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Differences between Gray
Matter and White Matter
Water Diffusion in Stroke:
Diffusion-Tensor MR Imaging
in 12 Patients1

PURPOSE: To investigate differences in water diffusion between white matter and
gray matter in acute to early subacute stroke with diffusion-tensor magnetic
resonance (MR) imaging.

MATERIALS AND METHODS: Twelve patients with unilateral middle cerebral
arterial infarcts were examined with diffusion tensor–encoded echo-planar MR
imaging 17 hours to 5 days after stroke onset. Isotropic diffusion coefficient (D) and
diffusion anisotropy (As) images were computed. D values were measured in
ischemic and contralateral gray matter and white matter by using As images to
differentiate white matter from gray matter. D images were compared with
unidirectional and directionally averaged diffusion-weighted images.

RESULTS: In all patients, D images showed two distinct levels of diffusion reduction
in the infarct; more severe reduction occurred exclusively in white matter. D values
were significantly less in infarcted white matter than in infarcted gray matter,
whereas D values in the contralateral white matter and gray matter were not
significantly different. Relative to the contralateral side, D values in the infarct were
reduced by 46% in white matter and by 31% in gray matter (P , .001).
Diffusion-weighted imaging caused underestimation of the magnitude and, in some
cases, the spatial extent of the white matter diffusion abnormality.

CONCLUSION: Isotropic diffusion is more reduced in white matter than in gray matter in
acute to early subacute middle cerebral arterial stroke. Diffusion-tensor imaging may be
more sensitive than diffusion-weighted imaging to white matter ischemia.

Diffusion-weighted magnetic resonance (MR) imaging has proved to be a valuable clinical
tool in the assessment of stroke because of its high sensitivity in the hyperacute period
when thrombolytic therapy may be effective (1) and because of its ability to distinguish
acute infarcts from chronic infarcts (2–4). However, contrast on diffusion-weighted images
is confounded by T2-weighted, spin-density, and T1-weighted signal effects and by the
orientation of white matter fibers (5). Hence, diffusion-weighted imaging alone cannot
provide quantitative diffusion information in stroke (6).

Most of the quantitative diffusion data available in the clinical stroke literature are based
on determinations of the effective or apparent diffusion coefficient (ADC) along the
direction of a single diffusion-sensitizing gradient. Unidirectional ADC images of this type
contain uncontrolled intensity variations due to anisotropic diffusion along white matter
fibers. The ADC can also be measured along three orthogonal gradients and averaged to
compensate for the effects of anisotropy. Studies based on this averaged orthogonal
approach have not revealed appreciable differences between gray matter and white matter
diffusion in acute stroke (7–9).

However, the detection of these diffusion differences may be limited by factors such as a
low signal-to-noise ratio, eddy current–induced image misregistration, anatomic distor-
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tions in the infarct, and small infarct size.
It is important to further examine the
issue of diffusion in ischemic gray versus
white matter because the results may
affect interpretation of the radiologic im-
age, clinical treatment of patients with
stroke, clinical studies of neuroprotective
agents, and basic scientific studies of in-
farct heterogeneity and the pathophysi-
ologic mechanisms of stroke.

We conducted this investigation to de-
termine if differences in water diffusion
exist between white matter and gray mat-
ter in acute to early subacute human
stroke with use of optimized tetrahedral-
orthogonal diffusion-tensor imaging with
image realignment (10,11). This method
is used to sample the diffusion tensor
along four tetrahedral and three orthogo-
nal directions and may offer advantages
for the detection of diffusion differences
in gray matter and white matter. Tetrahe-
dral or combined tetrahedral-orthogonal
encoding provides a higher signal-to-
noise ratio than does orthogonal encod-
ing alone (12).

In addition, we used the anisotropy
information available from diffusion-
tensor imaging to distinguish white mat-
ter from gray matter, even in cases of
distorted anatomy, facilitating compari-
sons between the two tissue types. We
also compared diffusion-tensor imaging
with diffusion-weighted imaging to as-
sess the diffusion abnormality within gray
matter and white matter in stroke. Fi-
nally, we gauged the extent to which
T2-weighted signal effects contribute to
the observed disparities between diffu-
sion-weighted and diffusion-tensor imag-
ing.

MATERIALS AND METHODS

Data Acquisition

We performed a retrospective study of
diffusion-weighted and diffusion-tensor
imaging data in 12 consecutive patients
(four men, eight women; age range, 30–90
years; mean age, 65 years [Table 1]) with
stroke during an 18-week period. Data
were obtained as part of a routine clinical
protocol for MR imaging of stroke. The
inclusion criterion was the presence of a
medium to large unilateral nonhemor-
rhagic middle cerebral arterial infarct that
involved confluent areas of white matter
and gray matter on unidirectional diffu-
sion-weighted images.

All patients were imaged within 5 days
of symptom onset. This period encom-
passes the acute to early subacute stages
of infarction and was chosen because

diffusion changes in stroke pseudonor-
malize within 6–7 days (13). The earliest
infarct in this series of patients occurred
at 17 hours after symptom onset. Data
from earlier periods of stroke were not
available, as MR imaging data are not
routinely obtained on the first day after
symptom onset at our institution. Be-
cause susceptibility effects from blood
products confound diffusion measure-
ments, patients were excluded who had
MR imaging evidence of hemorrhage in
the region of infarction as determined
with T2*-weighted echo-planar imaging.

Six patients were imaged within 72
hours of symptom onset (range, 17–48
hours), and the other six patients were
examined 3–5 days after symptom onset.
The time of symptom onset was deter-
mined from a review of the medical re-
cords. Permission to use these clinical
neuroimaging data for scientific research
was granted by the institutional review
board at our medical center.

