

g/min) is consistent with a prior report by Hayashi et al,33 which

FIG 2. Comparison of ASL-CBF among controls, asymptomatic pa-
tients, and patients with hydrocephalus.

Table 2: Cerebral blood flow in healthy controls (n � 16) and patients with PF Tumor (n � 23)
Median Cerebral Blood Flow (mL/100 g/min) (Range)

Cerebrum Basal Ganglia Thalamus White Matter
Healthy control 62.3 (50.4–68.9) 57.3 (44.6–70.8) 56.4 (45.4–67.8) 37.3 (26–43.4)
PF tumor without hydrocephalus 56.7 (46.4–63.1) 57.4 (49.7–60.0) 59.7 (53.2–65.4) 32.3 (20.8–35.8)
PF tumor with hydrocephalus 34.3 (8.6–59.0) 39.8 (12.5–59.6) 32.4 (8.1–50.5) 17.7 (6.0–28.1)
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showed low hemispheric CBF (32 � 6 mL/100 g/min) by using
133Xe CT in adults who presented with hydrocephalus after aneu-

rysm rupture and correlative high ICP levels (36 � 6 mm Hg).

Leliefeld et al23 also reported low CBF (25 � 11 mL/100 g/min)

calculated from carotid and basilar artery flow rates by using 2D

phase-contrast MRA in children with hydrocephalus. The lower

CBF estimated in that study may be attributed to some combina-

tion of the younger age (range, 1 day to 7 months) of their cohort

that might have had less robust autoregulatory mechanisms or

more compressible parenchymal vessels within an immature

brain, low signal due to a 2D phase-contrast MRA technique, and

variable etiologies of hydrocephalus (intraventricular hemor-

rhage, arachnoid cyst, mucopolysaccharidosis, and various ob-

structive lesions). Of note, CBF of our healthy pediatric controls

(62.3 � 6 mL/min/100 g) is consistent with a normal mean CBF

range of 53–71 mL/min/100 g in children 2–19 years of age mea-

sured by 133Xe SPECT34 but higher than 133Xe CT– based mean

CBF of 50 mL/min/100 g reported for healthy adults.33

CBF was reduced for all brain regions in patients presenting

with symptomatic hydrocephalus. Studies have shown that ven-

triculomegaly may directly decrease CBF via mechanical distor-

tion and reduced vessel caliber.35,36 Alternatively, reduced brain

compliance and, thereby, narrow-capacitance vessels, induced by

ventricular enlargement, may decrease CBV and CBF, similar to a

hydrodynamic mechanism proposed by Greitz.37,38 However, it is

noteworthy that ventricular size inversely correlated with CBF of

the cerebrum at the vertex, but not in the other brain regions. It is

possible that deep gray and periventricular regions are more vul-

nerable to mechanical effects with pronounced CBF changes, even

with mild ventriculomegaly. This finding unlikely reflects under-

Table 3: Cerebral blood flow before and after alleviation of obstructive hydrocephalus (n � 16)a

Median Cerebral Blood Flow (mL/100 mg/min) (Range)

Cerebrum Basal Ganglia Thalamus White Matter
Before alleviation of hydrocephalus 35.8 (8.6–59) 38.0 (12.5–59.6) 29.9 (8.1–50.3) 17.5 (6.0–28.1)
After alleviation of hydrocephalus 52.6 (29.8–69.7) 53.9 (40.2–68.8) 55.3 (29.1–63.3) 31 (23.4–45.4)

a For each site, CBF was increased following alleviation of hydrocephalus (Wilcoxon signed rank test for related samples, P � .002).

FIG 3. ASL-CBF values before and after alleviation of obstructive
hydrocephalus.

FIG 4. ASL perfusion of a 6-year-old girl presenting with hydrocephalus
from a diffuse intrinsic pontine glioma. A, The patient presented with
acute symptoms, including headache, nausea/vomiting, and somno-
lence. Enlarged ventricles and periventricular edema were noted and low
CBF of 9, 13, 8, and 6 mL/100 g/min at the cerebral vertex, putamina,
thalami, and periventricular white matter, respectively. A shunt was
placed a day after the MR imaging. B, Improved CBF (30, 40, 36, 27 mL/100
g/min) and resolution of acute symptoms were noted in the respective
brain regions a month later. Note the shunt catheter in place (arrow) and
residual ventricular enlargement and edema.

FIG 5. ASL perfusion of a 5-year-old boy presenting with acute hy-
drocephalus due to aqueduct obstruction from a tectal glioma. A, The
patient presented with acute gait abnormality, nausea/vomiting, and
somnolence. Enlarged ventricles and low global CBF of 16, 20, 17, and 8
mL/100 g/mL were seen at the cerebral vertex, putamina, thalami, and
periventricular white matter, respectively. The patient underwent
third ventriculostomy a day later and subsequently showed symp-
tomatic relief. B, Two months later, improved CBF was seen, with CBF
of 43, 58, 50, and 32 mL/100 g/min in the respective brain regions.
Note a CSF jet at the patent third ventriculostomy site (arrow).
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lying regional pressure differences because no evidence for trans-

mantle pressure gradient has been shown in hydrocephalus due to

viscoelasticity of the brain substance.8,39

Concepts of hydrocephalus are complex and continue to

evolve.8,9,37,38 They include the following: the conventional major

CSF pathway, including the original work of Dandy and Black-

fan40 on bulk flow theory and distinction of obstructive and com-

municating hydrocephalus; and a minor CSF pathway that de-

scribes interactions of brain compliance, CSF and arteriole

pulsations, vascular capacitance/pulse pressures, and capillary ab-

sorption.8,9,37,40-42 Given the complex pathophysiology, under-

standing the physiology of hydrocephalus remains a challenging

neurosurgical problem.

While ventricular size remains important for the work-up

of hydrocephalus, prior studies have shown that it may not

reliably identify abnormal ICP11-13,15 or resorptive capacity for

CSF,11 particularly in cases of chronic hydrocephalus or shunt

failure in which brain compliance may be altered from injury,

periventricular gliosis, and other reactive changes.12 Our re-

sults suggest that ASL perfusion identifies changes in underly-

ing tissue physiology and may, therefore, be a useful adjunct to

conventional MR imaging without the need for contrast or

radiation exposure.

