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Partial-volume effects (PVE) in stroke imaging could hinder
proper delineation of normal, ischemic, and at-risk tissues.
Cerebral-blood-flow (CBF) and apparent diffusion coefficient
(ADC) were measured at high and low resolution (HR � 128 �
128, LR � 64 � 64) in focal ischemia in rats during the acute
phase. The data were evaluated for PVE on ischemic tissue
classification on a pixel-by-pixel basis and the misclassified
pixels were quantified as ischemia progressed. The main draw-
backs of high-resolution imaging are reduced temporal resolu-
tion and/or signal-to-noise ratio. The high- versus low-resolu-
tion scatterplots and histograms of pixels along the normal–
abnormal boundaries in the ADC and CBF maps showed
marked ischemia-related PVE. By comparison with the homol-
ogous regions in the contralateral normal hemisphere, the ef-
fect of increased noise and intrinsic tissue heterogeneity due to
high resolution could be distinguished from ischemia-related
PVE. Degrading the high-resolution (128 � 128) data to a 64 �
64 or 32 � 32 matrix increased the severity of PVE. Zero-filling
of low-resolution (64 � 64) data to 128 � 128 also increased
PVE. It was concluded that PVE: (1) misclassified substantial
pixels along the normal–abnormal boundaries, (2) overesti-
mated abnormal volumes at the expense of mostly “at-risk” and
some “normal” tissues, (3) were more severe at the early time
points postischemia, and (4) confounded the interpretation of
the operationally defined ischemic penumbra. Magn Reson
Med 52:1328–1335, 2004. © 2004 Wiley-Liss, Inc.
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Magnetic resonance imaging (MRI) has inherently poor
signal-to-noise ratio (SNR) and spatial and/or temporal
resolution relative to many invasive, histologic, and elec-
trophysiological techniques. The advantages of MRI are its
superior ability to image the entire brain noninvasively at
a reasonably high combined spatiotemporal resolution and
to longitudinally assess anatomy, physiology, and func-
tion in a single setting. Improving spatial resolution to

minimize partial-volume effect (PVE) is desirable because
it yields improved parcellation of anatomic, physiologic,
and functional information.

In stroke imaging, PVE could hamper proper delineation
of normal, ischemic, and at-risk tissues by blurring the
boundaries among different tissue types and tissue viabil-
ity. Visual delineation of ischemic lesions by manually
drawing regions of interest (ROI) on the diffusion- and
perfusion-weighted images is a common clinical practice
(1) and the presence of PVE could lead to significant errors
in identifying ischemic tissue fates (2). In addition, it is
conceivable that a substantial number of pixels with mild
apparent diffusion coefficient (ADC) or cerebral blood flow
(CBF) reduction could arise simply from the physical ef-
fect of partial voluming, thereby confounding the interpre-
tation of the operationally defined ischemic penumbra (2).
High-resolution imaging could minimize tissue classifica-
tion errors. Other advantages of high-resolution imaging
include finer delineation of anatomic structures and
marked increase in pixel density, which increases the
statistical power of pixel-by-pixel cluster analysis, and
reducing signal loss due to intravoxel dephasing. The
drawbacks are longer acquisition time and/or reduced
SNR.

Perfusion and diffusion imaging of animal stroke models
in the acute phase (3–7) remains limited to low spatial
resolution (64 � 64 matrix, 400 � 400 � 2000 �m) due to
its high temporal resolution requirements. With the dy-
namic contrast imaging technique, stroke perfusion imag-
ing requires high temporal resolution to detect the passage
of an exogenous contrast agent. Furthermore, only a single
measure of the CBF index can be acquired due to contrast-
reagent recirculation and potential toxicity. Comparison
with the homologous regions in the contralateral normal
left hemisphere is commonly made. With the advent of the
continuous arterial spin-labeling technique (8–10), there
is no recirculation of the magnetically labeled water since
its “half life” is on the order of tissue water T1, CBF can be
measured quantitatively, and interpretation can be made
without reference to the contralateral hemisphere. This
approach is well suited for high-resolution stroke imaging
where signal averaging is needed.

In this study, the PVE on stroke imaging were systemat-
ically analyzed. Quantitative perfusion and diffusion im-
aging was carried out at both high and low resolution in an
experimental rat stroke model during the acute phase.
Perfusion imaging was acquired using the two-coil, con-
tinuous arterial spin-labeling (ASL) technique. PVE on the
classification of ischemic tissue fates were quantitatively
evaluated on a pixel-by-pixel basis. Analysis included the
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high-resolution (128 � 128) data, low-resolution (64 � 64)
data, downgraded resolution data by taking the central
64 � 64 or 32 � 32 matrix from the high-resolution (128 �
128) data, and zero-filled low-resolution data to achieve a
higher nominal resolution.