All examinations were performed on a
1.5-T system (Magnetom Vision; Siemens,
Erlangen, Germany) by using circularly
polarized clinical head coils and single-
shot spin-echo echo-planar pulse se-
quences with Stejskal-Tanner diffusion
gradients (14). Both diffusion-weighted
and diffusion-tensor protocols used a 24 3
24-cm field of view, 5-mm section thick-
ness, and 1-mm gap between sections.
The diffusion-weighted protocol used a
commercial pulse sequence (`/123 [repeti-
tion time msec/echo time msec]; b 5
1,006 sec/mm2) with a diffusion gradient
in only the section-select direction and a
128 3 128-voxel matrix (1.88 3 1.88 3
5.00-mm voxels) that was interpolated to
a 256 3 256-pixel matrix. Twenty images
were obtained in the entire brain in both
transverse and coronal orientations; imag-

ing time for each orientation was 4 sec-
onds.

Unless otherwise stated, the tetrahedral-
orthogonal diffusion-tensor protocol and
subsequent image processing was per-
formed as described in the Data Acquisi-
tion (sequence B) and Data Analysis sec-
tions in the article by Shimony et al (11).
Briefly, diffusion-tensor data were gener-
ated with a single-shot multisection spin-
echo echo-planar pulse sequence (3,000/
97.4) that used four tetrahedrally oriented
diffusion gradients (b 5 1012.4 sec/mm2

with a 22.1 mT/m input gradient strength),
three orthogonally oriented diffusion gra-
dients (b 5 337.5 sec/mm2 with the same
input strength), and a reference intensity
image (b 5 0 sec/mm2). Fourteen trans-
verse sections were imaged in 35 seconds
with a 96 3 128-voxel matrix (2.50 3
1.88 3 5.00-mm voxels with 1-mm gaps)
that was interpolated to a 192 3 256-
pixel matrix. All images were realigned in
two dimensions by using a combination
of intra- and cross-modality affine realign-
ment procedures to correct for image
displacements and linear stretch and/or
shear due to eddy currents (11). Images
were postprocessed offline in approxi-
mately 45 minutes by using an Ultra-
SPARC 2 Unix workstation (Sun Microsys-
tems, Palo Alto, Calif). A similar tetrahedral-
orthogonal diffusion-tensor procedure has
been used to investigate water diffusion
in the human neonatal brain (15).

Fat-suppressed turbo fluid-attenuated
inversion recovery (FLAIR) images (9,999/
119/2,309 [repetition time msec/echo
time msec/inversion time msec]; echo
train length of seven) were obtained in 16
transverse sections of 6-mm thickness
with a 1-mm gap between sections (16).
Images were acquired in 4 minutes 29
seconds with a 182 3 256-voxel matrix

TABLE 1
Patient Demographics and Stroke Characteristics

Patient No./
Age (y)/Sex

Age of
Infarct

Infarct
Group (d)

Infarct Area*
(No. of pixels)

Infarct Location in the Middle
Cerebral Arterial Territory

1/71/F 46 h ,3 1,786 Left anterior
2/53/M 84 h 3–5 1,752 Left anterior
3/54/F 17 h ,3 1,496 Right anterior
4/81/M 4 d 3–5 1,539 Left posterior
5/41/F 5 d 3–5 2,938 Left posterior
6/76/F 5 d 3–5 5,141 Left
7/30/F 26–38 h ,3 2,529 Left
8/61/M 3–4 d 3–5 3,958 Left
9/90/F 24–48 h ,3 3,502 Right anterior

10/87/F 3–4 d 3–5 1,817 Right posterior
11/80/M 36–48 h ,3 1,018 Left anterior
12/59/F 24–48 h ,3 751 Right temporal and insular

* Infarct area in the representative transverse section.
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and a 20 3 23-cm field of view (1.10 3
0.90 3 6.00-mm voxels). The inversion
time was optimized to suppress the cere-
brospinal fluid signal, and fat was sup-
pressed with radio-frequency pulses. The
transverse FLAIR and diffusion-weighted
images were oriented along the anterior
commissure–to–posterior commissure line.
They were, therefore, not necessarily ac-
quired in register with the diffusion-
tensor images, which were oriented in the
plane transverse to the magnet bore.

Image Computation

The derivation of the elements of the
diffusion tensor D from the tetrahedral
and perpendicular diffusion measure-
ments is given elsewhere (11). Further
details of image computation are also
provided in the Appendix. Two useful
parameters that can be derived from diffu-
sion-tensor imaging are the directionally

averaged (isotropic) diffusion coefficient
(D) (7) and the diffusion anisotropy mea-
sure (As) (10,17). D represents the compo-
nent of diffusion that is the same in all
directions; that is, D is a general measure
of the magnitude of water diffusion aver-
aged over all directions. It is related to the
trace of the diffusion tensor and is equiva-
lent to the orthogonally averaged ADC
(trace ADC) used previously (7–9). As

represents the component of diffusion
that varies with spatial direction; that is,
As measures the degree to which water
diffusion varies with direction. The rela-
tively anisotropic white matter is high-
lighted on images of As.

Two other types of images were derived
from the diffusion-tensor data, namely,
isotropic diffusion-weighted images and
diffusion-intensity images. Isotropic diffu-
sion-weighted images were computed as
the geometric mean of the four tetrahe-
dral diffusion-weighted images. This direc-

tional averaging operation removes the
effects of anisotropy while retaining the
spin-density and T2 weighting present in
unidirectional diffusion-weighted imag-
ing. This procedure is similar to the tech-
nique described by Chong et al (18) that
is based on the geometric mean of three
orthogonal diffusion-weighted images.