There are a few limitations of this study. Direct CSF pres-

sure recordings that correspond to CBF changes would be de-

sirable; however, pressure measurements are not routinely ob-

tained during resection of PF tumors or at the time of MR

imaging and, therefore, were not feasible. While ASL-CBF was

altered in the uncompensated state and was restored after CSF

symptomatic relief in this population of pediatric patients with

PF tumors, baseline perfusion metrics and deficit patterns may

vary to some degree in other models of hydrocephalus, such as

normal-pressure hydrocephalus of older adults; chronic, com-

pensated, or nonprogressive hydrocephalus; and various con-

ditions of hydrocephalus associated with prior hemorrhage/

injury, brain malformations, and metabolic disorders and

congenital chromosomal disorders. However, CBF changes

across time intervals, nevertheless,

could help identify altered physiologic

conditions that relate to ICP status

and other challenging cases of ven-

triculomegaly (On-line Figs 1–3). Fi-

nally, general effects of sedation on

childhood cerebral perfusion and me-

tabolism are relatively unknown27;

however, this lack of knowledge is un-

likely to have impacted our study,

given that the sedation status was

matched for baseline and follow-up

ASL scans, and for the patient and con-

trol groups.

CONCLUSIONS
ASL-CBF was reduced in patients with

symptomatic hydrocephalus and re-

stored after surgically mediated allevi-

ation. ASL perfusion MR imaging may

serve a future role in the evaluation of

hydrocephalus, as a potential noninvasive method to follow

changes in ICP.
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Risk Factors of Hematomyelia Recurrence and Clinical
Outcome in Children with Intradural Spinal Cord

Arteriovenous Malformations
G. Saliou, A. Tej, M. Theaudin, M. Tardieu, A. Ozanne, M. Sachet, D. Ducreux, and K. Deiva

ABSTRACT

BACKGROUND AND PURPOSE: Few published data are available concerning the risk of re-bleeding of spinal cord AVM after an hema-
tomyelia and concerning the long-term clinical outcome. Our aim was to assess the risk of recurrence and long-term clinical outcome after
hematomyelia in children with spinal cord AVMs.

MATERIALS AND METHODS: This single-center retrospective study reviewed the clinical and radiologic data of 28 children younger than
18 years of age with arteriovenous malformation who had experienced at least 1 episode of hematomyelia between 1988 and 2012.
Long-term clinical outcome was assessed by the American Spinal Injury Association Impairment Scale, and radiologic review included MR
imaging and angioarchitecture on angiography (blinded to clinical information) before treatment and at recurrence.

RESULTS: Sixteen children (57%) experienced 1 episode of hematomyelia, while 12 children (43%) experienced recurrence. Girls and boys
were equally affected (sex ratio, 1:1), and mean clinical follow-up was 5.7 � 4.4 years. The risk of recurrence was higher for AVMs of the
cervical and upper thoracic spine, 12 (100%) versus 11 (69%) (P � .01). A high American Spinal Injury Association scale score at last follow-up
was reported for 11 children (39%), and the risk of recurrence tended to be associated with poorer functional prognosis (7 [64%] versus 5
[29%], P � .07). At the time of recurrence, perimedullary venous drainage was the main factor associated with recurrence (P � .002).
Occlusion rate �50% was associated with a decreased risk of recurrence (P � .047).

CONCLUSIONS: In the present series, cervical and upper thoracic spinal cord AVMs and microarchitecture were predictive of the risk of
hematomyelia recurrence. Perimedullary venous drainage was one of the main parameters associated with recurrence. Functional prog-
nosis was better in patients with a single episode of hematomyelia.

ABBREVIATION: ASIA � American Spinal Injury Association

Spinal cord vascular malformations, particularly arteriovenous

malformations, are the most common causes of nontraumatic

intraspinal bleeding, called “hematomyelia.”1 Spinal cord AVMs

may present with acute neurologic symptoms or deterioration of

pre-existing neurologic deficits after hematomyelia.1 MR imaging

is a useful tool for the diagnosis of hematomyelia and defining the

type of vascular injury but may not be sufficient to accurately

define the type of injury, the site of the shunt, and the angioarchi-

tecture of the lesion. Angiography is therefore the reference tool

for diagnosis, detailed analysis of the angioarchitecture of spinal

vascular malformations, and defining the treatment strategy.2

Due to the fragility of vascular lesions and their eloquent localiza-

tion in the spinal cord, partial and targeted treatment can be pro-

posed to avoid deterioration of the neurologic deficit because en-

dovascular treatment is often technically challenging, especially

when no specific vascular target is identified. Although a number

of angioarchitectural factors associated with an increased risk of

bleeding in cerebral AVMs have been described,3-7 few published

data are available concerning the risk of bleeding of spinal AVMs,

particularly predictive factors of intraspinal rebleeding after a first
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episode of hematomyelia and predictive factors of long-term clinical

outcome. Moreover, endovascular embolization is considered a

good option to prevent rebleeding.2,8 The primary objective of this

study was, therefore, to identify clinical, radiologic, and angio-

graphic factors associated with recurrent hematomyelia in a series

of children with hematomyelia. Treatment decisions and targets

in the AVM management strategy could be facilitated when only

partial removal was acceptable in terms of the risks of treatment,

to prevent further bleeding. The secondary objective was to deter-

mine the clinical, radiologic, and angiographic factors of clinical

severity after a first or subsequent episodes of hematomyelia.

MATERIALS AND METHODS
Patient Inclusion
The patient cohort was extracted from a single-center data base

comprising 235 patients with spinal cord AVMs. Among them, 43

patients had a hemorrhage related to a spinal cord AVM. Patients

older than 18 years of age (5 patients), patients without MR im-

aging or without clinical or imaging follow-up (3 patients), or

patients with isolated subarachnoid hemorrhage secondary to

their malformation (7 patients) were excluded from this study. A

total of 28 patients younger than 18 years of age with an arterio-

venous malformation and at least 1 episode of hematomyelia,

followed jointly by the National Referral Center for Neurovascu-

lar Diseases in Children and the Pediatric Neurology Department,

Hôpitaux Universitaires Paris-Sud, Hôpital Bicêtre, were in-

cluded in a retrospective study from January 1, 1988, to December

31, 2012. We retrospectively reviewed the following clinical data:

date of birth, sex, time of first episode of hematomyelia, date of

discovery of the AVM, type of clinical symptoms at onset, date of

recurrence, date of last follow-up, and the American Spinal Injury

Association (ASIA) Impairment Scale score at onset, at first recur-

rence, and at last follow-up. We used the following ASIA Impair-

ment Scale: A, complete neurologic deficit with no motor or sen-

sory function; B, incomplete neurologic deficit with sensory but

not motor function preserved below the neurologic level; C, in-

complete neurologic deficit with motor function preserved below

the neurologic level, muscle grade �3; D, incomplete neurologic

deficit with motor function preserved below the neurologic level,

muscle grade �3; and E, normal motor and sensory function.9

The ASIA scale was assessed retrospectively on the basis of the

neurologic reports in the patient charts. A severe ASIA score at

onset or at last follow-up was defined by an ASIA Impairment

Scale of A, B, or C, while ASIA Impairment Scale D or E was

considered not severe.

