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Investigation of Apparent Diffusion Coefficient and
Diffusion Tensor Anisotropy in Acute and Chronic

Multiple Sclerosis Lesions

Andrew L. Tievsky, Thomas Ptak, and Jeffrey Farkas

BACKGROUND AND PURPOSE: The various stages of multiple sclerosis (MS) are charac-
terized by de- and remyelination as well as by inflammation. Diffusion MR imaging is sensitive
to tissue water motion, which might correspond to these pathologic processes. Our purpose
was to demonstrate differences in apparent diffusion coefficient (ADC) and diffusion tensor
anisotropy in acute and chronic M S plaques and in normal-appearing brain.

METHODS: Twelve M S patients underwent conventional and full-tensor diffusion MR im-
aging with B = 1221 ssmm?2. Derivation of trace ADC and calculation of anisotropic scalars,
including eccentricity, relative anisotropy (RA), and fractional anisotropy (FA) was performed
on a per-pixel basis. Regions of interest of plaques and normal structures were determined on
coregistered maps. M S lesions were classified as acute, subacute, or chronic on the basis of
their appearance on conventional images and in relation to clinical findings.

RESULTS: Seven patients had acute plaques with a concentric arrangement of alternating
high and low signal intensity on diffusion-weighted images. I n nine acute lesions, plaque centers
had high ADC with reduced anisotropy compared with rim, normal-appearing white matter
(NAWM), and chronic lesions. The thin rim of diffusion-weighted hyperintensity surrounding
the center showed variable ADC and anisotropic values, which were not statistically different
from NAWM. Subacute and chronic MS lesions had intermediate ADC elevations/anisotropic
reductions. Calculated FA pixel maps were superior to eccentricity or RA maps, however,
quality was limited by signal-to-noise constraints.

CONCLUSION: ADC and diffusion anisotropic scalars reflect biophysical changes in the
underlying pathology of the demyelinating process.

The acute episode of multiple sclerosis (MS) is
characterized by perivenular inflammation with ax-
onal preservation and demyelination. A healing
phase with incomplete remyelination follows.
These events may occur in cyclic fashion, resulting
in progressive deterioration of neuronal transmis-
sion and clinical function. Chronic lesions, after
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several such cycles, show hypocellularity of both
glia and axons (1, 2).

When the mobility of a water molecule is de-
pendent on direction, owing to factors of tissue mi-
cro- and macrostructure, such as in white matter,
skeletal and cardiac muscle, renal medulla, and oc-
ular lens, diffusion is said to be anisotropic (3). On
diffusion-weighted MR images, hormal white mat-
ter anisotropy is readily appreciated by analyzing
the regions of hyperintensity produced on each uni-
directional subset of the combined trace diffusion-
weighted images. In contrast to isotropic diffusion
acquisitions, which use only three orthogona gra-
dient pulses, data obtained from sampling of the
complete diffusion tensor in at least six gradient
directions are rotationally invariant with respect to
the orientation of the applied gradients. The three
principal diffusion axes may be determined by cal-
culating the eigenvectors and their corresponding
eigenvalues, A1, A2, and A3 as a prerequisite to the
calculation of anisotropic scalars (4—6).
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Anisotropic indexes derived from diffusion ten-
sor eigenvalues represent reproducible values that
reflect inherent biophysical properties of tissue
structure. Whereas apparent diffusion coefficient
(ADC) values for normal white and gray matter are
virtually identical, cerebral white matter shows
varying degrees of diffusion anisotropy, while the
gray matter possesses nearly equal diffusion in all
directions, or isotropy. Calculated scalar indexes
show increasing values for subcortical U fibers, the
internal capsule, the coronaradiata, the forceps ma-
jor and minor, and the corpus callosum, respective-
ly. The inherent diffusion anisotropy of myelinated
fiber tracts provides a parameter that might help
characterize and possibly quantify the state of my-
elination of MS lesions using MR imaging.

ADC elevation in MS lesions has been reported
previously (7-9). We proposed to quantify and
compare ADC and diffusion tensor anisotropic sca-
lars in regions of acute and chronic demyelination
in MS as a correlate to the underlying pathology.
A secondary goal of this project was to evaluate
the quality and utility of calculated anisotropic
maps calculated from full-tensor diffusion MR
data.

