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ABSTRACT

BACKGROUND AND PURPOSE: Intracranial atherosclerosis induces hemodynamic disturbance, which is not well-characterized, partic-
ularly in cerebral flow redistribution. We aimed to characterize the impact of regional stenotic lesions on intracranial hemodynamics by
using 4D flow MR imaging.

MATERIALS AND METHODS: 4D flow MR imaging was performed in 22 symptomatic patients (mean age, 68.4 = 14.2 years) with intra-
cranial stenosis (ICA, n = 7, MCA, n = 9; basilar artery, n = 6) and 10 age-appropriate healthy volunteers (mean age, 60.7 = 8.1 years). 3D
blood flow patterns were visualized by using time-integrated pathlines. Blood flow and peak velocity asymmetry indices were compared
between patients and healthy volunteers in 4 prespecified arteries: ICAs, MCAs, and anterior/posterior cerebral arteries.

RESULTS: 3D blood flow pathlines demonstrated flow redistribution across cerebral arteries in patients with unilateral intracranial
stenosis. For patients with ICA stenosis compared with healthy volunteers, significantly lower flow and peak velocities were identified in
the ipsilateral ICA (P = .001and P = .001) and MCA (P < .001and P = .001), but higher flow, in the ipsilateral PCA (P < .001). For patients with
MCA stenosis, significantly lower flow and peak velocities were observed in the ipsilateral ICA (P = .009 and P = .045) and MCA (P < .001
and P = .005), but significantly higher flow was found in the ipsilateral posterior cerebral artery (P = .014) and anterior cerebral artery (P =
.006). The asymmetry indices were not significantly different between patients with basilar artery stenosis and the healthy volunteers.

CONCLUSIONS: Regional intracranial atherosclerotic lesions not only alter distal arterial flow but also significantly affect ipsilateral
collateral arterial hemodynamics.

ABBREVIATIONS: ACA = anterior cerebral artery; Al-F = flow rate asymmetry index; Al-V = peak velocity asymmetry index; BA = basilar artery; ICAD =

intracranial atherosclerotic disease; PCA = posterior cerebral artery; PC-MRA = phase-contrast MR angiogram; VENC = velocity encoding

Intracranial atherosclerotic disease (ICAD) is characterized by
narrowing and blockage of the major intracranial arteries due to
accumulation of atherosclerotic plaques within the vessel wall. It
represents one of the most common causes of ischemic stroke
worldwide, with higher occurrence rates in Asians, Hispanics, and
blacks than in whites.'
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Patients with symptomatic ICAD have a high risk of stroke
recurrence, particularly those with high-grade (70%-99%) steno-
sis.” Currently, aggressive medical management is reccommended
for the treatment of ICAD. However, approximately 12% of pa-
tients with ICAD experience a recurrent stroke within the first
year.” Therefore, careful risk stratification and monitoring of
ICAD are paramount. In particular, hemodynamic failure may
impart a high risk in a subset of patients with ICAD. Local hemo-
dynamic alterations secondary to ICAD, particularly in the loca-
tions proximal and distal to the stenosis, may be useful markers of
recurrent stroke risk.”® Because DSA is invasive, noninvasive al-
ternatives such as sonography and 2D phase-contrast MR imag-
ing have been used to measure hemodynamic changes in patients
with ICAD, classify stenosis severity, predict risk of recurrent
stroke, and detect in-stent restenosis after stent placement.®””
However, these techniques may be limited by low reproducibility,
an inadequate insonation window, or insufficient anatomic cov-
erage. In addition, the impact of atherosclerotic lesions on the
hemodynamics in other vascular territories and the redistribution

AJNR Am J Neuroradiol @@ @ 2017 www.ajnr.org 1

Copyright 2017 by American Society of Neuroradiology.


http://orcid.org/0000-0003-1171-4546
http://orcid.org/0000-0001-6009-4756
http://orcid.org/0000-0002-3862-2185
http://orcid.org/0000-0002-7491-381X
http://orcid.org/0000-0001-8176-4616
http://orcid.org/0000-0001-6549-4863
http://orcid.org/0000-0002-7686-1128
http://orcid.org/0000-0003-0724-1694

of cerebral blood flow through circle of Willis collaterals are not
well-characterized. Furthermore, a 3D characterization of the ste-
nosis-induced hemodynamic changes across the entire cerebral
vasculature and a comparison of the hemodynamics between pa-
tients with ICAD and age-controlled healthy volunteers have not
been previously reported, to our knowledge.

4D flow MR imaging (ie, time-resolved 3D phase-contrast MR
imaging with 3-directional velocity-encoding) provides reliable
flow measurements consistent with 2D phase-contrast MR imag-
ing and offers additional benefits, including retrospective flow
quantification at any vessel location within the imaging volume
and 3D blood flow visualization of the entire vasculature.'®'?
Recently, 4D flow MR imaging has attracted increasing interest in
the assessment of intracranial hemodynamics in patients with
cerebrovascular diseases, such as intracranial aneurysms, vein of
Galen malformation, and cerebral arteriovenous malformation.'*"'”

The purpose of this study was to evaluate the impact of re-
gional intracranial atherosclerotic lesions on cerebral artery he-
modynamics in comparison with healthy volunteers by using 4D
flow MR imaging.