The final type of image was the diffu-
sion-intensity image, which represents
the component of diffusion-weighted sig-
nal intensity that is purely due to isotro-
pic diffusion (19). The diffusion-intensity
image is effectively an isotropic diffusion-
weighted image on which the spin-den-
sity and T2 effects have been removed. As
on the D images, the signal intensity on
the diffusion-intensity image is solely de-
pendent on isotropic diffusion. The con-
trast polarity of these diffusion-intensity
images is the same as that of the unidirec-
tional and isotropic diffusion-weighted
images and opposite to that of the D
images. Areas of decreased diffusion ap-
pear bright on these diffusion-intensity
images, and areas of increased diffusion
appear dark.

Region-of-Interest Analysis

For the measurement of D values, re-
gions of interest (ROIs) were manually
traced on a representative transverse im-
age in each patient’s data set by using
ANALYZE (Mayo Foundation, Rochester,
Minn). The representative transverse sec-
tion was chosen as the one on which the
imaging plane passed near the center of
the infarct as determined from the isotro-
pic diffusion-weighted image (Fig 1, a). A
tracing that encompassed the total region
of infarction (total infarct ROI) was drawn
on the D image (Fig 1, b). This D tracing
was confirmed to contain all regions of
abnormal signal intensity on the corre-
sponding isotropic diffusion-weighted im-
age. A similarly sized region encompass-
ing gray matter and white matter was
manually drawn in the contralateral
hemisphere (total contralateral ROI). Re-
gions of increased diffusion in periventric-
ular locations (Fig 1, b), which were in-
dicative of age-related leukoaraiosis that
also appeared as areas of high signal
intensity on T2-weighted images, were
not excluded from the total contralateral
ROI. This was done to assess the baseline
D values in noninfarcted brain that were
specific to each patient.

As images were used to define white
matter regions to generate unbiased mea-
surements of gray matter and white mat-
ter D values. A tracing that circumscribed
the regions of anisotropic diffusion was

Figure 1. Patient 10. Transverse, co-registered, single-shot echo-planar diffusion-tensor images
(3,000/97.4; b 5 337.5 and 1012.4 sec/mm2) in an 87-year-old woman 3–4 days after right middle
cerebral arterial infarct demonstrate the method for the definition of ROIs. a, Isotropic diffusion-
weighted image (geometric mean of the four tetrahedrally oriented diffusion-weighted images,
b 5 1012.4 sec/mm2) is examined to select the section that traversed the midportion of the lesion.
b, D image (see Appendix, Eq [A1]) was used to manually trace the outer border of the infarct to
define the total infarct ROI. A homologous area is similarly traced in the contralateral hemisphere
to define the total contralateral ROI. Both ROI outlines are shown in green. c, As image (see Appendix,
Eq [A2]) demonstrates white matter (WM) as bright regions of high anisotropy. As images are used
to trace the white matter in the vicinity of the infarct and in homologous parts of the contralateral
hemisphere (red outlines). Note the correspondence between the gray-white boundary in c and
the (unmarked) contour in the D image in b, which separates the infarct into zones of moderately
versus markedly reduced isotropic diffusion. d, All four traces are superimposed on the D image. At
quantitative analysis, white matter ROIs are defined as regions enclosed by both the red and green
outlines, whereas gray matter (GM) ROIs are defined as regions enclosed by the green outline but
outside the red outline.
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drawn on the As image in both hemi-
spheres (Fig 1, c). This As tracing was used
to differentiate white matter from gray
matter in both the infarct and contralat-
eral ROIs. As illustrated in Figure 1, d, the
intersection of the areas enclosed by the
D and As tracings was designated as white
matter. Areas within the D tracing but
outside the As tracing were designated as
gray matter. All tracings were drawn by
one author (P.M.) and were confirmed to
be anatomically accurate by a board-
certified radiologist with a certificate of
added qualification in neuroradiology
(M.M.B.) and a second board-certified
radiologist (T.E.C.).

This procedure typically generated one
to four closed regions of gray matter in
each hemisphere in each patient. Mul-
tiple gray matter regions occurred more
commonly on the contralateral side (Fig
1, d ). In patients with multiple regions,
the gray matter region on each side with
the largest area and the least-visible par-
tial-volume averaging with adjacent cere-
brospinal fluid was chosen as the infarct
or contralateral gray matter ROI for fur-
ther analysis. In white matter, this proce-
dure typically yielded only one closed
region on each side. In the few cases with
more than one closed region of white mat-
ter, the region with the largest area was
selected as the infarct or contralateral white
matter ROI for further analysis. No partial-
volume effects with cerebrospinal fluid were
noted in the white matter regions.

The mean and SD of the D pixel values
were computed in each ROI in each of the
12 patients. The mean D values in the
ROIs were compared across patients with
a paired two-population two-tailed Stu-
dent t test by using Origin 4.1 (Microcal
Software, Northampton, Mass). Figures
were prepared by using Photoshop 4.0 for
Windows (Adobe Systems, San Jose, Calif)
to create montages; to adjust size, bright-
ness, and contrast; and to remove back-
ground noise outside of the brain. Brain
images were not edited except for the
placement of markers to indicate findings
of special interest.

RESULTS

Isotropic diffusion was found to be less in
infarcted white matter than in infarcted
gray matter in all 12 patients. This differ-
ence was apparent as gray-white contrast
in the infarct on both D and diffusion-
intensity images (Fig 2). However, the
signal intensity in gray matter was greater
than that of white matter in the infarct
on diffusion- and T2-weighted images.

(The preponderance of gray matter in the
areas of abnormal signal intensity on
T2-weighted images can help explain this
discrepancy between the findings on dif-
fusion-weighted and diffusion-intensity
images in acute stroke [see Discussion]).

In four of the 12 patients, white matter
regions had abnormal diffusion on D and
diffusion-intensity images but appeared
relatively spared on diffusion- and T2-
weighted images (Fig 3). On diffusion-
weighted images, the areas of apparent
white matter sparing were located adja-
cent to areas of gray matter with abnor-
mally high signal intensity.