Methods

Twelve patients with well-documented definite or clinically
probable M'S were examined with conventional and diffusion-
weighted MR imaging. Studies were performed on a commer-
cia 1.5-T scanner with echo-planar gradient strength of 10 mT/
m. Full-tensor spin-echo (SE) diffusion-weighted imaging was
performed in six gradient directions with B = 1221 s/mm?.
T2-weighted SE echo-planar images were obtained at each lev-
el with the diffusion gradients off for the purposes of ADC
calculation (actua B = 57 yfmm?). Technical factors were
6000/118/3 (TR/TE/excitations), 256 X 128 matrix, 40 X 20-cm
field of view, 17 sections, and a total imaging time of approx-
imately 2 minutes. Voxel dimensions were 1.56 mm in the x
and y axes, with a 6-mm section thickness, for a voxel volume
of 14.6 mm3. Diffusion-weighted images and trace ADC maps
were generated on-line. On a UNIX workstation, the eigen-
values A1, A2, and A3 were computed from the diffusion tensor
on a per-voxel basis and then used to generate anisotropic
maps.

Calculated scalar indexes of tensor anisotropy, as described
by Basser et a (5), included eccentricity, relative anisotropy
(RA), and fractional anisotropy (FA).

Eccentricity (Ecc) of the diffusion tensor describes the el-
lipsoid nature of the principal and minor axes with reference
to acircle:

Ecc = V1 — )\3/)\1

Eccentricity is O for isotropic states and approaches 1 for the
highly anisotropic condition of nearly unidirectional diffusion.

By separating the isotropic (D)I and anisotropic components
(D)—(D)I of the diffusion deviatoric, other indexes may be
calculated. The RA scalar represents a measurement of devi-
ation from the isotropic state of the diffusion tensor:

VD:D
V(D)I:(D)I
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where (D) is the effective diffusion tensor and (D)l represents
its isotropic component.

FA measures the fraction of the magnitude of the diffusion
tensor that is anisotropic:

FA
- \ﬁ\/()\l— (D)?) + (A2 = (D)?) + (A3 — (D)?)
2

A2+ A2 + Ag2

For RA and FA, values equal O for the isotropic condition, in
which diffusion is equal in all directions and approach a value
of 1 for extreme directional inequality, such as for the cylin-
drical cigar-shaped anisotropic medium, which closely models
water diffusibility in myelinated fiber tracts.

Region of interest (ROI) determinations measuring 2 X 2
and 3 X 3 pixels were obtained manually on a Sun worksta-
tion. Regions whose measurements were contaminated by par-
tial volume effects of CSF were excluded. ROIs of frontal
subcortical normal-appearing white matter (NAWM) and deep
gray matter in the posterior thalamus were used for reference
values. A semiautomated program enabled simultaneous de-
termination of diffusion-weighted imaging signal intensity, T2
echo-planar imaging signal intensity, ADC, three eigenvalues,
eccentricity, FA, and RA on coregistered image maps. Statis-
tical analysis was performed by calculating correlation coef-
ficients and by applying independent and correlated two-tailed
t-tests where appropriate.

MS lesions were classified by consensus of two neurora-
diologists as being acute, subacute, or chronic on the basis of
T1 and T2 relaxation characteristics, the presence of contrast
enhancement after administration of a gadolinium chelate, and
surrounding edema (10). Plagues that were considered to be
acute were characterized by peripheral contrast enhancement
after administration of gadopentetate, by central T1 hypoin-
tensity/T2 hyperintensity, and, in most cases, by a rim of T2
edema. These lesions frequently corresponded to neurologic
deficits. Using commonly accepted criteria, other plaques were
categorized as either subacute, owing to the presence of edema
or contrast enhancement, or chronic, on the basis of morphol-
ogy and signal characteristics. Anisotropic maps were evalu-
ated for image quality by consensus of two neuroradiologists.

Results

Clinical and radiologic findings are summarized
in Table 1. A complete data set consisting of ADC
and anisotropic scalars was determined for 46 MS
plaques in 12 patients. Global results of plaque
classification and measurements are given in Table
2. Analysis of al plaques revealed an inverse re-
lationship between ADC and anisotropic indexes.
FA, RA, and eccentricity values were closely cor-
related, in accordance with previous studies of
these parameters (3, 5) (Table 3).

FA maps were judged superior to RA and ec-
centricity for general image quality in all cases. All
calculated maps, however, were degraded by ran-
dom noise imposed by relative signal-to-noise (S/
N) constraints, which have been reported previous-
ly (11). Accordingly, for 18 lesions, additional
ADC and FA measurements were obtained by hand
ROI measurements.