MATERIALS AND METHODS

Study Subjects

Between 2012 and 2014, clinical records of symptomatic patients
with ICAD who had undergone 4D flow MR imaging were retro-
spectively reviewed (n = 26). The study included only patients
with moderate (50%-70%) to severe (>70%) symptomatic intra-
cranial stenosis. DSA, the criterion standard for stenosis measure-
ment, is associated with a small but noticeable risk of complica-
tions; moreover, in the absence of an endovascular intervention, it
is unreasonable to mandate its use. Alternatively, CTA has excel-
lent diagnostic accuracy with a sensitivity and specificity of >97%
compared with DSA."'® TOF-MRA has been demonstrated to be a
reliable tool for assessing intracranial artery stenosis,'” but con-
trast-enhanced MRA was superior to TOF-MRA for the detection
of ICA stenosis.”® In our study, stenosis severity was evaluated on
the basis of clinically available CTA or a combination of TOF-
MRA and contrast-enhanced MRA with a circle of Willis FOV.
Two patients with near-occlusion stenosis were excluded because
flow analysis was not possible due to slow flow, and 2 additional
patients with bilateral stenosis were also excluded. Twenty-two
patients (mean age, 68.4 * 14.2 years; 10 women) and 10 age-
appropriate healthy volunteers (mean age, 60.7 * 8.1 years; 4
women) were included (Table). The stenosed vessels for patients
with ICAD were as follows: unilateral intracranial ICA (n = 7)
with stenosis locations in the cavernous (n = 5/7) and petrous
(n = 2/7) segments, unilateral MCA (n = 9), and the basilar artery
(BA, n = 6). The study was conducted in accordance with a pro-
tocol approved by the local institutional review board, which per-
mitted retrospective chart review. Informed consent was obtained
from all healthy volunteers.

MR Imaging

All measurements were performed on a 1.5T or 3T MR imaging
scanner (Magnetom Avanto or Skyra; Siemens, Erlangen, Ger-
many). 4D flow MR imaging was performed after standard T1-
MPRAGE and 3D TOF-MRA sequences. Cerebral 3D blood flow
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Demographics and clinical features of the 22 patients with ICAD
and 10 age-appropriate healthy volunteers included in the study®

Subject Groups
Healthy Patients P
Volunteers  with ICAD  Values
Subject characteristics

No. 10 22 -
Age (yr) 60.7 + 8.1 684 =142 124
Sex (male/female) 6:4 1210 -
Height (m) 174012 17101 503
Weight (kg) 798+137 760+148 557
Body mass index (kg/m?)  262*+29  260*39 878

Stenosed vessels

ICA (moderate/severe) - 7(4/3) -
MCA (moderate/severe) - 9(3/6) -
BA (moderate/severe) - 6(2/4) -

Note:— — indicates not applicable.

#“Moderate” and “severe” indicate stenosis of 50%-70% and >70%, respectively.
P values are calculated using the Mann-Whitney U test; P < .05 was considered
statistically significant.

T1-MPRAGE

Vessel MIP (SAG)

3D Flow Pathlines

Velocity [m/s]

0.50
0.38
0.25
0.13
0.00

FIG 1. Sagittal TI-weighted MPRAGE (A) and vessel MIP (B) images of
the head show the 3D volume coverage for 4D flow imaging. A 3D
phase-contrast MR angiogram was derived from the 4D flow data and
was used for positioning 2D analysis planes in the major cerebral
arteries (C). Time-integrated 3D pathlines illustrate the cumulative
flow path of the vessels within the 3D PC-MRA volume over 1 cardiac
cycle (D). L indicates left; R, right.

was measured by using 4D flow MR imaging with 3-directional
velocity-encoding and 3D volumetric coverage of the major intra-
cranial vessels (see Fig 1 for the volume coverage). The scan was
prospectively gated with electrocardiography R waves produced
by chest leads. Pulse sequence parameters were as follows: TR =
5.4ms, TE = 2.8 ms, flip angle = 15°, velocity sensitivity (velocity-
encoding [VENC]) = 100 cm/s, FOV = 220 X 160 mm?, band-



width = 445 Hz/pixel, temporal resolution = 43 ms, voxel size =
(1.1-1.2) X (1.1-1.2) X (1.2—1.4) mm?, acceleration factor R = 2
(generalized autocalibrating partially parallel acquisition), acqui-
sition time = 15-20 minutes depending on the heart rate of the
subjects.

3D Blood Flow Visualization

All 4D flow MR imaging data were preprocessed by using an in-
house software programmed in Matlab (MathWorks, Natick,
Massachusetts), as previously described.”" The preprocessing in-
cluded random noise reduction as well as corrections for velocity
aliasing and phase offsets from Maxwell cross-terms and eddy
currents. In addition, a 3D phase-contrast MR angiogram (PC-
MRA) was derived from the magnitude and phase-difference data
(Fig 1C). The preprocessed data were then further analyzed in a
3D visualization software package (EnSight; CEI, Apex, North
Carolina). Cerebral 3D blood flow was visualized by using time-
integrated 3D pathlines, which illustrated the collective pathline
traces of 25,000 virtual particles equally distributed within the 3D
PC-MRA over 1 cardiac cycle (Fig 1D). The color coding of the
pathlines reflects the magnitude of blood flow velocities in the
vasculature. For display purposes, a velocity window of 0-50 cm/s
was used to better visualize the flow patterns in the low-velocity
vascular territories (eg, poststenosis, posterior circulation, and so
forth).

Vascular Flow Quantification

As illustrated in Fig 1C, for normal cerebral vessels (ie, all vessels
of healthy volunteers and those vessels without stenosis in pa-
tients), 2D analysis planes were manually positioned perpendic-
ular to 4 prespecified pairs of cerebral arteries by using the 3D
PC-MRA for anatomic orientation (ICA: between the lacerum C3
and cavernous C4 segments; MCA: middle M1 segment; anterior
cerebral artery [ACA]: middle A1 segment; posterior cerebral ar-
tery [PCA]: middle P2 segment). For the stenosed vessel, an anal-
ysis plane was placed at approximately 1 cm distal to the location
of the stenosis to measure poststenotic flow. For each analysis
plane, volumetric flow rate (milliliter/second) and peak velocities
(meter/second) were calculated. The flow analysis was performed
by a scientist (C.W.) with >7 years of MR imaging research expe-
rience. A recent study by our group reported an excellent inter-
observer agreement (Lin concordance correlation coefficient,
p. = 0.996) for quantitative blood flow and velocity measure-
ments in intracranial arteries.'” The same criterion was applied
for quantitative flow assessment in this study.