Most patients were referred to our center for further manage-

ment of the AVM, and initial management at the acute phase of

hematomyelia was therefore performed according to the primary

physician’s decision. Consequently, surgical decompression of

the spinal cord was performed for 6 patients before referral in an

effort to improve neurologic recovery. Two patients were treated

by laminectomy alone, 2 patients underwent hematoma evacua-

tion, and 2 patients underwent hematoma evacuation and partial

nidus excision. One of these last patients experienced worsening

of his previous neurologic status, and the other remained stable.

First-line management of the malformation was always emboli-

zation. Only 1 patient was subsequently referred to another center

for surgical excision following failure of AVM catheterization.

This patient was lost to clinical follow-up.

When the mass effect resolved after hematomyelia, AVM

treatment was always considered as soon as possible to avoid re-

currence. All patients were treated by n-butyl 2-cyanoacrylate em-

bolization under general anesthesia. The aim of endovascular

management was to at least target angioarchitectural weaknesses

such as intranidal aneurysms or pseudoaneurysms and to de-

crease the size of the malformation without inducing glue frag-

mentation and distal venous embolism. All procedures were per-

formed with the patient under general anesthesia, and no specific

monitoring or xylocaine test was used. No anticoagulation was

used during endovascular treatment. Embolization was per-

formed in 1 or several sessions in an attempt to cure the disease

but was not successful in every case due to safety issues because the

benefit/risk balance to cure the patient was sometimes considered

unacceptable and only partial embolization was then performed.

Radiologic Assessments
Imaging review included conventional MR imaging sequences

and macro- and microarchitecture on angiography before and

after partial or complete treatment. All imaging examinations

were reviewed by 2 experienced neurovascular specialists blinded

to the diagnosis (G.S. and P. Lasjaunias or M.S.). All except 1 of

the patients were assessed by MR imaging at clinical onset of

symptoms. For 27 patients, acute hematomyelia was diagnosed in

the context of a sudden episode of spinal cord neurologic deficit

associated with focal changes on MR imaging: increased diameter

of the cord with intraspinal hypointensity on T2* and hyperinten-

sity on T1-weighted sequences surrounded by hyperintense

edema on T2-weighted sequences. For 1 patient, hematomyelia

was diagnosed on the basis of identical clinical features associated

with hyperattenuation in the spinal cord on CT. Spinal cord MR

images were analyzed for the size of the ASIA scale lesion on sag-

ittal T2-weighted sequences: T2 hypersignal involving �3 verte-

brae on sagittal MR imaging and T1 hyposignal corresponding to

a signal identical to that of CSF on T1-weighted sequences.

We studied the following angioarchitectural features: type of

arteriovenous malformation (ie, fistula or nidus), number (1, 2,

or 3 versus �3) and type of arterial feeders (radiculomedullary

feeders for arteries that feed the anterior spinal artery in the mid-

line or radiculopial feeders for arteries that feed the ipsilateral

posterior spinal cord artery), venous drainage (perimedullary ve-

nous drainage, radicular venous drainage, anterior spinal vein

drainage, and draining vein stenosis �50%), vascular intranidal

dilation (pseudoaneurysm corresponding to the site of vascular

rupture, intranidal or draining vein aneurysm or ectasia), treat-

ment (ie, endovascular embolization, surgery, both), and occlu-

sion rate. Because it could not be determined whether the AVM

perimedullary venous drainage traveled in a physiologic direction

or corresponded to venous reflux, it was called “perimedullary

venous drainage” and not “perimedullary venous reflux.” All an-

gioarchitectural features were assessed on angiography.

Perimedullary AVM venous drainage was defined as a dilated

network around the spinal cord separated from the nidus itself

and corresponding to direct drainage of the vascular malforma-

tion. A pseudoaneurysm was defined as vascular intranidal dila-
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tion (either arterial or venous) without a

true wall and representing the nonthrom-

botic portion of the hematoma with a cer-

tain degree of contrast pooling on angiog-

raphy. Anterior spinal vein drainage was

assessed on angiography and checked on

MR imaging because a single posterior

midline longitudinal venous drainage can

sometimes be incorrectly interpreted on

angiography. Radicular vein drainage was

defined as venous drainage through the

intervertebral foramina. The various path-

ways of venous drainage are illustrated in

Fig 1, with angiographic findings in Fig 2

and Fig 3. Draining vein stenosis of �50%

corresponded to a focal decrease in vein

diameter by at least one-half. The nidus

occlusion rate was assessed by measuring

the decrease in the mean radius [(height �

width)/2]. Angiographic cure was defined

as the disappearance of the nidus with no

persistent arteriovenous shunts. The site

of the AVM was classified into 3 groups

comprising equal numbers of vertebrae:

cervical (C1 to C7), upper thoracic (T1 to

T7), and lower thoracic (T8 to conus med-

ullaris), as previously proposed.10

Statistical Analysis
Statistical analysis was performed with

the Statistical Package for the Social Sci-

ences software for Windows (Version 17;

IBM, Armonk, New York). Descriptive

data were compared by using the �2 test or

Fisher exact test for proportions and a

Mann-Whitney test for continuous mea-

surements. Differences were considered

significant for P values � .05. Three an-

giographies were analyzed for each pa-

tient: the angiography performed at the

time of the first or only episode of hema-

tomyelia (Table 1); the angiography per-

formed at the time of recurrence (last

episode if several recurrences of hemato-

myelia) or any angiography performed

close to the mean time of angiography

performed for children with recurrence

and for routine follow-up in children

without recurrence (Table 2); and the last

angiography performed. Statistical analy-

sis of angiographic findings at the end of

follow-up compared the results of the last

angiography with the ASIA Impairment

Scale (Table 3).