In seven of 12 patients, a total of nine acute de-
myelinating plaques were identified. These plagues
were characterized by a concentric arrangement of
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TABLE 2: Mean ADC mm?/s, T2 signal intensity, and anisotropic indexes for acute ring plaques, subacute enhancing lesions, and chronic

plaques in 12 patients with MS

AINR: 20, September 1999

Subacute
Acute Plaque Acute Plaque Enhancing Chronic
Thalamus NAWM Center Rim Plaques Plaques
ADC
Mean .00070 .00079 .00159 .00092 .00099 .00108
SD .00009 .00011 .00062 .00029 .00050 .00022
T2
Mean 180.4 128.2 351.2 2353 2139 280.8
SD 54.4 23.8 218.6 118.6 116.2 76.9
FA
Mean .338 404 .189 341 .278 .289
SD 113 110 .096 165 .149 .079
RA
Mean .315 .398 .232 .342 277 291
SD 122 .108 187 .264 147 .059
ECC
Mean 714 753 .543 .651 .608 .679
SD .100 .073 118 .088 242 .060

Note—ADC indicates apparent diffusion coefficient; FA, fractiona anisotropy; RA, relative anisotropy, ECC, eccentricity; NAWM, normal-

appearing white matter.

TABLE 3: Correlation matrix for anisotropy indexes and ADC for
46 M S lesions in 12 patients

ADC ECC FA RA
ADC 1
ECC —0.7573* 1
FA —0.7091* 0.9545* 1
RA —0.6839* 0.9443* 0.987* 1

Note—ADC indicates apparent diffusion coefficient; ECC, eccen-
tricity; FA, fractional anisotrophy; RA, relative anisotrophy.
* P < .01

aternating high and low signal intensity on diffu-
sion-weighted images, rim enhancement after ad-
ministration of contrast material, and periphera
edema (Figs 1-3). These lesions showed a hypoin-
tense center on diffusion-weighted images, char-
acterized by high ADC vaues and T2 prolongation,
surrounded by a hyperintense rim, with variable
ADC and intermediate T2 signal hyperintensity.
Typically, there was peripheral edema, distin-
guished by moderate increases in ADC and T2 sig-
nal. The diffusion-weighted imaging appearance of
the center and rim can be explained by central de-
phasing due to high ADC, with T2 “shine
through’ in the rim caused by relatively unaffected
ADC values, comparable to NAWM, in association
with elevated T2 signal. Chronic plaques had high-
er ADC values and a tendency toward isotropy, as
compared with NAWM, and were of intermediate
signal intensity relative to the centers of acute le-
sions. A typical chronic case of MS is illustrated
in Figure 4.

The ADC and FA median and range for catego-
rized plagues and normal structures are summarized
graphically in Figure 5. Correlated and independent
two-tailed t-tests showed that statistically significant
relationships of ADC and FA were complementary:
ADC acute plague center > ADC acute plague rim
(P < .01); FA acute plague center < FA acute plaque
rm (P < .01); ADC acute plaque center > ADC
NAWM (P < .05) and thalamus (P < .05); and FA
acute plague center < NAWM (P < .05) and thal-
amus (P < .05). There was considerable variability
and lack of statistical significance between ADC and
FA measurements of acute plague rims and NAWM
or thalamus.

Differences between ADC and FA messurements
of 64 subacute and chronic plaques lacked statistical
significance. Accordingly, these lesions were grouped
together. ADC subacute/chronic plaques > ADC
NAWM (P < .01) and thalamus (P < .001); FA
subacute/chronic plaques < FA NAWM (P < .05);
ADC subacute/chronic plaques < ADC acute plaque
center (P < .05); FA subacute/chronic plaques > FA
acute plaque center (P < .01).

Discussion

Previous investigators have also described ADC
elevation in MS lesions (7). Christianson et a (9)
reported ADC values to be greater in acute than in
chronic MS lesions, which were both higher than
NAWM. This is in agreement with prior noniso-
tropic studies. In addition, ADC was elevated in
the NAWM of MS patients as compared with con-
trol subjects (8, 9).
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Fic 1. Patient H.U.: 22-year-old woman with acute plaques and multiple neurologic signs and symptoms of 2 to 4 weeks’ chronicity at
first presentation of MS.

A-F, Multiple monophasic ring lesions are identified on T1-weighted contrast-enhanced (A) and FLAIR (B) images. Lesion centers
show hypointensity on diffusion-weighted image (C) with corresponding increased diffusibility (brightness) on calculated ADC map (D),
caused by increased water mobility in regions of acute inflammation. Reduction in anisotropy in these regions is present on calculated
maps of eccentricity (E) and FA (F). Note that region of peripheral edema is readily differentiated from thin plaque rim on ADC map.
ADC values: NAWM, 0.00081; left periventricular acute plaque center, 0.00211; left periventricular acute plague rim, 0.00124. FA values:

NAWM, 0.299; left periventricular acute plague center, 0.111; left periventricular acute plaque rim, 0.162.