Flow and Velocity Asymmetry Indices
Absolute cerebral blood flow and velocity values are age- and
sex-dependent.'>** Thus, the flow/velocity ratios (asymmetry in-
dices) between the affected (left) and nonaffected (right) arteries
were used to compare the differences between patients with ICAD
and healthy volunteers to minimize the impact of age and sex on
flow analysis. The absolute values of the velocities and flow rates
are shown in On-line Tables 1-4.

Asymmetry indices were calculated as the ratios of the flow
rate (AI-F) and peak velocities (AI-V) between the affected and
nonaffected side (affected/nonaffected) for patients with unilat-

eral ICA and MCA stenosis or between the left and right sides
(left/right) for healthy volunteers and patients with BA stenosis.
In addition, schematic vascular flow models were created to char-
acterize the normal cerebral flow distribution and stenosis-in-
duced flow redistribution in the ipsilateral cerebral arteries com-
pared with the contralateral counterparts.

Statistical Analysis

The asymmetry indices in each subgroup were illustrated by using
box-and-whisker plots. Mann-Whitney U tests were used to com-
pare the asymmetry indices between patient subgroups and
healthy volunteers. In addition, posterior-to-anterior flow ratios,
the ratios of the posterior flow (PCA flow) and anterior flow
(summation of ACA and MCA flow), were compared between
patients with BA stenosis and healthy volunteers by using a
Mann-Whitney U test. All statistical analyses were performed by
using the MedCalc software package (Version 14.8.1; MedCalc
Software, Mariakerke, Belgium). P < .05 was considered statisti-
cally significant.

RESULTS

Study Cohort

Demographics and clinical features of the patients with ICAD and
healthy volunteers are summarized in the Table. There were no
significant differences between healthy volunteers and patients
with ICAD in terms of age, height, weight, and body mass index.

3D Visualization of Intracranial Hemodynamics

3D flow pathlines in healthy volunteers demonstrated symmetric
blood flow velocities and patterns in all prespecified cerebral ar-
teries (Fig 2A, an example of the volunteers). In contrast, blood
flow was compromised at the location of arterial stenosis (thick
yellow arrows) compared with the contralateral counterpart (thin
white arrows) in patients with unilateral ICA (Fig 2B) and unilat-
eral MCA (Fig 2C) stenosis. Additionally, we observed elevated
ipsilateral PCA flow in the patients with ICA stenosis (small pink
arrow, Fig 2B) as well as increased ipsilateral ACA flow in the
patients with MCA stenosis (small pink arrow, Fig 2C). Although
blood flow was substantially decreased in the stenosed BA (thick
yellow arrow, Fig 2D), no side-to-side flow difference was ob-
served in a patient with BA stenosis (Fig 2D).

Flow and Peak Velocity Asymmetry Indices

For patients with ICA stenosis compared with healthy volunteers,
the flow rate and peak velocity asymmetry indices (affected/non-
affected ratios) were both significantly lower in the ICA (Fig 34,
AI-F: 0.40 £ 0.17 versus 0.97 £ 0.06, P = .001; Fig 4A, AI-V:
0.57 = 0.16 versus 0.95 = 0.09, P = .001) and MCA (Fig 3B, AI-F:
0.55 = 0.23 versus 0.99 * 0.06, P < .001; Fig 4B, AI-V:0.72 £ 0.18
versus 1.04 = 0.13, P = .002). In contrast, the flow asymmetry
index was significantly higher in the PCA (Fig 3C, AI-F: 1.55 *
0.33 versus 1.00 = 0.06, P < .001).

For patients with MCA stenosis compared with healthy volun-
teers, the flow and velocity asymmetry indices were both signifi-
cantly lower in the ICA (Fig 3A, AI-F: 0.77 * 0.27 versus 0.97 *
0.06, P = .009; Fig 4A, AI-V: 0.84 = 0.18 versus 0.95 = 0.09, P =
.045) and MCA (Fig 3B, AI-F: 0.45 * 0.24 versus 0.99 = 0.06, P <
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FIG 2. Time-integrated 3D pathlines illustrate symmetric and coher-
ent flow velocities of the left and right cerebral arteries in a healthy
volunteer (A). Reduced blood flow velocities are observed in the ste-
nosed vessel (thick yellow arrows) compared with the contralateral
counterpart (thin white arrows) in 2 patients with left ICA (B) and left
MCA (C) stenosis. The pink arrows indicate augmented ipsilateral col-
lateral flow. In a patient with BA stenosis (D), blood flow velocity is
substantially decreased in the severely stenosed BA (thick yellow ar-
row; pathlines are invisible due to slow flow) but shows no significant
side-to-side difference of flow velocities in the bilateral cerebral ar-
teries. w/ indicates with.

.001; Fig 4B, AI-V: 0.68 = 0.27 versus 1.04 = 0.13, P = .005). By
comparison, the indices were significantly higher in the PCA (Fig
3C, AI-F: 1.33 = 0.49 versus 1.00 = 0.06, P = .014) and ACA (Fig
3D, AI-F: 1.57 £ 0.54 versus 1.02 = 0.19, P = .006; Fig 4D, AI-V:
1.29 * 0.39 versus 0.99 *+ 0.13, P = .042).

The flow and velocity asymmetry indices were not significantly
different between patients with BA stenosis and healthy volun-
teers in any prespecified location. However, the posterior-to-an-
terior flow ratios in patients with BA stenosis (0.23 * 0.05) were
significantly lower (P = .030) compared with the healthy volun-
teers (0.37 = 0.16).