Ethical Issues
This was a retrospective noninterventional

study. No blood tests or clinical investigations

FIG 1. Diagrams of a spinal cord arteriovenous malformation with various venous drainage
pathways. A, Nidus AVM drained by a single radicular vein. B, Nidus AVM with additional drain-
age via the anterior spinal vein and perimedullary veins: 1) nidus, 2) anterior spinal artery, 3)
radiculomedullary artery, 4) radiculopial artery, 5) radicular vein, 6) aorta, 7) vertebral body, 8)
anterior spinal vein, 9) perimedullary venous drainage.

FIG 2. Spinal angiogram without (A) and with (B) digital subtraction and selective injection (C) in
a 16-year-old boy with a lower thoracic spinal cord AVM at the time of control after a single
episode of hematomyelia (39 months’ follow-up). The AVM (open arrow) is fed by a radiculopial
artery (single arrow). The AVM is drained by 2 radicular veins (double arrows) and the anterior
spinal vein (arrowhead) with no perimedullary venous drainage.
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were required in addition to standard care of these patients. The study

was performed in accordance with French ethical guidelines.

RESULTS
All 28 malformations were intradural and were classified accord-

ing to a previous classification11 as follows: 18 intramedullary

AVMs, 3 juvenile metameric AVMs, 6 intradural dorsal AVFs,

and 1 intradural ventral AVF.

Risk of Recurrence of Hematomyelia
The main initial clinical and radiologic findings are summarized in

Table 1. The mean clinical follow-up for the 28 patients was 5.7 � 4.4

years. One or more recurrences were observed in 12 children (43%),

with a mean follow-up of 3.3 years (median, 2.6 years; SD, 2.6 years;

minimum, 0.1 year; maximum, 8.9 years) (date of last hematomyelia

when � 1 recurrence). Children with recurrent episodes were older

than those without recurrence, but the difference was not statistically

significant. At the end of follow-up, 1 patient had experienced 3 ep-

isodes of hematomyelia, and 1 patient had experienced 2 episodes of

hematomyelia and 1 episode of isolated subarachnoid hemorrhage.

Similarly, boys tended to experience more recurrent episodes than

girls, but no significant differences were observed in terms of clinical

and MR imaging characteristics.

The frequency of spinal cord localization of the AVM was as

follows: cervical (n � 16, 57%) followed by upper thoracic (n � 7;

25%) and lower thoracic (n � 5; 18%). No recurrences were ob-

served among patients with a lower thoracic AVM (P � .01),

while cervical and upper thoracic AVMs were frequently associ-

ated with recurrent hematomyelia (P � .01). Twenty-five patients

(89%) had a single spinal AVM, and 3 patients (11%) had multi-

ple AVMs (spinal cord, n � 1, or cerebral,

n � 2). Assessment of AVM angioarchi-

tecture showed that fistulas tend to be rare

in children with recurrent hematomyelia

(28% of fistulas), while a similar percent-

age of nidus AVMs was observed in the 2

groups. Microarchitectural analysis dem-

onstrated that radiculomedullary arterial

feeder (P � .03) and intranidal or draining

vein ectasia (P � .03) were observed more

frequently in patients with recurrence.

At the time of recurrence (Table 2), peri-

medullary venous drainage was the main

factor associated with recurrence (P �

.002). An occlusion rate of �50% was asso-

ciated with a decreased risk of recurrence

(P � .047), and no recurrence was observed

when the occlusion rate was �70%.

Finally, at the end of treatment, the

overall percentage embolization rate was

similar for patients with 1 episode of he-

matomyelia and patients with recurrent

episodes (mean/median/�SD/minimum-

maximum: 77%/90%/�32/0%-100% and

72%/85/�32/0%-100%, respectively).

Functional Prognosis
Complications related to endovascular

treatment with temporary clinical deterioration were observed in

5 patients. No early hemorrhage (subarachnoid hemorrhage or

hematomyelia) related to embolization was observed. Good re-

covery within 1 month was observed in all of these patients. No

permanent deterioration directly related to endovascular embo-

lization was observed.

At last follow-up (Table 3), 11 children (39%) had a severe

ASIA score. Apart from tetraplegia at onset (P � .03), which was

significantly more frequent in children with a severe ASIA score at

last follow-up, no other clinical or MR imaging characteristics

were noted. In angiographic studies, macroarchitecture was un-

remarkable, but recurrent hematomyelia (P � .07) tended to be

associated with a more severe clinical outcome. Endovascular ar-

terial embolization was the treatment of choice for most patients

in this population, and endovascular embolization was not per-

formed in only 1 patient (refusal of treatment). A �90% decrease

of the nidus or angiographic cure was not associated with better

clinical outcome, and surgical decompression did not tend to im-

prove clinical outcome.

DISCUSSION
This study presents the usual limitations of retrospective studies.

The main patient recruitment of our institution via our referral

center for CNS vascular diseases in children explains the predom-

inant pediatric recruitment and probably explains the different

modalities of management compared with series mainly includ-

ing adults. The mean clinical follow-up was relatively short for the

pediatric population, which confers a significant disadvantage in

terms of determining the risk of a new episode of bleeding or

FIG 3. Spinal cord MR imaging (A, sagittal T2 TSE) and angiography, anteroposterior view, early
(B) and late (C) arterial phase in a 15-year-old girl with an upper thoracic spinal cord AVM at the
time of recurrence of hematomyelia (29 months’ follow-up). On MR imaging, the hematomyelia
and AVM are located at T2 (open arrow). On angiography, the AVM (open arrow) is fed by a
radiculomedullary artery (single arrow). The AVM is drained inferiorly by a radicular vein (double
arrows) and superiorly by perimedullary veins (white arrow).
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disability. In the present study, no significant difference in mean

age was observed between patients with recurrence and patients

without recurrence. Although the risk of bleeding at presentation

has been previously described to be lower in adults than in chil-

dren1,8,12-14 due to the peak incidence at the growth spurt, the risk

of recurrence does not appear to be different in a pediatric

population.