In all 12 patients, the D and diffusion-
intensity images showed lesion heteroge-
neity that was characterized by two dis-
tinct levels of diffusion reduction termed
moderate and marked (Figs 1b, 2d, 2e, 3d,

3e, 4d, 4e). In all patients, markedly re-
duced diffusion occurred exclusively in
white matter, while moderately reduced
diffusion occurred exclusively in gray mat-
ter. This assignment was based on two
observations. First, in all 12 patients, the
regions of infarct that demonstrated an-
isotropic diffusion also had markedly re-
duced D values (Figs 1c, 1d, 2e, 2f, 3e, 3f,
4e, 4f ). This means that all regions of
infarcted white matter with detectable
anisotropy had markedly reduced diffu-
sion. Second, and in converse, the entire
region of markedly reduced D values also
demonstrated anisotropic diffusion in 10
of the 12 patients (Figs 1c, 1d, 2e, 2f, 3e, 3f ).

In the other two patients (who under-
went imaging 3–5 days after stroke onset
[Patients 2 and 5 in Tables 1, 2]), some
regions with markedly reduced D values

Figure 2. Patient 1. Transverse images obtained in a 71-year-old woman 46 hours after left
middle cerebral arterial infarction show differences between gray matter and white matter
diffusion. Sections in a and b correspond to sections in c–f only approximately. a, FLAIR image
(9,999/119/2,309). b, Unidirectional diffusion-weighted image (`/123; b 5 1,006 sec/mm2). Note
the prominent increase in signal intensity in the infarcted cortical gray matter. c–f, Single-shot
echo-planar diffusion-tensor images (3,000/97.4; b 5 337.5 and 1,012.4 sec/mm2). Images and
superimposed markers are co-registered. c, Isotropic diffusion-weighted image. d, Diffusion-
intensity image (see Appendix, Eq [A4]). The diffusion-intensity image is equivalent to the isotropic
diffusion-weighted image after the removal of spin-density, T1, and T2 weighting. e, D image.
f, As image. The bright area of abnormal signal intensity in the subcortical white matter
(arrowhead in c–f ) and deep white matter (medial border of corona radiata [arrows in d–f ]) is in
register with the zone of the greatest decrease in D in e. Image in f confirms that these areas of
markedly reduced D correspond to white matter. The highly anisotropic structure medial to the
corona radiata is the body of the corpus callosum, as confirmed at imaging of the lower adjacent
sections (not shown).
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did not have visible anisotropy. This is
compatible with a loss of white matter
anisotropy in the later stages of stroke
evolution (20–22). However, in these two
patients, regions with markedly reduced
D values had a morphology that was
characteristic of white matter (Fig 4e, 4f ).
Thus, all regions with markedly reduced
diffusion were white matter.

Table 2 lists the D values in all 12
patients. The mean D value in the total
infarct ROI was (0.54 6 0.09) 3 1023

mm2/sec and included both white matter
and gray matter. This value was signifi-
cantly less than the mean D value in the
total contralateral ROI, which was (0.89 6
0.07) 3 1023 mm2/sec (P , .001). The
percent reduction of D values in the total
infarct ROI relative to that in the total
contralateral ROI was 39% 6 10. Both
gray matter and white matter exhibited
decreased D values in the infarct com-

pared with the values in the contralateral
hemisphere. The percent reduction of D
values in infarcted gray matter averaged
across all 12 patients was 31% 6 7, rela-
tive to that of contralateral hemisphere.
In infarcted white matter, the percent
reduction of D values was 46% 6 12. This
difference between white matter and gray
matter was significant (P , .001).

In the infarcted regions, D values in
white matter were less than those in gray
matter in every patient. This is illustrated
in Figure 5, which shows that the D
values in all infarct ROIs are above the
line of identity, that is, the line that
indicates equal gray matter and white
matter diffusion. The mean D value in
affected white matter across all patients
was (0.46 6 0.10) 3 1023 mm2/sec and
was significantly less (P , .001) than the
mean D value in affected gray matter,
which was (0.61 6 0.06) 3 1023 mm2/sec.

In addition, differences between D val-
ues in gray matter and white matter
tended to be greater at lower overall val-
ues of D. (Note the divergence of the
infarct regression line from the line of
identity in Figure 5.) The slope of the
regression line that best fit the infarct
data was 0.51 (Fig 5), which was signifi-
cantly different from the unit slope (P ,
.01). In contrast, contralateral hemi-
sphere data in the 12 patients was not
significantly different; the mean value of
D was (0.86 6 0.08) 3 1023 mm2/sec in
white matter and (0.88 6 0.08) 3 1023

mm2/sec in gray matter (P . .05).
Subgroup analysis of the six patients

who underwent imaging within 72 hours
of stroke onset (,3-days group, Table 1)
revealed mean D values of (0.42 6 0.08) 3
1023 mm2/sec in affected white matter
and (0.59 6 0.07) 3 1023 mm2/sec in
affected gray matter (P , .001). In the six
patients who underwent imaging 3–5 days
after infarction, the difference in white
matter and gray matter diffusion re-
mained significant (P , .01); D values
were (0.51 6 0.11) 3 1023 mm2/sec and
(0.62 6 0.06) 3 1023 mm2/sec, respec-
tively. The difference between white mat-
ter and gray matter in the percentage
reduction in D values was significant in
both the ,3-days group (P , .001) and
the 3–5-days group (P , .05), although
the percentage decrease in D was less in
the latter case.