ICAD Flow-Redistribution Model

Figure 5 illustrates the normal and stenosed schematic vascular
flow models that include the 4 prespecified artery pairs. For the
normal vascular model (Fig 5A), blood flow was comparable in
the cerebral artery pairs. However, in the ICA stenosis model (Fig
5B), blood flow decreased in the ipsilateral ICA and MCA, but
increased in the ipsilateral PCA compared with the contralateral
counterparts. In the MCA stenosis model (Fig 5C), blood flow
decreased in the ipsilateral ICA and MCA, but increased in the
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ipsilateral PCA and ACA. In contrast, there were no side-to-side
flow differences in the BA stenosis model (Fig 5D).

DISCUSSION

The results of this study demonstrate the potential of 4D flow MR
imaging for the comprehensive evaluation of intracranial hemo-
dynamics in patients with ICAD. The findings demonstrate that
focal intracranial atherosclerotic lesions not only alter vascular
flow dynamics in the stenotic artery but also significantly influ-
ence the regional hemodynamics in other vascular territories. In-
deed, unilateral intracranial atherosclerotic lesions cause cerebral
blood flow redistribution across ipsilateral circle of Willis
collaterals.

Catheter cerebral angiography, though invasive, remains the
definitive diagnostic tool for the quantification of stenosis severity
and assessment of collateral flow. Intracranial atherosclerotic le-
sions are dynamic and may progress or regress with time, and
symptomatic ICAD involves a high recurrence rate.">> Thus, reg-
ular monitoring of the lesions may provide quantitative metrics of
hemodynamic alternations, which may predict stroke risk and
response to therapy. Noninvasive imaging modalities, such as
MRA and transcranial Doppler, have high accuracy in excluding
intracranial stenosis. However, these techniques may result in
over- or underestimation of the stenosis due to dephasing arti-
facts, flow signal loss, or inadequate insonation window.**

Currently, intracranial hemodynamic disturbance in patients
with ICAD is primarily assessed by sonography or quantitative
MRA (2D PC-MRA).**?*>*7 However, very few studies have
been performed to characterize the 3D blood flow disturbance
and flow redistribution across the major cerebral arteries in pa-
tients with ICAD. An early study by Hope et al*® reported that
TOF-MRA overestimated stenosis, and 4D flow MR imaging ve-
locity measurements could improve the accuracy of the diagnosis.
Hemodynamic measurements using 3D blood flow patterns can
enhance anatomic vessel imaging in that the quantitative hemo-
dynamic information not only improves diagnosis but can poten-
tially be used in prognosis and risk stratification.

The impact of regional atherosclerotic lesions on the flow re-
distribution across cerebral vessels remains incompletely under-

1>° observed elevated

stood. Using quantitative MRA, Ruland et a
ipsilateral PCA flow in patients with ICA or MCA stenosis. van
Everdingen et al’® reported reduced ipsilateral MCA flow in pa-
tients with ICA occlusion. In our study, we found decreased ipsi-
lateral MCA flow and increased ipsilateral PCA flow in patients
with ICA or MCA stenosis, which is in agreement with the previ-
ous findings. Additionally, we identified increased ipsilateral ACA
flow in patients with MCA stenosis.

Previous studies have demonstrated that the interhemispheric
differences of cerebral flow parameters in healthy subjects were
not significant. An early study by Sorteberg et al*' reported that
there were only minor side-to-side differences of blood flow
velocities in healthy adults and a difference of >14% was con-
sidered abnormal in the ICAs and MCAs. Obata et al’** also
identified no significant difference between left and right ICA
flow in healthy subjects. We corroborated these findings in
healthy volunteers and noted significant side-to-side flow dif-
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compared with age-appropriate healthy volunteers (n = 10). Single and double asterisks indicate
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ferences in symptomatic patients with
unilateral ICA or MCA stenosis, consis-
tent with prior observations.””>%**

Collateral flow has been recognized
asan independent predictor of recurrent
stroke risk in patients with symptomatic
intracranial atherosclerosis.”* In pa-
tients with unilateral ICA stenosis, we
observed significantly decreased flow in
the ipsilateral ICA and MCA but in-
creased flow in the ipsilateral PCA, indi-
cating possible PCA-to-MCA collateral
flow pathways to maintain necessary
perfusion pressure in the MCA territory.
The finding is consistent with previous
studies that reported higher blood flow
or velocities in the ipsilateral PCA in pa-
tients with ICA lesions.*”*” Similarly, in
patients with unilateral MCA stenosis,
we identified significantly decreased
flow in the ipsilateral ICA and MCA but
increased flow in the ipsilateral ACA
and PCA, suggesting potential ACA-to-
MCA and PCA-to-MCA collateral flow
pathways via leptomeningeal anastomo-
ses.”® The finding also agrees with previ-
ous reports that have shown elevated
flow or velocities in the ipsilateral ACA
and PCA in patients with MCA stenosis
or occlusion.’”*® In contrast, no side-
to-side differences of the flow parame-
ters were observed in patients with BA
stenosis, indicating no interhemispheric
difference of BA flow distribution. How-
ever, significantly lower posterior-to-
anterior flow ratios in patients with BA
stenosis compared with healthy volun-
teers indicate hemodynamic compro-
mise in the posterior circulation.

For image acquisition, 1.5T and 3T
MR imaging scanners were used, de-
pending on the availability of the scan-
ners. However, previous studies have
shown that the influence of different
field strengths on quantitative blood
10,39 Quanti-
tative flow measurements in intracranial

flow assessment was minor.

vessels and the thoracic aorta were not
significantly different between 1.5T and
3T.