The main result of this study is that the risk of recurrence of

hematomyelia was increased in a particular condition: malforma-

tive perimedullary venous drainage (P � .002). All patients who

had a recurrence had perimedullary venous drainage compared

with 33% of patients with a single episode of hematomyelia. This

increased risk can be explained by a hypothesis based on mechan-

ical considerations. Perimedullary venous drainage involves rela-

tively small veins, while radicular venous drainage involves larger

veins. However, venous drainage involving small veins may reflect

higher upstream blood pressure inside the nidus. Because the

outlet is smaller, it could interfere with venous outflow and

could be responsible for higher blood pressure inside the AVM.

Higher pressure inside the AVM would

therefore be associated with a higher risk

of bleeding.

A high occlusion rate was correlated

with a lower risk of recurrence. An occlu-

sion rate �50% was associated with a

lower recurrence rate (P � .047). We can

hypothesize that a nidus whose size was

decreased by treatment was associated

with lower blood pressure inside it and a

lower risk of recurrent hematomyelia.

When venous drainage is preserved dur-

ing treatment, a decrease in the size of the

nidus would proportionally decrease the

pressure. In a 2007 study, Corkill et al15

obtained a high occlusion rate with injec-

tion of Onyx (Covidien, Irvine, Califor-

nia). Although the occlusion rate was not

specified, embolization achieved total or

subtotal obliteration in 69% of cases with

this liquid embolic system. A significant

reduction of the flow load was obtained in

the remaining patients, though a substan-

tial part of the nidus remained patent. In

their series, no recurrence of hematomy-

elia was reported with a mean follow-up

of 24.3 months. The shorter follow-up in

that study probably cannot explain this

discrepancy in terms of recurrence rate

compared with our series because the

mean time to recurrence in our series was

3.7 � 2.7 years. The absence of recurrence

of hematomyelia could also be explained

by the high mean obliteration rate

achieved by Onyx injection. However, it

seems difficult to transpose this technique

to our population, which was mainly chil-

dren, while the study by Corkill et al mainly concerned adults.

A high rebleeding rate (43%) was observed in this study. Al-

though few data are available in the literature concerning the real

frequency of hematomyelia and recurrence, the risk of recurrence

was higher than that reported after similar treatment (a similar

acrylic agent such as n-butyl 2-cyanoacrylate or Glubran Tiss

[Aspide Medical, La Talaudière, France]; 18%, 2/11 patients)1 in

an exclusively pediatric population, while no recurrences were

observed after the use of Onyx.15 Several explanations can be pro-

posed for the high recurrence rate observed in our series: In 50%

of cases (6 patients), rebleeding occurred before the first treat-

ment session (failure of embolization [n � 1]) or while the patient

was waiting for transfer to our institution for embolization (n �

5); these scenarios could explain why recurrence occurred and

why the risk of rebleeding of spinal cord AVMs appears to be

higher in the absence of treatment. Partial treatment was initiated for

the remaining 6 patients who rebled: Three were treated surgically

with partial removal of the hematoma and resection of the malfor-

Table 1: Clinical and angiographic characteristics at onset

All
Children

Children with
Recurrent
Episodes

Children with
Single

Episode

P(n = 28) (n = 12) (43) (n = 16) (57)
Mean age (yr) 9.9 � 5.2 10.1 � 5.1 9.7 � 5.4 NS
Male/female 14:14 8:4 6:10 NS
Mean follow-up (yr) 5.7 � 4.4 5.9 � 3.2 5.6 � 5.3 NS
Clinical evaluation

Back pain 18 (64) 7 (58) 11 (69) NS
Tetraplegia 7 (25) 5 (42) 2 (13) NS
Paraplegia 3 (11) 1 (33) 2 (13) NS
Sensory deficit 19 (68) 10 (83) 9 (56) NS
Respiratory distress 4 (15) 3 (25) 1 (7) NS
Sphincter dysfunction 18 (64) 9 (75) 9 (56) NS
Severe ASIA score at onset (�D) 20 (71) 7 (58) 13 (81) NS
Severe ASIA score at last follow-up 11 (39) 7 (58) 4 (25) NS
MRI characteristics at onset (n � 22)

Size of lesions �3 vertebrae (n � 20) 14 (70) 4 (57) 10 (77) NS
T1 hyposignal (n � 15) 6 (40) 3 (43) 3 (38) NS

Angiographic evaluation at onset
Macroarchitecture

Fistula 7 (25) 2 (17) 5 (31) NS
Nidus 21 (75) 10 (83) 11 (69) NS

Site
Cervical 16 (57) 8 (67) 8 (50) NS
Upper thoracic (T1–T7) 7 (25) 4 (33) 3 (19) NS
Lower thoracic (T8–conus) 5 (18) 0 5 (31) .01
Cervical and upper thoracic 23 (82) 12 (100) 11 (69) .01

Microarchitecture
Perimedullary venous drainage 27 (96) 12 (100) 15 (94) NS
Radiculomedullary arterial feeder 20 (71) 11 (92) 9 (56) .03
Anterior spinal vein drainage 9 (33) 5 (42) 4 (27) NS
No. of arterial feeders �3 (n � 26) 15 (58) 8 (73) 7 (47) NS
Draining vein stenosis �50% (n � 26) 3 (12) 1/11 (9) 2/15 (13) NS
Pseudoaneurysm (n � 23) 9 (39) 4/9 (44) 5/14 (36) 1
Intranidal or draining vein ectasia

(n � 24)
14 (58) 9/10 (90) 5/14 (36) 0.03

Radicular vein drainage 23 (82) 9 (75) 14 (88) NS
Treatment

Angiographic cure (n � 27) 5 (19) 0/12 5/15 (33) 0.01
Surgical decompression 6 (21) 2 (17) 4 (25) 0.6

Note:—NS indicates not significant.
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mation and 3 were treated by partial embolization. Only a small per-

centage of malformations were removed (mean percentage of treat-

ment, 38%); this finding could also help to explain recurrence.

Cervical AVM has been reported as associated with a higher

risk of hematomyelia.1 This appeared to be the case in our series

because 57% of AVMs were cervical (16 patients), which was

much more frequent, though not significantly, than upper tho-

racic (25%; 7 patients) and lower thoracic sites (18%; 5 patients).