The concentric ring appearance of acute le-
sions we observed on diffusion-weighted images
isin accordance with serial studies of plaque evo-
lution on MR images in patients with relapsing-
remitting MS (10). Increased diffusivity with an-
isotropic reduction in the plague center may be
secondary to the combined effects of increased
extracellular water and loss of myelin. Blood-
brain barrier disruption in acute MS, due to as-
trocytic damage or functional impairment of in-
tact endothelium or both, resultsin an increasein
extracellular water in the perivenular region,
which constitutes part of the plaque center. Oli-
godendrocyte damage also occurs early in plaque
development, resulting in demyelination and al-
teration of axonal conduction, which is a signif-
icant contributor to neurologic dysfunction. Elec-

tron microscopy studies have shown the presence
of inflammatory infiltrates of lymphocytes and
lipid-engulfing macrophages, swollen oligoden-
droglia, as well as expansion of extracellular vol-
umes. In an acute plaque, these pathologic pro-
cesses evolve in a centrifugal manner. The rim of
an acute lesion is characterized by histopathol og-
ic findings of capillary alterations, which are
thought to account for ring enhancement of these
lesions. We speculate that the variability of ADC
and anisotropic scalars in the plague rim in the
region of active demyelination, as defined in this
study, represents the presence of vasogenic ede-
ma in the extracellular space superimposed on
cytotoxic edema of oligodendroglia.

Chronic MS lesions are characterized patholog-
ically by zones of myelin loss with axonal preser-
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Fic 2. Patient V.Y: 24-year-old man with 7-month history of relapsing-remitting MS presented with quadriparesis, most severe in upper
extremities, and left periventricular acute plagque.

A-E, Note delineation of the hyperintense rim on diffusion-weighted image and relative hypointensity of lesion center (A). T2-weighted
echo-planar image shows marked central hyperintensity and slightly lower signal in rim (B). Center has increased diffusibility, appearing
almost as bright as CSF, and has a low ADC value (dark) in the rim on calculated ADC map (C). FA (D) and eccentricity (E) maps
reveal intermediate anisotropic values in rims relative to lesion centers, which approach isotropy. ADC values: NAWM, 0.00071; left
periventricular acute plaque center, 0.00136; left periventricular acute plaque rim, 0.00066. FA values: NAWM, 0.430; left periventricular

acute plaque center, 0.135; left periventricular acute plaque rim, 0.362.

vation, reactive astrogliosis, and absence of acute
inflammation. Extracellular water is increased rel-
ative to uninvolved white matter. These histopath-
ologic findings would seem to correlate well with
intermediate ADC elevations and a tendency to-
ward isotropy.

Considerable variability in ADC and anisotrop-
ic scalars was observed between measurements of
morphologically similar lesions in the present
study. In addition to intrinsic differences in dif-
fusivity, measurements of MS plaques were af-
fected by the technical limitations of echo-planar
diffusion-weighted MR imaging. Relatively low S/
N ratios, echo-planar artifacts, and other factors
affecting the magnitude and uniformity of image
signal intensity, while not objectionable for qual-
itative diagnostic purposes, produce significant

obstacles to quantitative data analysis. Previous
experience has shown that ADC and anisotropic
values may vary 15% or more among individuals
or in the same individual on different scanning
examinations, including those that are performed
on the same day. Accordingly, we have found it
difficult to compare diffusion parameters in nor-
mal and abnormal brain structures in small groups
of subjects. Previous attempts to introduce healthy
control subjects have confounded data analysis
(12, 13). Rather, this MS population was studied
on a per-patient basis using apparently uninvolved
brain structures as internal controls. Nevertheless,
consistent patterns of anisotropic reduction and
ADC elevation in plagues in various stages of evo-
lution emerged in this study. It is anticipated that
future improvements in scanner hardware in co-
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Fic 3. Patient N.O.: 15-year-old girl with 10-month history of Schilder’'s MS variant.