Limitations

The small number of patients in each
stenosis subgroup is a major limitation
of the study, which precludes a system-
atic analysis of the association between
stenosis severity and quantitative flow
parameters and the influence of differ-
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FIG 5. Schematic cerebral vascular models (A, normal; B, ICA stenosis;
C, MCA stenosis; and D, BA stenosis) illustrate the impact of regional
stenotic lesions on blood flow in other cerebral vascular territories.
The asterisk represents the location of the stenosis. The up arrow and
down arrow indicate a relative increase or decrease of flow in the
local vessel compared with the contralateral counterpart in patients
with intracranial atherosclerosis.

ent vascular variants of the circle of Willis (eg, ACA or PCA hyp-
oplasia) and intracranial atherosclerotic risk factors (eg, diabetes,
hypertension, hypercholesterolemia, and so forth) on cerebral he-
modynamics. The flow analysis was restricted to patients with
moderate and severe stenosis because greater hemodynamic alter-
ations are expected in this group of patients compared with pa-
tients with mild stenosis. In addition, dominant ACA and PCA
flow and potential blood flow redistribution across the ipsilateral
circle of Willis collaterals (ie, through anterior/posterior commu-
nicating arteries) might be confounding factors to the collateral
flow analysis. Further studies with larger patient cohorts, includ-
ing those with mild stenosis, are warranted to investigate the im-
pact of different vascular morphology, stenosis severity, and ath-
erosclerosis risk factors on intracranial hemodynamic changes.
Nevertheless, to our knowledge, this is the largest cohort to date
for 3D blood flow visualization of stenosis-induced intracranial
flow redistribution as well as a quantitative comparison of flow
and velocity asymmetry in the major cerebral arteries between
patients with ICAD and healthy volunteers.

The current 4D flow MR imaging technique is also limited by
insufficient spatial resolution for the characterization of blood
flow at sites of critical or severe stenosis. Instead, poststenotic flow
was used to represent the regional flow in the stenotic artery. The
in-plane resolution of 1.1-1.2 mm in this study was appropriate
for measuring blood flow in the large cerebral arteries (eg, ICAs
and MCAs). However, the accuracy of flow quantification in the
smaller arteries (eg, ACAs and PCAs) may be compromised by
partial volume effects. In addition, flow measurements in the pos-
terior communicating artery and leptomeningeal collaterals are
not possible. Therefore, a higher magnetic field (7T) with in-
creased spatial resolution may be required for improved flow as-
sessment in the smaller vessels.

The wide use of 4D flow MR imaging in clinical applications is
hindered by its relatively long scanning time. Noticeable effort has
been made to accelerate data acquisition by using non-Cartesian
sampling or compressed sensing techniques. For example, the
phase contrast with vastly undersampled isotropic projection re-
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construction sequence based on a highly undersampled 3D radial
acquisition enables a total imaging time of <8 minutes.*’ Basha et
al*! reported an acceleration factor of 7 by using randomly under-
sampled echo-planar imaging with compressed sensing recon-
struction. A recent study by Dyvorne et al** has demonstrated the
feasibility of an abdominal 4D flow MR imaging scan in a single
breath-hold by combining spiral sampling and dynamic com-
pressed sensing. In addition, the limited availability of the 4D flow
MR imaging sequence further hinders its wide implementation in
clinical sites.

In addition, single-VENC 4D flow MR imaging includes an
inherent trade-off related to the selection of an optimal VENC.
On the one hand, the VENC should be higher than the maximum
expected velocity to avoid velocity aliasing. On the other hand, a
VENC that is too high undermines the reliability for detecting
slow flow (eg, reduced flow in the stenosed vessels) because the
velocity noise level is proportional to the VENC. Dual- or multi-
VENC techniques have been proposed to extend the dynamic
range of velocities that can be reliability assessed.**** Complex
flow characteristics (eg, disturbed or turbulent flow fluctuations
associated with vascular stenosis) cause flow-related signal loss
and present another challenge for accurate poststenotic flow as-
sessment. Ultrashort TE 4D flow MR imaging has been shown to
provide more reliable stenotic flow quantification.*>*® A recent
study by Petersson et al*” reported a stack-of-spiral technique,
which provided more favorable stenotic flow assessment against
the conventional Cartesian counterpart.

CONCLUSIONS

The study demonstrates the potential of 4D flow MR imaging for
comprehensive hemodynamic characterization in patients with
intracranial atherosclerosis. The results indicate that regional ath-
eroscleroticlesions can not only alter local vascular flow dynamics
but also significantly influence the hemodynamics in other vascu-
lar territories, potentially due to collateral flow recruitment. 4D
flow MR imaging provides additional hemodynamic information
that may assist in elucidating the pathophysiology and autoregu-
lation mechanism in intracranial atherosclerosis and in predicting
the risk of recurrent stroke.

Disclosures: Can Wu—RELATED: Grant: American Heart Association, Comments:
American Heart Association Predoctoral Fellowship 14PREI8370014.* Sameer An-
sari—UNRELATED: Grants/Grants Pending: Radiological Society of North America,
American Heart Association, and National Institutes of Health grants.* James Carr—
UNRELATED: Board Membership: Bayer AG, Comments: Advisory Board; Grants/
Grants Pending: Bayer AG, Siemens.* Shyam Prabhakaran—UNRELATED: Grants/
Grants Pending: National Institute of Neurological Disorders and Stroke, Patient-
Centered Outcomes Research Institute*; Royalties: UpToDate. *Money paid to the
institution.