Although the risk of recurrence was not significantly higher for

cervical AVMs, a lower risk of recurrence was observed in the

lower thoracic spine (P � .01), in which no recurrences were

observed. In lesions situated more caudally in the spinal canal, the

Adamkiewicz artery may be frequently involved in the malforma-

tion. These AVM sites were considered very eloquent lesions, as in

3 of the 5 cases in this study. This lower recurrence rate can be

explained by the high mean occlusion rate (95%) in this group of

lower thoracic AVMs. The high mean occlusion rate can probably

be explained by angioarchitectural findings because fistulas were

more frequently observed in this site (63%, 3/5 patients) than in

cervical (19%, 3/16 patients) or upper thoracic sites (28%, 2/7

patients). This angioarchitecture is usually easier to treat due to

the presence of a smaller number of feeders usually presenting a

good caliber that are easier to catheterize than in nidus AVMs

with multiple small feeders.

Intranidal aneurysms have been more frequently described in

the spinal cord with bleeding on presentation,1 as in our cases of

recurrence (P � .01). When possible, intranidal aneurysms

should therefore be a target of choice during embolization, espe-

cially when only a small part of the malformation is removed.

The present study was based on patients with one or several

episodes of hematomyelia, and the results cannot be extrapolated

to patients with spinal cord AVMs that never bleed. However,

because of the rarity of these malformations, it would be difficult

to conduct a prospective study in patients with nonbleeding spi-

nal cord AVMs to assess the angiographic criteria associated with

an increased risk of bleeding. When endovascular treatment is

required, at least a 50% reduction of the AVM and especially

obliteration of the perimedullary venous drainage could be con-

sidered as a treatment option when cure of the lesion is not asso-

ciated with an acceptable benefit/risk balance. Moreover, a �90%

decrease or anatomic cure was not associated with a better clinical

outcome. Although this study was based on a small population, it

supports the hypothesis that cure of malformations situated in

high eloquent areas is not required to improve clinical outcome

and prevent recurrence of hematomyelia.

Finally, regarding the late clinical outcome, it is not surprising

that recurrences were associated, though not significantly, with

poorer outcome, because 64% of patients with recurrence had a

severe ASIA score (ie, A, B, or C), while a severe outcome was

observed in only 29% of patients without recurrence. These re-

sults suggest that treatment should be performed to prevent re-

currence, which certainly constitutes one of the main parameters

responsible for poorer outcome.

In this study, no clinical symptoms were associated with an

increased risk of recurrence or severe ASIA score. In other my-

Table 2: Angiographic characteristics at recurrence or in
children with a single episode of hematomyelia on angiography
performed close to the mean time of the angiography performed
in children with recurrence

Microachitecture

Children with
Recurrent
Episodes

Children
with Single

Episode

P(n = 12) (44) (n = 15) (56)
Follow-up (yr)

Median 2.8 (0.10–9.3) 1.3 (0.4–4.8) NS
Mean 3.7 � 2.7 1.8 � 1.3 NS
Cure 0 5 (33)

Radiculomedullary feeder alone 3 (25) 1 (7) NS
Radiculopial feeders alone 8 (67) 5 (33) NS
Combination of both feeders 1 (8) 5 (33) NS
Anterior spinal vein drainage 4 (33) 0 NS
Radicular vein drainage 7 (58) 8a (53) NS
Anterior spinal and radicular

vein drainage
1 (8) 2a (13) NS

Perimedullary vein drainage 12 (100) 5 (33) .002
Intranidal ectasia 6 (50) 2 (15) .01
Draining vein stenosis �50%

(n � 26)
1/11 (9) 2 (13) NS

Pseudoaneurysm (n � 23) 2 (17) 0 NS
Occlusion rate �50% 4 (33) 10 (66) .047
Occlusion rate �70% 0 10 (66)

Note:—NS indicates not significant.
a For children with a single episode, radicular vein, or a combination of radicular and
anterior spinal veins, drainage was associated with perimedullary vein drainage in 50%
of cases.

Table 3: Clinical and angiographic characteristics according to the
ASIA scale at last follow-upa

Characteristics

Severe
ASIA
Scale

Nonsevere
ASIA
Scale

P(n = 11) (39) (n = 17) (61)
Mean age at onset (yr) 9.2 � 6.4 10.4 � 4.3 NS
Male/female 6:5 8:9 NS
Mean follow-up (yr) 6.0 � 4.5 5.5 � 4.5 NS
Clinical evaluation

Back pain 6 (55) 12 (71) NS
Tetraplegia 6 (55) 1 (6) .03
Paraplegia 1 (9) 2 (12) NS
Sensory deficit 9 (82) 10 (59) NS
Respiratory distress 2 (20) 2 (12) NS
Sphincter dysfunction 9 (82) 9 (53) NS
Severe ASIA score at onset (�D) 9 (82) 11 (65) NS
Recurrence of hematomyelia 7 (64) 5 (29) .07

MRI characteristics at onset (n � 22)
T2 hyperintensity �3 vertebrae

(n � 20)
6 (75) 8 (67) NS

T1 hypointensity (n �15) 4 (67) 2 (22) NS
Angiographic evaluation

Macroarchitecture
Fistula 2 (18) 5 (29) NS
Nidus 9 (82) 12 (71) NS

Site
Cervical 7 (64) 9 (53) NS
Upper thoracic (T1–T7) 2 (18) 5 (29) NS
Lower thoracic (T8–conus) 2 (18) 3 (18) NS
Cervical and upper thoracic 9 (82) 14 (82) NS

Surgical decompression at onset 2 (18) 4 (24) NS
Angiographic cure (�90%) 7 (64) 8 (50) NS

Note:—NS indicates not significant.
a Percentages are shown in parentheses.
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elopathies, particularly inflammatory myelopathies in children,

younger age at onset and the presence of sphincter involvement

were associated with a poorer clinical prognosis.16,17 Imaging

studies revealed that T1 hyposignal and extensive lesions could be

MR imaging signs predictive of poorer outcome. In our study, we did

not observe any clinical or MR imaging criteria able to distinguish

recurrence or more severe ASIA scale apart from younger age,

though not significant, suggesting that these factors are less impor-

tant in hematomyelia in contrast to inflammatory myelopathies.