The reduction in the D values in white
matter tended to be greater in the ,3-
days group (53% 6 9 decrease) than in
the 3–5-days group (39% 6 12 decrease),
but this difference was not statistically
significant (P . .05). The percent reduc-
tion in gray matter D values was similar
in the ,3-days group (33% 6 7 decrease)
and 3–5-days group (28% 6 7 decrease,
P . .05). The mean percentage reduction
in D values in the total infarct ROI rela-
tive to that of the total contralateral ROI
was greater in the ,3-days group (45% 6
8) than in the 3–5-days group (34% 6 10),
but this difference was not statistically
significant (P . .05) with these sample
sizes.

DISCUSSION

Previous MR imaging investigations (7–9)
of acute cerebral ischemia have not re-
vealed appreciable differences between
gray matter and white matter ADCs in
infarcted regions relative to those in re-
gions of unaffected brain. However, the
orthogonal diffusion encoding used in
those studies did not have a signal-to-

Figure 3. Patient 8. Transverse images obtained in a 61-year-old man 3–4 days after left middle
cerebral arterial infarct show findings in early subacute stroke with maintained anisotropy.
a, T2-weighted echo-planar (b 5 0 sec/mm2); b, unidirectional; and c, isotropic diffusion-
weighted images show prominent areas of abnormal signal intensity in the cortical gray matter
with relative sparing of the subcortical white matter (white arrows, arrowheads) and internal
capsule (black arrow). d, Diffusion-intensity and e, D images demonstrate that the apparently
spared areas in a–c exhibit a greater degree of diffusion reduction (bright in d, dark in e) and are
identifiable as white matter on the As image in f. Images and superimposed markers in a and c–f
are co-registered.
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noise ratio as high as that of the diffusion-
tensor method used herein (10,11). Fur-
thermore, in those previous studies,
quantitative measures of isotropic diffu-
sion in gray matter and white matter were
not compared, and information about
anisotropy was not used to distinguish
white matter from gray matter. In addi-
tion, we used precise image realignment
that was tailored to minimize misregistra-
tion that could otherwise have degraded
the spatial resolution of gray matter and
white matter regions (11).

In one diffusion-tensor study of hyper-
acute and early acute stroke, Sorensen et
al (23) reported no statistically significant
difference in isotropic diffusion in isch-
emic gray matter and white matter. Their
result raises the possibility that the differ-
ence between gray matter and white mat-
ter diffusion reported herein might not
be present in the initial hyperacute phase
of stroke. However, their study was not
specifically designed to investigate diffu-
sion differences in gray matter and white
matter in individual patients. Many of
their patients had infarcts that were iso-
lated to only gray or white matter.

In the present study, we examined pa-
tients with infarcts that encompassed con-
fluent regions of both gray matter and
white matter. In this design, each patient
served as his or her own control subject in
terms of the relative magnitude of changes
in gray matter and white matter diffusion
in the infarcted territory compared with
the changes in the uninvolved contralat-
eral hemisphere. Therefore, further re-
search is needed to resolve whether the
differences in gray matter and white mat-
ter diffusion established herein in acute
to early subacute stroke are also detect-
able in the clinically important hyper-
acute stage. Follow-up serial imaging of
these patients during the acute and sub-
acute stages would also be helpful in the
definition of the time course of stroke-
related diffusion alterations in white mat-
ter versus gray matter.

The 39% decrease in D values in the
first 5 days after infarction that was found
in this investigation agrees with the 41.7%
decrease in ADC values in the first 4 days
after stroke onset that was determined in
a large study of 157 patients (13). The
accuracy of the D values in the present
study is further supported by measure-
ments obtained in regions contralateral
to the infarct; these measurements are
well within the range reported both in
healthy volunteers (12,24) and in unin-
volved brain regions in stroke patients
(9,25). We also found no statistically sig-
nificant difference in D values in contra-

lateral gray matter and white matter.
These findings agree with those of quanti-
tative diffusion MR imaging studies in
healthy adults (12,24,26).

The larger values of D in infarcted gray
matter relative to those in infarcted white
matter cannot be explained by the effect
of partial-volume averaging with cerebro-
spinal fluid. These differences persisted
even after normalization with the data
obtained from the contralateral side,
where partial-volume averaging of cortex
with cerebrospinal fluid is more likely.
Partial-volume averaging with cerebro-
spinal fluid was less consequential in the
infarct ROIs than in the contralateral
ROIs because of the sulcal effacement
that is characteristic of acute and early
subacute stroke. Furthermore, no statisti-

cally significant difference in D values
was found in white matter and gray mat-
ter ROIs in the contralateral hemisphere
(Table 2). This finding suggests that cere-
brospinal fluid averaging in gray matter
was effectively minimized in the contra-
lateral gray matter ROIs, as well.

Information about anisotropy, obtained
by using the As measure, was the sole
criterion that was used in the differentia-
tion of white matter and gray matter in
this study, since white matter has much
greater anisotropy than does gray matter
(11,26,27). However, white matter anisot-
ropy decreases in areas in which infarc-
tion is evolving (20–22). A small decline
in anisotropy has also been reported in
acute stroke (23). In our study, enough
residual anisotropy remained to allow