REFERENCES

1. Arenillas JF. Intracranial atherosclerosis: current concepts. Stroke
2011;42:520-23 CrossRef Medline

2. Jeng JS, Tang SC, Liu HM. Epidemiology, diagnosis and manage-
ment of intracranial atherosclerotic disease. Expert Rev Cardiovasc
Ther 2010;8:1423-32 CrossRef Medline

3. Chimowitz MI, Lynn MJ, Derdeyn CP, et al; SAMMPRIS Trial Inves-
tigators. Stenting versus aggressive medical therapy for intracranial
arterial stenosis. N Engl ] Med 2011;365:993—-1003 CrossRef Medline

4. Prabhakaran S, Warrior L, Wells KR, et al. The utility of quantitative
magnetic resonance angiography in the assessment of intracranial
in-stent stenosis. Stroke 2009;40:991-93 CrossRef Medline


http://dx.doi.org/10.1161/STROKEAHA.110.597278
http://www.ncbi.nlm.nih.gov/pubmed/21164126
http://dx.doi.org/10.1586/erc.10.129
http://www.ncbi.nlm.nih.gov/pubmed/20936929
http://dx.doi.org/10.1056/NEJMoa1105335
http://www.ncbi.nlm.nih.gov/pubmed/21899409
http://dx.doi.org/10.1161/STROKEAHA.108.522391
http://www.ncbi.nlm.nih.gov/pubmed/19164797

20.

21.

22.

23.

. Prabhakaran S, Wells KR, Jhaveri MD, et al. Hemodynamic changes

following Wingspan stent placement—a quantitative magnetic res-
onance angiography study. ] Neuroimaging 2011;21:e109—-13 CrossRef
Medline

. Amin-Hanjani S, Alaraj A, Calderon-Arnulphi M, et al. Detection of

intracranial in-stent restenosis using quantitative magnetic reso-
nance angiography. Stroke 2010;41:2534-38 CrossRef Medline

. Amin-Hanjani S, Rose-Finnell L, Richardson D, et al; VERITAS Study

Group. Vertebrobasilar Flow Evaluation and Risk of Transient
Ischaemic Attack and Stroke study (VERIiTAS): rationale and de-
sign. Int ] Stroke 2010;5:499-505 CrossRef Medline

. Baumgartner RW, Mattle HP, Schroth G. Assessment of =50% and

<50% intracranial stenoses by transcranial color-coded duplex
sonography. Stroke 1999;30:87-92 CrossRef Medline

. Wang L, Xing Y, LiY, et al. Evaluation of flow velocity in unilateral

middle cerebral artery stenosis by transcranial Doppler. Cell
Biochem Biophys 2014;70:823-30 CrossRef Medline

. Bammer R, Hope TA, Aksoy M, et al. Time-resolved 3D quantitative

flow MRI of the major intracranial vessels: initial experience and
comparative evaluation at 1.5T and 3.0T in combination with par-
allel imaging. Magn Reson Med 2007;57:127—40 CrossRef Medline

. Markl M, Frydrychowicz A, Kozerke S, et al. 4D flow MRI. ] Magn

Reson Imaging 2012;36:1015-36 CrossRef Medline

. Wu C, Honarmand AR, Schnell S, et al. Age-related changes of nor-

mal cerebral and cardiac blood flow in children and adults aged 7
months to 61 years. ] Am Heart 2016;5:pii: €002657 CrossRef Medline

. Ansari SA, Schnell S, Carroll T, et al. Intracranial 4D flow MRI: to-

ward individualized assessment of arteriovenous malformation he-
modynamics and treatment-induced changes. AJNR Am ] Neurora-
diol 2013;34:1922-28 CrossRef Medline

. Schnell S, Ansari SA, Vakil P, et al. Three-dimensional hemodynam-

ics in intracranial aneurysms: influence of size and morphology. J
Magn Reson Imaging 2014;39:120-31 CrossRef Medline

. Wu C, Ansari SA, Honarmand AR, et al. Evaluation of 4D vascular

flow and tissue perfusion in cerebral arteriovenous malformations:
influence of Spetzler-Martin grade, clinical presentation, and AVM
risk factors. AINR Am ] Neuroradiol 2015;36:1142—49 CrossRef
Medline

. Wu C, Schnell S, Markl M, et al. Combined DSA and 4D flow dem-

onstrate overt alterations of vascular geometry and hemodynamics
in an unusually complex cerebral AVM. Clin Neuroradiol 2015 Oct
16. [Epub ahead of print] CrossRef Medline

. Wu C, Schoeneman SE, Kuhn R, et al. Complex alterations of intra-

cranial 4D hemodynamics in vein of Galen aneurysmal malforma-
tions during staged endovascular embolization. Operative Neuro-
surg 2016;12:239—49 CrossRef

. Nguyen-Huynh MN, Wintermark M, English ], et al. How accurate is

CT angiography in evaluating intracranial atherosclerotic disease?
Stroke 2008;39:1184 88 CrossRef Medline

. Choi CG, Lee DH, Lee JH, et al. Detection of intracranial atheroscle-

rotic steno-occlusive disease with 3D time-of-flight magnetic reso-
nance angiography with sensitivity encoding at 3T. AJNR Am J Neu-
roradiol 2007;28:439—46 Medline

Debrey SM, Yu H, Lynch JK, et al. Diagnostic accuracy of magnetic
resonance angiography for internal carotid artery disease: a sys-
tematic review and meta-analysis. Stroke 2008;39:2237—48 CrossRef
Medline

Bock J, Kreher BW, Hennig J, et al. Optimized pre-processing of
time-resolved 2D and 3D phase contrast MRI data. In: Proceedings of
the Scientific Meeting and Exhibition of the International Society for
Magnetic Resonance in Medicine, Berlin, Germany. May 19-25, 2007:
3138

Bakker SL, de Leeuw FE, den Heijer T, et al. Cerebral haemodynam-
ics in the elderly: the Rotterdam Study. Neuroepidemiology 2004;23:
178—84 CrossRef Medline

Akins PT, Pilgram TK, Cross DT 3rd, et al. Natural history of steno-
sis from intracranial atherosclerosis by serial angiography. Stroke
1998;29:433-38 CrossRef Medline