CONCLUSIONS
The treatment of spinal cord AVM while avoiding neurologic se-

quelae is challenging. In the presence of hematomyelia, treatment

must prevent recurrence that can worsen the clinical status. When

cure of the malformation is not associated with an acceptable

benefit/risk balance, a 50% decrease of the malformation can con-

stitute a good option to prevent further recurrence. Disappear-

ance of perimedullary venous drainage appears to be 1 primary

target of treatment to avoid recurrences.
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Trevo® XP ProVue Retrievers 
See package insert for complete indications, 
complications, warnings, and instructions for use.

INDICATIONS FOR USE
The Trevo Retriever is intended to restore blood flow in the 
neurovasculature by removing thrombus in patients experiencing ischemic 
stroke within 8 hours of symptom onset. Patients who are ineligible for 
intravenous tissue plasminogen activator (IV t-PA) or who fail IV t-PA 
therapy are candidates for treatment. 

COMPLICATIONS
Procedures requiring percutaneous catheter introduction should not be 
attempted by physicians unfamiliar with possible complications which may 
occur during or after the procedure. Possible complications include, but are 
not limited to, the following: air embolism; hematoma or hemorrhage at 
puncture site; infection; distal embolization; pain/headache; vessel spasm, 
thrombosis, dissection, or perforation; emboli; acute occlusion; ischemia; 
intracranial hemorrhage; false aneurysm formation; neurological deficits 
including stroke; and death.

COMPATIBILITY
3x20 mm retrievers are compatible with Trevo® Pro 14 Microcatheters 
(REF 90231) and Trevo® Pro 18 Microcatheters (REF 90238).  4x20 mm 
retrievers are compatible with Trevo® Pro 18 Microcatheters (REF 90238). 
Compatibility of the Retriever with other microcatheters has not been 
established. Performance of the Retriever device may be impacted if a 
different microcatheter is used. The Merci® Balloon Guide Catheters are 
recommended for use during thrombus removal procedures. Retrievers 
are compatible with the Abbott Vascular DOC® Guide Wire Extension 
(REF 22260).

WARNINGS
• Contents supplied STERILE, using an ethylene oxide (EO) process. 

Nonpyrogenic.
• To reduce risk of vessel damage, adhere to the following recommendations:

 – Take care to appropriately size Retriever to vessel diameter at 

intended site of deployment. 
 – Do not perform more than six (6) retrieval attempts in same vessel 

using Retriever devices.
 – Maintain Retriever position in vessel when removing or exchanging 

Microcatheter.
• To reduce risk of kinking/fracture, adhere to the following 

recommendations:
 – Immediately after unsheathing Retriever, position Microcatheter 

tip marker just proximal to shaped section. Maintain Microcatheter 
tip marker just proximal to shaped section of Retriever during 
manipulation and withdrawal.

 – Do not rotate or torque Retriever.
 – Use caution when passing Retriever through stented arteries.

• Do not resterilize and reuse. Structural integrity and/or function may be 
impaired by reuse or cleaning.

• The Retriever is a delicate instrument and should be handled carefully. 
Before use and when possible during procedure, inspect device carefully 
for damage. Do not use a device that shows signs of damage. Damage 
may prevent device from functioning and may cause complications.

• Do not advance or withdraw Retriever against resistance or significant 
vasospasm. Moving or torquing device against resistance or significant 
vasospasm may result in damage to vessel or device. Assess cause 
of resistance using fluoroscopy and if needed resheath the device to 
withdraw. 

• If Retriever is difficult to withdraw from the vessel, do not torque 
Retriever. Advance Microcatheter distally, gently pull Retriever back into 
Microcatheter, and remove Retriever and Microcatheter as a unit. If undue 
resistance is met when withdrawing the Retriever into the Microcatheter, 
consider extending the Retriever using the Abbott Vascular DOC 
guidewire extension (REF 22260) so that the Microcatheter can be 
exchanged for a larger diameter catheter such as a DAC® catheter. 
Gently withdraw the Retriever into the larger diameter catheter.

• Administer anti-coagulation and anti-platelet medications per standard 
institutional guidelines.

PRECAUTIONS
• Prescription only – device restricted to use by or on order of a physician.
• Store in cool, dry, dark place.
• Do not use open or damaged packages.
• Use by “Use By” date.
• Exposure to temperatures above 54°C (130°F) may damage device and 

accessories. Do not autoclave.
• Do not expose Retriever to solvents.
• Use Retriever in conjunction with fluoroscopic visualization and proper 

anti-coagulation agents.
• To prevent thrombus formation and contrast media crystal formation, 

maintain a constant infusion of appropriate flush solution between guide 
catheter and Microcatheter and between Microcatheter and Retriever 
or guidewire.

• Do not attach a torque device to the shaped proximal end of DOC® 
Compatible Retriever. Damage may occur, preventing ability to attach 
DOC® Guide Wire Extension.

Target® Detachable Coil  

See package insert for complete indications, 
contraindications, warnings and instructions for use.

INTENDED USE / INDICATIONS FOR USE
Target Detachable Coils are intended to endovascularly obstruct or occlude 
blood flow in vascular abnormalities of the neurovascular and peripheral 
vessels.
Target Detachable Coils are indicated for endovascular embolization of:
• Intracranial aneurysms
• Other neurovascular abnormalities such as arteriovenous malformations 

and arteriovenous fistulae
• Arterial and venous embolizations in the peripheral vasculature

CONTRAINDICATIONS
None known.

POTENTIAL ADVERSE EVENTS
Potential complications include, but are not limited to: allergic reaction, 
aneurysm perforation and rupture, arrhythmia, death, edema, embolus, 
headache, hemorrhage, infection, ischemia, neurological/intracranial 
sequelae, post-embolization syndrome (fever, increased white blood cell 
count, discomfort), TIA/stroke, vasospasm, vessel occlusion or closure, 
vessel perforation, dissection, trauma or damage, vessel rupture, vessel 
thrombosis.  Other procedural complications including but not limited to: 
anesthetic and contrast media risks, hypotension, hypertension, access 
site complications.

WARNINGS
• Contents supplied STERILE using an ethylene oxide (EO) process. Do not 

use if sterile barrier is damaged. If damage is found, call your Stryker 
Neurovascular representative.

• For single use only. Do not reuse, reprocess or resterilize. Reuse, 
reprocessing or resterilization may compromise the structural integrity 
of the device and/or lead to device failure which, in turn, may result in 
patient injury, illness or death. Reuse, reprocessing or resterilization 
may also create a risk of contamination of the device and/or cause 
patient infection or cross-infection, including, but not limited to, the 
transmission of infectious disease(s) from one patient to another. 
Contamination of the device may lead to injury, illness or death of the 
patient.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

• This device should only be used by physicians who have 
received appropriate training in interventional neuroradiology or 
interventional radiology and preclinical training on the use of this 
device as established by Stryker Neurovascular.