Figure 4. Patient 5. Transverse images obtained in a 41-year-old woman 5 days after left middle
cerebral arterial infarct show findings in early subacute stroke with markedly reduced anisotropy.
a, FLAIR image (9,999/119/2,309) shows abnormal signal intensity predominantly in the gray
matter in the posterior insular region (arrow) and shows mixed areas of abnormal signal intensity
in the gray matter and white matter in the posterior temporal lobe. b, Unidirectional and c,
isotropic diffusion-weighted images demonstrate heterogeneous areas of abnormal signal inten-
sity in the infarct, with subtle prominence of white matter such as the optic radiations (straight
arrow in c–f ). d, Diffusion-intensity and e, D images exhibit a contrast pattern similar to that in
Figures 2 and 3. Regions of markedly reduced diffusion (bright in d, dark in e) have the
morphology of white matter, including the optic radiations (straight arrow). f, As image shows
severe loss of anisotropy in the infarct, as seen in the optic radiations, compared with the
contralateral side (curved arrows). Regions of residual anisotropy (arrowhead in c–f ) were used to
trace the white matter at ROI analysis. Images in c–f and superimposed markers are co-registered.
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adequate identification of infarcted white
matter in 10 of 12 patients (Figs 1–3). In
six of the 12 patients, the infarcted region
was sufficiently distorted from mass ef-
fect so that areas of markedly decreased
diffusion could not be confidently identi-
fied as white matter on D images alone

without correlation with As images (Figs
1, 3). Correlation of the contrast patterns
on D and As images may be important for
the differentiation of diffusion contrast
due to tissue type (ie, gray vs white mat-
ter) from diffusion contrast due to hetero-
geneity of the ischemic process.

Two of the 12 patients had severe reduc-
tions in anisotropy in the infarct, and
both reductions involved early subacute
stroke. Despite these findings, only re-
gions of residual anisotropy were used to
objectively measure D values in white
matter. Nevertheless, the D images dem-
onstrated regions of markedly reduced
diffusion that extended beyond the re-
gions of residual anisotropy; the regions
had the morphology of white matter (tem-
poral lobe in Fig 4). In these two patients,
the use of As values to segment white
matter likely resulted in the inclusion of
areas of white matter within the zone
that was deemed to be gray matter.

However, this averaging of white mat-
ter with gray matter reduces apparent
differences between the two tissue types
rather than causes artifactual differences
where none exists. An exception is if
there is preferential loss of anisotropy in
regions where D values are not substan-
tially reduced (eg, selective loss of anisot-
ropy in the periphery of the lesion with a
more severe reduction in D values in the
center of the lesion where anisotropy is
preserved). Such a scenario is unlikely
given the pattern of anisotropy loss in
Figure 4, f and the relative uniformity of
the reduction in D values in white matter
in Figures 1–4. However, additional expe-
rience with cases of marked loss of anisot-
ropy in subacute stroke is needed for a full
evaluation of this possibility.

Diffusion-weighted imaging within the
first 48 hours of stroke typically shows
greater increases in signal intensity in
gray matter than in white matter (Figs 2b,
3b); this finding is similar to the contrast
pattern on T2-weighted images (Figs 2a,
3a). Traditionally, gray matter has been

TABLE 2
D Values Measured in Acute to Early Subacute Middle Cerebral Arterial Infarcts and in Contralateral Hemispheres

Patient
No.

Infarct ROI (1023 mm2/sec) Contralateral ROI (1023 mm2/sec) Decrease* (%)

White
Matter

Gray
Matter Total

White
Matter

Gray
Matter Total

White
Matter

Gray
Matter Total

1 0.50 0.60 0.55 0.91 0.85 0.90 45 29 39
2 0.43 0.56 0.55 0.68 0.77 0.72 37 26 24
3 0.47 0.67 0.56 0.89 0.93 0.93 47 28 40
4 0.41 0.56 0.51 0.77 0.79 0.85 46 30 41
5 0.54 0.61 0.62 0.96 0.98 0.97 43 37 36
6 0.62 0.71 0.68 0.89 0.99 0.95 29 28 28
7 0.27 0.47 0.35 0.84 0.86 0.86 69 45 60
8 0.61 0.66 0.66 0.80 0.79 0.87 23 16 25
9 0.46 0.64 0.53 0.93 0.96 0.98 50 33 46

10 0.40 0.60 0.48 0.91 0.89 0.95 56 33 49
11 0.39 0.62 0.53 0.88 0.86 0.90 56 28 41
12 0.43 0.56 0.51 0.85 0.84 0.85 50 33 41
Mean 6 SD 0.46 6 0.10 0.61 6 0.06 0.54 6 0.09 0.86 6 0.08 0.88 6 0.08 0.89 6 0.07 46 6 12 31 6 7 39 6 10

* Percent decrease in mean D of the infarct ROI relative to the corresponding ROI in the contralateral hemisphere.

Figure 5. Plot shows the regression analysis of the D values in gray
matter versus white matter. ROIs in all 12 patients are represented.
Line of identity (dotted line) corresponds to equal white matter D and
gray matter D. Line of regression for infarct data has a slope of 0.51 6
0.12, which is significantly different from unity (t10 5 24.24, P , .01).
Regression line for the data in contralateral ROIs has a slope of 0.81 6
0.17, which is not significantly different from unity (t10 5 21.13, P .
.05). Note the following: First, all data from infarct ROIs lie above the
line of identity, thus demonstrating the highly consistent gray-white
contrast in the infarct. Second, the infarct regression line diverges
from the line of identity as the reduction in D becomes more severe.
Third, gray-white D contrast tends to be more pronounced in infarcts
less than 3 days old (open squares) than in those 3–5 days old (solid
squares). Last, infarct and contralateral data do not overlap, which
suggests that the quantitative measurement of D is a highly sensitive
test for the detection of acute and early subacute infarcts.

Volume 215 • Number 1 Gray Matter and White Matter Diffusion in Stroke • 217



considered to be more vulnerable than
white matter to the early effects of isch-
emia (28); this consideration would ap-
pear to be corroborated by the findings of
diffusion-weighted imaging.

After the initial 48 hours, the area of
abnormal signal intensity on diffusion-
weighted images typically becomes more
homogeneous. It extends throughout the
region of infarction with little or no gray-
white contrast (Fig 1, a and posterior
temporal lobe in Fig 4, b). This contrast
pattern can also be observed on T2-
weighted images (posterior temporal lobe
in Fig 4, a). The progression of the area of
abnormal signal intensity on diffusion-
weighted images over time—from a pre-
dominant distribution in gray matter in
acute infarcts to a more uniform involve-
ment of both gray matter and white
matter in subacute infarcts—was noted in
the earliest diffusion-weighted studies of
stroke (eg, fig 2 in reference 2).