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

Khan M, Nagqvi I, Bansari A, et al. Intracranial atherosclerotic dis-
ease. Stroke Res Treat 2011;2011:282845 CrossRef Medline
Amin-Hanjani S, Du XJ, Zhao MD, et al. Use of quantitative mag-
netic resonance angiography to stratify stroke risk in symptomatic
vertebrobasilar disease. Stroke 2005;36:1140—45 CrossRef Medline
Mizuma A, Ishikawa T, Kajihara N, et al. Dynamic cross-sectional
changes of the middle cerebral artery in atherosclerotic stenosis
detected by 3.0-Tesla MRI. Neurol Res 2014;36:795-99 CrossRef
Medline

Zhao L, Barlinn K, Sharma VK, et al. Velocity criteria for intracranial
stenosis revisited: an international multicenter study of transcra-
nial Doppler and digital subtraction angiography. Stroke 2011;42:
3429-34 CrossRef Medline

Hope TA, Hope MD, Purcell DD, et al. Evaluation of intracranial
stenoses and aneurysms with accelerated 4D flow. Magn Reson Im-
aging 2010;28:41-46 CrossRef Medline

Ruland S, Ahmed A, Thomas K, et al. Leptomeningeal collateral
volume flow assessed by quantitative magnetic resonance angiog-
raphy in large-vessel cerebrovascular disease. ] Neuroimaging 2009;
19:27-30 CrossRef Medline

van Everdingen KJ, Kappelle L], Klijn CJ, et al. Clinical features as-
sociated with internal carotid artery occlusion do not correlate with
MRA cerebropetal flow measurements. ] Neurol Neurosurg Psychia-
try 2001;70:333-39 CrossRef Medline

Sorteberg W, Langmoen IA, Lindegaard KF, et al. Side-to-side differ-
ences and day-to-day variations of transcranial Doppler parame-
ters in normal subjects. | Ultrasound Med 1990;9:403—09 Medline
Obata T, Shishido F, Koga M, et al. Three-vessel study of cerebral
blood flow using phase-contrast magnetic resonance imaging: ef-
fect of physical characteristics. Magn Reson Imaging 1996;14:
1143-48 CrossRef Medline

Brint SU, Al-Khalidi HR, Vatel B, et al. MCA flow asymmetry is a
marker for cerebrovascular disease. Neurol Res 1996;18:163—67
CrossRef Medline

Liebeskind DS, Cotsonis GA, Saver JL, et al; Warfarin—Aspirin Symp-
tomatic Intracranial Disease (WASID) Investigators. Collateral cir-
culation in symptomatic intracranial atherosclerosis. ] Cereb Blood
Flow Metab 2011;31:1293-301 CrossRef Medline

Zanette EM, Fieschi C, Bozzao L, et al. Comparison of cerebral an-
giography and transcranial Doppler sonography in acute stroke.
Stroke 1989;20:899-903 CrossRef Medline

Brozici M, van der Zwan A, Hillen B. Anatomy and functionality of
leptomeningeal anastomoses: a review. Stroke 2003;34:2750—62
CrossRef Medline

Brass LM, Duterte DL, Mohr JP. Anterior cerebral artery velocity
changes in disease of the middle cerebral artery stem. Stroke 1989;
20:1737-40 CrossRef Medline

Uemura A, O’Uchi T, Kikuchi Y, et al. Prominent laterality of the
posterior cerebral artery at three-dimensional time-of-flight MR
angiography in Ml-segment middle cerebral artery occlusion.
AJNR Am J Neuroradiol 2004;25:88-91 Medline

Strecker C, Harloff A, Wallis W, et al. Flow-sensitive 4D MRI of the
thoracic aorta: comparison of image quality, quantitative flow, and
wall parameters at 1.5 T and 3 T. ] Magn Reson Imaging 2012;36:
1097-103 CrossRef Medline

Gu T, Korosec FR, Block WF, et al. PC VIPR: a high-speed 3D phase-
contrast method for flow quantification and high-resolution an-
giography. AJNR Am ] Neuroradiol 2005;26:743—49 Medline

. Basha TA, Ak¢akaya M, Goddu B, et al. Accelerated three-dimen-

sional cine phase contrast imaging using randomly undersampled
echo planar imaging with compressed sensing reconstruction.
NMR Biomed 2015;28:30—39 CrossRef Medline

Dyvorne H, Knight-Greenfield A, Jajamovich G, et al. Abdominal 4D
flow MR imaging in a breath hold: combination of spiral sampling
and dynamic compressed sensing for highly accelerated acquisi-
tion. Radiology 2015;275:245-54 CrossRef Medline

Ha H, Kim GB, Kweon J, et al. Multi-VENC acquisition of four-
dimensional phase-contrast MRI to improve precision of velocity