• Patients with hypersensitivity to 316LVM stainless steel may suffer an 
allergic reaction to this implant.

• MR temperature testing was not conducted in peripheral vasculature, 
arteriovenous malformations or fistulae models.

• The safety and performance characteristics of the Target Detachable 
Coil System (Target Detachable Coils, InZone Detachment Systems, 

delivery systems and accessories) have not been demonstrated with 
other manufacturer’s devices (whether coils, coil delivery devices, coil 
detachment systems, catheters, guidewires, and/or other accessories). 
Due to the potential incompatibility of non Stryker Neurovascular 
devices with the Target Detachable Coil System, the use of other 
manufacturer’s device(s) with the Target Detachable Coil System is not 
recommended.

• To reduce risk of coil migration, the diameter of the first and second coil 
should never be less than the width of the ostium.

• In order to achieve optimal performance of the Target Detachable Coil 
System and to reduce the risk of thromboembolic complications, it 
is critical that a continuous infusion of appropriate flush solution be 
maintained between a) the femoral sheath and guiding catheter, b) the 
2-tip microcatheter and guiding catheters, and c) the 2-tip microcatheter 
and Stryker Neurovascular guidewire and delivery wire. Continuous flush 
also reduces the potential for thrombus formation on, and crystallization 
of infusate around, the detachment zone of the Target Detachable Coil.

• Do not use the product after the “Use By” date specified on the package.
• Reuse of the flush port/dispenser coil or use with any coil other than the 

original coil may result in contamination of, or damage to, the coil.
• Utilization of damaged coils may affect coil delivery to, and stability 

inside, the vessel or aneurysm, possibly resulting in coil migration and/
or stretching.

• The fluoro-saver marker is designed for use with a Rotating Hemostatic 
Valve (RHV). If used without an RHV, the distal end of the coil may be 
beyond the alignment marker when the fluoro-saver marker reaches the 
microcatheter hub.

• If the fluoro-saver marker is not visible, do not advance the coil without 
fluoroscopy.

• Do not rotate delivery wire during or after delivery of the coil. Rotating 
the Target Detachable Coil delivery wire may result in a stretched coil 
or premature detachment of the coil from the delivery wire, which could 
result in coil migration.

• Verify there is no coil loop protrusion into the parent vessel after coil 
placement and prior to coil detachment. Coil loop protrusion after coil 
placement may result in thromboembolic events if the coil is detached.

• Verify there is no movement of the coil after coil placement and prior to 
coil detachment. Movement of the coil after coil placement may indicate 
that the coil could migrate once it is detached.

• Failure to properly close the RHV compression fitting over the delivery 
wire before attaching the InZone® Detachment System could result in 
coil movement, aneurysm rupture or vessel perforation.

• Verify repeatedly that the distal shaft of the catheter is not under stress 
before detaching the Target Detachable Coil. Axial compression or 
tension forces could be stored in the 2-tip microcatheter causing the tip 
to move during coil delivery. Microcatheter tip movement could cause 
the aneurysm or vessel to rupture.

• Advancing the delivery wire beyond the microcatheter tip once the coil 
has been detached involves risk of aneurysm or vessel perforation.

• The long term effect of this product on extravascular tissues has not 
been established so care should be taken to retain this device in the 
intravascular space.

Damaged delivery wires may cause detachment failures, vessel injury or 
unpredictable distal tip response during coil deployment. If a delivery wire 
is damaged at any point during the procedure, do not attempt to straighten 
or otherwise repair it. Do not proceed with deployment or detachment. 
Remove the entire coil and replace with undamaged product.

• After use, dispose of product and packaging in accordance with hospital, 
administrative and/or local government policy.

CAUTIONS / PRECAUTIONS
• Federal Law (USA) restricts this device to sale by or on the order of a 

physician.
• Besides the number of InZone Detachment System units needed to 

complete the case, there must be an extra InZone Detachment System 
unit as back up.

• Removing the delivery wire without grasping the introducer sheath and 
delivery wire together may result in the detachable coil sliding out of the 
introducer sheath.

• Failure to remove the introducer sheath after inserting the delivery wire 
into the RHV of the microcatheter will interrupt normal infusion of flush 
solution and allow back flow of blood into the microcatheter.

• Some low level overhead light near or adjacent to the patient is required 
to visualize the fluoro-saver marker; monitor light alone will not allow 
sufficient visualization of the fluoro-saver marker.

• Advance and retract the Target Detachable Coil carefully and smoothly 
without excessive force. If unusual friction is noticed, slowly withdraw 
the Target Detachable Coil and examine for damage. If damage is 
present, remove and use a new Target Detachable Coil. If friction or 
resistance is still noted, carefully remove the Target Detachable Coil and 
microcatheter and examine the microcatheter for damage.

• If it is necessary to reposition the Target Detachable Coil, verify under 
fluoroscopy that the coil moves with a one-to-one motion. If the coil does 
not move with a one-to-one motion or movement is difficult, the coil may 
have stretched and could possibly migrate or break. Gently remove both 
the coil and microcatheter and replace with new devices.

• Increased detachment times may occur when:
 – Other embolic agents are present.
 – Delivery wire and microcatheter markers are not properly aligned.
 – Thrombus is present on the coil detachment zone.

• Do not use detachment systems other than the InZone Detachment 
System.

• Increased detachment times may occur when delivery wire and 
microcatheter markers are not properly aligned.

• Do not use detachment systems other than the InZone Detachment 
System.
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Beyond Soft
The softest coil technology* available, combined with Target Coil’s consistently 
smooth deployment and exceptional microcatheter stability, results in an  
experience that is beyond soft. Designed to treat small spaces, the Target Nano 
Coil’s incredible softness delivers increased conformability and shape adjustment.

Target Nano Coils–Smooth and Stable has never been so soft. 

For more information, please visit www.strykerneurovascular.com/Target

* Testing performed by Stryker Neurovascular. n=3. Data are on file at Stryker Neurovascular and will be made 
available upon request. Bench test results may not necessarily be indicative of clinical performance. 
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