However, these diffusion-weighted im-
aging findings should not necessarily be
interpreted as an indication that the un-
derlying diffusion abnormality is greater
in gray matter than in white matter. In
fact, the data herein demonstrate that the
diffusion abnormality is greater in in-
farcted white matter. The predominant
involvement of gray matter in acute stroke
on diffusion-weighted images with more
uniform involvement of gray matter and
white matter in early subacute stroke
results from multiplicative signal effects
from elevated T2-weighted signal with
diffusion-weighted imaging (see Appen-
dix, Eq [A5]).

The areas of high signal intensity on
T2-weighted FLAIR images are predomi-
nantly distributed in the gray matter in
acute infarcts (Fig 2, a) and progress to a
more homogenous involvement of gray
matter and white matter in the early
subacute phase (Fig 4, a). This evolution
of signal intensity on T2-weighted images
is similar to that on diffusion-weighted
images and has been also attributed to
the greater vulnerability of gray matter to
early ischemia (29,30).

FLAIR images are useful in the determi-
nation of the relative contribution of
T2-weighted effects to diffusion-weighted
imaging because FLAIR and diffusion-
weighted imaging are both T2-weighted
and cerebrospinal fluid–suppressed, yet
FLAIR imaging is insensitive to diffusion
(31). Hence, areas of increased signal in-
tensity on FLAIR images contribute to
contrast with diffusion-weighted imag-
ing. These signal effects in gray matter
with T2-weighted imaging (Fig 2, a) were
especially pronounced on unidirectional

diffusion-weighted images (Fig 2, b) com-
pared with isotropic diffusion-weighted
imaging (Fig 2, c). This is because the
longer echo time of the unidirectional
diffusion-weighted sequence (123.0 vs
97.4 msec) more closely matches the char-
acteristic range of T2 values in the infarct.

Diffusion-weighted imaging has been
shown to have better sensitivity, specific-
ity, and accuracy in the detection of acute
stroke than does trace ADC imaging (18).
Those authors attribute this to T2-
weighted effects with diffusion-weighted
imaging, which trace ADC images lack.
Their results agree with our findings, as
the infarcts in Figures 1–4 were more
conspicuous on diffusion-weighted im-
ages than on diffusion-intensity images,
which also lack T2 weighting. We refer to
this phenomenon as cooperative contrast
between T2 and diffusion (32), which
amplifies the contrast between ischemic
and normal gray matter in diffusion-
weighted imaging. Thus, diffusion-inten-
sity imaging may be expected to be less
sensitive than diffusion-weighted imag-
ing for the detection of small focal corti-
cal infarcts when changes in T2-weighted
signal are present.

However, our comparison of diffusion-
weighted and diffusion-intensity imag-
ing indicate that diffusion-weighted imag-
ing may cause underestimation of the
magnitude and spatial extent of white
matter involvement in stroke. In all 12
patients, diffusion-intensity images dem-
onstrated more severe diffusion changes
in white matter compared with those in
gray matter, whereas areas of abnormal
signal intensity on diffusion-weighted im-
ages were equal in the two tissues or
were greater in gray matter. In four of the
12 patients, diffusion-intensity images
showed regions of white matter involve-
ment that appeared relatively spared at
diffusion-weighted imaging (Fig 3). The
lower sensitivity of diffusion-weighted im-
aging to white matter ischemia may be
secondary to less contrast amplification
from T2 effects, which are delayed in white
matter compared with gray matter. Con-
sequently, subtle changes in white matter
on diffusion-weighted images may not be
visible adjacent to the large changes in
signal intensity in the surrounding gray
matter.

Differences in gray matter and white
matter diffusion in stroke could be due to
variability between these two tissue types
at any stage in the process that leads from
ischemia to altered diffusion. Specifically,
the observed diffusion contrast in gray
matter and white matter could be caused
by differences in (a) the mismatch be-

tween blood supply and metabolic de-
mand (ischemia), (b) the type and/or
severity of the histopathologic response
to ischemic injury (vulnerability), or
(c) the mechanisms by which histopatho-
logic changes lead to altered diffusion.
Findings from positron emission tomo-
graphic studies suggest that the flow-
metabolism mismatch is similar in gray
matter and white matter in middle cere-
bral arterial infarcts. (For example, see the
uniformity of oxygen extraction fraction
images in figure 1 in the article by Carpen-
ter et al [33]).

Regarding the histopathologic re-
sponse, gray matter has been tradition-
ally considered to be more vulnerable
than white matter to early ischemia (28).
However, more recent findings in experi-
mental models of stroke have demon-
strated that ischemic damage to white
matter occurs earlier and with greater
severity than previously appreciated. In
two studies, one conducted in rats within
24 hours of middle cerebral arterial occlu-
sion (34) and the other conducted in cats
within 3 hours of middle cerebral arterial
occlusion (35), investigators documented
histopathologic changes in affected white
matter as early as 30 minutes after the
onset of ischemia. Astrocytic swelling sec-
ondary to cytotoxic edema occurred in
both white matter and gray matter, and
white matter also displayed hydropic
swelling of oligodendroglial cell bodies.
Immunocytochemical experiments in
which rat models of middle cerebral arte-
rial stroke were used revealed pathophysi-
ologic axonal changes in myelinated
white matter within 4–6 hours after arte-
rial occlusion (36,37) that are similar to
those that resulted from traumatic diffuse
axonal injury (37). Findings from these
investigations highlight the vulnerability
of white matter to even short periods of
ischemia.