AJNR Am J Neuroradiol @@ @ 2017  www.ajnr.org 7


http://dx.doi.org/10.1111/j.1552-6569.2009.00425.x
http://www.ncbi.nlm.nih.gov/pubmed/19732297
http://dx.doi.org/10.1161/STROKEAHA.110.594739
http://www.ncbi.nlm.nih.gov/pubmed/20930155
http://dx.doi.org/10.1111/j.1747-4949.2010.00528.x
http://www.ncbi.nlm.nih.gov/pubmed/21050408
http://dx.doi.org/10.1161/01.STR.30.1.87
http://www.ncbi.nlm.nih.gov/pubmed/9880394
http://dx.doi.org/10.1007/s12013-014-9986-4
http://www.ncbi.nlm.nih.gov/pubmed/24833432
http://dx.doi.org/10.1002/mrm.21109
http://www.ncbi.nlm.nih.gov/pubmed/17195166
http://dx.doi.org/10.1002/jmri.23632
http://www.ncbi.nlm.nih.gov/pubmed/23090914
http://dx.doi.org/0.1161/JAHA.115.002657
http://www.ncbi.nlm.nih.gov/pubmed/26727967
http://dx.doi.org/10.3174/ajnr.A3537
http://www.ncbi.nlm.nih.gov/pubmed/23639564
http://dx.doi.org/10.1002/jmri.24110
http://www.ncbi.nlm.nih.gov/pubmed/24151067
http://dx.doi.org/10.3174/ajnr.A4259
http://www.ncbi.nlm.nih.gov/pubmed/25721076
http://dx.doi.org/10.1007/s00062-015-0477-9
http://www.ncbi.nlm.nih.gov/pubmed/26475127
http://dx.doi.org/10.1227/NEU.0000000000001137
http://dx.doi.org/10.1161/STROKEAHA.107.502906
http://www.ncbi.nlm.nih.gov/pubmed/18292376
http://www.ncbi.nlm.nih.gov/pubmed/17353309
http://dx.doi.org/10.1161/STROKEAHA.107.509877
http://www.ncbi.nlm.nih.gov/pubmed/18556586
http://dx.doi.org/10.1159/000078503
http://www.ncbi.nlm.nih.gov/pubmed/15272220
http://dx.doi.org/10.1161/01.STR.29.2.433
http://www.ncbi.nlm.nih.gov/pubmed/9472886
http://dx.doi.org/10.4061/2011/282845
http://www.ncbi.nlm.nih.gov/pubmed/21772967
http://dx.doi.org/10.1161/01.STR.0000166195.63276.7c
http://www.ncbi.nlm.nih.gov/pubmed/15890993
http://dx.doi.org/10.1179/1743132813Y.0000000309
http://www.ncbi.nlm.nih.gov/pubmed/24649808
http://dx.doi.org/10.1161/STROKEAHA.111.621235
http://www.ncbi.nlm.nih.gov/pubmed/21960567
http://dx.doi.org/10.1016/j.mri.2009.05.042
http://www.ncbi.nlm.nih.gov/pubmed/19577400
http://dx.doi.org/10.1111/j.1552-6569.2008.00249.x
http://www.ncbi.nlm.nih.gov/pubmed/18422515
http://dx.doi.org/10.1136/jnnp.70.3.333
http://www.ncbi.nlm.nih.gov/pubmed/11181854
http://www.ncbi.nlm.nih.gov/pubmed/2197422
http://dx.doi.org/10.1016/S0730-725X(96)00228-7
http://www.ncbi.nlm.nih.gov/pubmed/9065904
http://dx.doi.org/10.1080/01616412.1996.11740396
http://www.ncbi.nlm.nih.gov/pubmed/9162872
http://dx.doi.org/10.1038/jcbfm.2010.224
http://www.ncbi.nlm.nih.gov/pubmed/21157476
http://dx.doi.org/10.1161/01.STR.20.7.899
http://www.ncbi.nlm.nih.gov/pubmed/2665206
http://dx.doi.org/10.1161/01.STR.0000095791.85737.65
http://www.ncbi.nlm.nih.gov/pubmed/14576375
http://dx.doi.org/10.1161/01.STR.20.12.1737
http://www.ncbi.nlm.nih.gov/pubmed/2688197
http://www.ncbi.nlm.nih.gov/pubmed/14729535
http://dx.doi.org/10.1002/jmri.23735
http://www.ncbi.nlm.nih.gov/pubmed/22745007
http://www.ncbi.nlm.nih.gov/pubmed/15814915
http://dx.doi.org/10.1002/nbm.3225
http://www.ncbi.nlm.nih.gov/pubmed/25323208
http://dx.doi.org/10.1148/radiol.14140973
http://www.ncbi.nlm.nih.gov/pubmed/25325326

44,

45.

field measurement. Magn Reson Med 2016;75:1909—-19 CrossRef
Medline

Schnell S, Rose MJ, Wu C, et al. Improved assessment of aortic he-
modynamics by k-t accelerated dual-VENC 4D flow MRI in pediat-
ric patients. | Cardiovasc Magn Reson 2016;18(suppl):096 CrossRef
Kadbi M, Negahdar M, Cha JW, et al. 4D UTE flow: a phase-contrast
MRI technique for assessment and visualization of stenotic flows.
Magn Reson Med 2015;73:939-50 CrossRef Medline

Wu @207 www.ajnr.org

46.

47.

O’Brien KR, Myerson SG, Cowan BR, et al. Phase contrast ultrashort
TE: a more reliable technique for measurement of high-velocity
turbulent stenotic jets. Magn Reson Med 2009;62:626—36 CrossRef
Medline

Petersson S, Dyverfeldt P, Sigfridsson A, et al. Quantification of tur-
bulence and velocity in stenotic flow using spiral three-dimen-
sional phase-contrast MRI. Magn Reson Med 2016;75:1249-55
CrossRef Medline


http://dx.doi.org/10.1002/mrm.25715
http://www.ncbi.nlm.nih.gov/pubmed/26059014
http://dx.doi.org/10.1186/1532-429X-18-S1-O96
http://dx.doi.org/10.1002/mrm.25188
http://www.ncbi.nlm.nih.gov/pubmed/24604617
http://dx.doi.org/10.1002/mrm.22051
http://www.ncbi.nlm.nih.gov/pubmed/19488986
http://dx.doi.org/10.1002/mrm.25698
http://www.ncbi.nlm.nih.gov/pubmed/25846511

	In Vivo Assessment of the Impact of Regional Intracranial Atherosclerotic Lesions on Brain Arterial 3D Hemodynamics
	MATERIALS AND METHODS
	Study Subjects
	MR Imaging
	3D Blood Flow Visualization
	Vascular Flow Quantification
	Flow and Velocity Asymmetry Indices
	Statistical Analysis

	RESULTS
	Study Cohort
	3D Visualization of Intracranial Hemodynamics
	Flow and Peak Velocity Asymmetry Indices
	ICAD Flow-Redistribution Model

	DISCUSSION
	Limitations

	CONCLUSIONS
	REFERENCES