A-E, Unusual bihemispheric callosal plaque shows a mixed pattern with rim enhancement on T1-weighted contrast-enhanced (A) and
T2-weighted (B) images. Diffusion-weighted image shows moderate hyperintensity, caused by T2 shine through in lesion center, with
hyperintense rim (C). Calculated ADC map (not shown) revealed increased diffusibility in lesion center with slight decrease in rim.
Calculated maps of FA (D) and eccentricity (E) show marked tendency toward isotropy in lesion center, with minimal anisotropic reduction
in rim. ADC values: NAWM, 0.00068; acute plaque center, 0.00155; acute plaque rim, 0.00072. FA values: NAWM, 0.568; acute plaque

center, 0.176; acute plague rim, 0.312.

ordination with the development of clinically
practical non—echo-planar diffusion pulse se-
quences will improve the reliability of absolute
diffusion measurements.

Another limitation of the methodology in this
study is the failure to account for the inherent spa-
tial/anatomic dependence of anisotropic measure-
ments, which may result in erroneous comparisons
of voxels in different white matter regions (5, 14).
For example, these anatomic factors produce aniso-
tropic differences between acute plague rim and
NAWM, in addition to histopathologic factors. In
genera, owing to differences in local fiber organi-
zation, the true significance of absolute anisotropic
measurements can only be appreciated in relation to
normal contralatera brain structures. However, since
most M S patients harbor microscopic or macroscop-
ic disease in contralatera periventricular white mat-
ter, corona radiata, and subcortical white matter, use
of ““mirror” measurements or other internal controls
for comparing ROIs may not be accurate.

Also, our classification of plaques in the sub-
acute category may not be entirely accurate in view
of the absence of serial MR examinations in these
patients. While the true age range of the lesions is
unknown, their morphologic characteristics suggest
that they were undergoing remyelination (10).

The natural history of MS includes the gradual
accumulation and increase in size of demyelinat-
ing plaques. While most of this activity is clini-
caly silent, the total lesion burden over a number
of years may result in significant clinical disabil-
ity. Observations of increased T2 relaxation times
and abnormal magnetization transfer ratios in
NAWM in MS patients are thought to represent
the presence of diffuse microscopic disease that is
frequently found on pathologic examinations of
these patients (15). However, volume measure-
ments of regions of T2 hyperintensity on conven-
tional MR images do not correlate well with in-
dexes of clinical disability (16-18). Furthermore,
studies of postmortem specimens have shown that
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Fic 4. Patient B.O.: 53-year-old woman with 40-year history of MS, presenting with dementia. T2 hyperintensity and ADC elevation
are apparent with loss of white matter anisotropy in multiple chronic periventricular and subcortical plaques.

A-E, Diffusion-weighted image (A), T2-weighted echo-planar image (B), ADC map (C), and calculated maps of eccentricity (D) and
FA (E). ADC values: NAWM, 0.00097; right corona radiata chronic plaque, 0.00083; left periventricular chronic plaque, 0.00071. FA
values: NAWM, 0.334; right corona radiata chronic plaque, 0.289; left periventricular chronic plaque, 0.445.

there is considerable pathologic heterogeneity in
chronic MS lesions with respect to the amount of
extracellular water and axonal loss, and do not
correspond well to MR appearance on T1- or T2-
weighted images (19, 20).

With future anticipated improvements in statis-
tical reliability, it is likely that anisotropic mea-
surements of NAWM might provide an index of
fiber myelination that reflects the cumulative le-
sion burden not currently obvious on routine im-
ages. Hence, one might speculate that a proposed
future application for tensor MR imaging would
be in the serial evaluation of lesion load in patients
with long-standing disease, such as in comparison
with histograms of serial whole-brain diffusion
anisotropic studies that have been thresholded to
remove CSF effects. Longitudinal epidemiologic
studies will be necessary to confirm this
hypothesis.

Conclusion

Alterations in ADC and diffusion tensor anisot-
ropy accompany the changing histopathology of
demyelinating processes. Typical acute plagues
show a concentric ring pattern on diffusion-weight-
ed images. The center of an acute plague is char-
acterized by marked T2 hyperintensity, high ADC,
and marked reduction of anisotropy as compared
with the rim, NAWM, and chronic plagues. His-
tologically, the center region is composed of in-
flammatory cellular exudates with demyelinated
axons. The surrounding rim shows mixed ADC and
anisotropic values as compared with normal struc-
tures, moderate T2 signal hyperintensity, and en-
hancement after administration of a gadolinium
chelate. The plague rim is thought to represent the
area of acute demyelination. Chronic plaques,
which have been shown pathologicaly to be
regions of reduced cellularity with a relative in-
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Fic 5. A, ADC median and range of MS plaques as compared
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crease in extracellular water, exhibit intermediate
ADC elevation and moderate reductions in aniso-
tropic values as compared with NAWM.
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