Regarding the histopathologic-bio-
physical diffusion mechanisms, intracel-
lular accumulation of water and enlarge-
ment of the periaxonal space were found
in myelinated fiber tracts in animal mod-
els (34,35), with differences in the depen-
dence of ischemic gray matter and white
matter diffusion on total water accumula-
tion (35). Findings from these studies
suggest that intra- and extracellular accu-
mulation of fluid and resultant changes
in diffusion might differ significantly in
white matter and gray matter. Finally,
additional histopathologic-biophysical
mechanisms of diffusion reduction that
do not exist in gray matter might occur in
white matter; these mechanisms include
reduced bulk water motion from cytoskel-
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etal breakdown and disruption of fast
axonal transport (36,37).

If the results from previous animal
experiments can be generalized to hu-
mans, they may provide a pathophysi-
ologic basis for the gray-white diffusion
contrast found in this investigation. The
rapid onset of the changes in white mat-
ter in these animal studies is also consis-
tent with our findings, as gray-white dif-
fusion contrast was observed at all of the
time intervals after stroke onset that were
studied, including the earliest (17 hours).
These results suggest that this gray-white
diffusion contrast represents a fundamen-
tal difference in the diffusion response of
gray matter and white matter to ischemia
and that these two tissues should be
separately evaluated in studies of the
quantitative assessment of neuroprotec-
tive therapy (38–40) or infarct heterogene-
ity (25,41).

In summary, diffusion-tensor imaging
of acute and early subacute middle cere-
bral arterial infarcts demonstrates more
severe reductions in isotropic diffusion in
white matter than in gray matter, whereas
diffusion-weighted imaging appears to
cause underestimation of the magnitude
and spatial extent of white matter involve-
ment. The observed disparity in diffusion
in gray matter and white matter at diffu-
sion-tensor imaging increased with in-
creasing overall magnitude of diffusion
reduction. The discrepancy between diffu-
sion-weighted and diffusion-tensor im-
ages was due to areas of increased signal
intensity in the infarct on T2-weighted
images; this increase appeared earlier and
more often in gray matter than in white
matter.

Diffusion-tensor imaging provides a full
complement of isotropic diffusion, anisot-
ropy, and diffusion-weighted images for
the assessment of acute stroke in both
white matter and gray matter. The images
and measurements of diffusion in gray
matter and white matter presented herein
may be relevant to the interpretation of
diffusion-weighted images, clinical treat-
ment and rehabilitation of stroke patients,
evaluation of neuroprotective therapies
in acute stroke, and basic scientific stud-
ies of the pathophysiologic mechanisms
of stroke and infarct heterogeneity. Fur-
ther investigation of diffusion-tensor im-
aging is needed in the hyperacute phase
of stroke, when results may affect the
early clinical treatment of patients.

APPENDIX

In each pixel, the entire diffusion tensor
was fit to the eight log-intensities that

corresponded to the seven diffusion en-
coding directions and the reference T2-
weighted intensity image (b 5 0 sec/
mm2) (11). From this estimated tensor D,
the directionally averaged diffusivity D
value (an invariant measure of isotropic
diffusion with units of square millimeter
per second) was calculated as the arith-
metic mean of the three diagonal ele-
ments of D as follows (7):

D 5 1⁄3 (Dxx 1 Dyy 1 Dzz). (A1)

That is, the D value is one-third the trace
of D, where the trace is the sum of the
eigenvalues of D. D has also been referred
to as Dav (9) or trace ADC in studies in
which the diffusion coefficient was aver-
aged over different encoding directions
to remove the effects of anisotropy. D is
invariant to the coordinate system used
to measure D and, thus, is not affected by
the orientation of the head or the direc-
tion of white matter fibers.

The dimensionless absolute measure of
anisotropy As was computed on a pixel-
by-pixel basis from the elements of D as
follows (10):

As 5
1

Î6 D

3Î o
i5x,y,z

(Dii 2 D)2

1 2(Dxy
2 1 Dxz

2 1 Dyz
2 ), (A2)

where the As value is equivalent to the
coefficient of variation of the eigenvalues
of D divided by the square root of 2 (10).
It is directly proportional to the relative
anisotropy defined by Basser and Pierpa-
oli (17), with a scaling factor of the square
root of 1⁄2, which places the value of As on
an absolute scale from 0 (no anisotropy)
to 1 (complete anisotropy). Like D, As is
invariant to the measurement coordinate
system used to define the elements of D.

With echo times that are much shorter
than T1 relaxation times, the intensity
IDWI of the isotropic diffusion-weighted
image is related to diffusion, T1 weight-
ing, spin density, and T2 weighting as
follows:

IDWI ~ re2bDe2TE/T2(1 2 e2(TR2TE)/T1), (A3)

where r is the scalar spin density in the
voxel; b is the diffusion-weighting factor;
TE is the echo time; TR is the repetition
time; and T1 and T2 are the longitudinal
and transverse relaxation times, respec-
tively. In single-shot echo-planar imaging
techniques in which only one encoding
direction is acquired per pulse sequence
acquisition, the effective repetition time

is infinite; hence, there is no T1 weight-
ing.

The diffusion-intensity image IDI was
computed by the method introduced by
Sorensen et al (19) as follows:

IDI ~ e2bD, (A4)

where b 5 1,000 sec/mm2.
The intensity of the isotropic diffusion-

weighted image IDWI can thus be ex-
pressed in terms of the intensities of the
diffusion-intensity image IDI and the refer-
ence T2-weighted–intensity image IT2WI

as follows:

IDWI 5 IDI · IT2WI, (A5)

where the T2-weighted intensity image is
acquired with b 5 0 sec/mm2 and has the
same spin-density, T1, and T2 effects as
those of the isotropic diffusion-weighted
images. Equation (A5) defines the multi-
plicative interaction between diffusion
and T2-weighted signals.
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