METHODS

Animal Preparations

Fourteen male Sprague–Dawley rats (300–350 g, Taconic
Farms, NY) were initially anesthetized with chloral hy-
drate (400 mg/kg, i.p., Sigma, St. Louis, MO). The left
femoral artery was catheterized. Permanent focal brain
ischemia of the right hemisphere was induced using the
intraluminal middle cerebral artery occlusion method
(4,5). Rectal temperature was maintained at 36.5–37.5°C
throughout. Heart rate and mean arterial blood pressure
were measured via a pressure transducer connected to the
arterial line and were recorded continuously onto a PC via
the Biopac system (Santa Barbara, CA). Respiration rate
was derived from the slow modulations on top of the
cardiac waveforms. Anesthesia was switched to �1.25%
isoflurane once the animal was in the magnet and during
imaging. Two groups of animals were studied. In Group I
(n � 6), high-resolution (HR) data sets were acquired at 30,
60, 90, 120, and 180 min postocclusion followed by a
low-resolution data set (�200 min). In Group II (n � 8),
low-resolution (LR) data sets were acquired at 30, 60, 90,
120, and 180 min postocclusion followed by a HR data set
(�200 min). Each block of HR and LR data set took 30 and
7.5 min to acquire, respectively; the time points quoted
were at the middle of each data-acquisition period.

Histology

2,3,5-Triphenyltetrazolium chloride (TTC) staining was
performed at 24 hr postischemia. Eight 1.5-mm slices cor-
responding to the MR slices were carefully sectioned coro-
nally and incubated in 2% TTC solution at 37°C for 30 min
and fixed in 10% buffered formalin solution. TTC infarct
volumes with edema correction were derived as described
elsewhere (11).

MR Experiments

MRI was performed on a Bruker 4.7 T/40 cm (Billerica,
MA) and a 20 G/cm gradient insert (ID � 12 cm, 120-�s
rise time). The animal was placed in an MR-compatible
stereotaxic headset and onto an animal holder, which had
a built-in neck coil for spin labeling. A surface coil (2.3-cm
ID) was placed on top of the rat head for brain imaging.
Coil-to-coil interaction was actively decoupled.

ADCav was obtained by averaging three ADC maps with
diffusion-sensitive gradients separately applied along the
x, y, or z direction. High-resolution data were acquired
using four-segment, spin-echo, echo-planar images (EPI),
matrix � 128 � 128, FOV � 2.56 cm � 2.56 cm, spectral
width � 200 kHz, TR � 2 sec per segment, TE � 37.5 msec,
b � 10 and 1270 sec/mm2, � � 17.53 msec, � � 5.6 msec,
eight 1.5-mm slices, and 16 averages (8.5 min). Low-reso-
lution data were acquired using identical parameters, ex-

cept a single-shot EPI and a matrix of 64 � 64 were used
(2.5 min).

CBF was measured using the continuous ASL technique
(4,9). High-resolution data were acquired using four-seg-
ment, gradient-echo EPI, spectral width � 200 kHz, ma-
trix � 128 � 128, FOV � 2.56 � 2.56 cm, eight 1.5-mm
slices, TE � 15 msec, and TR � 2 sec per segment. Seventy-
six pairs of images (one with and the other without ASL
preparation) were obtained for signal averaging with half
acquired before and the other half after the ADC measure-
ments (20 min). Low-resolution data were acquired using
identical parameters, except a single-shot EPI and a matrix
of 64 � 64 were used (5 min).

Data Analysis

Data analysis used code written in Matlab (MathWorks,
Natick, MA) and STIMULATE (12) software. In addition to
LR data acquired separately, LR data were also generated
from the central 64 � 64 or 32 � 32 k-space lines of the HR
data. The advantage of using the extracted LR for compar-
ison was that both HR and LR data sets came from the same
time points and from the same animals. Data are reported
as means � SD. Statistical comparisons used Student’s t
test. PVE of LR was compared to the HR data throughout
but the HR data were not implied to be the “gold stan-
dard.”

ADC and CBF Maps

ADC maps with intensity in units of square millimeters
per second were calculated pixel-by-pixel by using (13)
ADC � �ln(S2/S1)/(b2 � b1) where bi � 	2Gi

2�2(� � �/3),
where ln is the natural logarithm, S1 and S2 are the signal
intensities obtained with b1 (10 sec/mm2) and b2 (1270
sec/mm2), respectively. The b-value is proportional to the
gradient strength (G), magnetogyric ratio (	), duration of
each gradient pulse (�), and the time (�) between applica-
tions of the two gradient pulses. CBF images (SCBF) with
intensity in units of milliters per gram per minute were
calculated (4,9) pixel by pixel using SCBF � 
/T1 (Sc �
SL)/(SL � (2� � 1)Sc), where SC and SL are signal intensi-
ties of the control and labeled images, respectively. 
, the
water brain–blood partition coefficient, was 0.9 (14). T1

was 1.5 sec at 4.7 T. �, the arterial spin-labeling efficiency,
was 0.75 (4,5).

Iterative Self-Organizing Data Analysis (ISODATA) Lesion
Volumes

Lesion volumes were also calculated using the modified
ISODATA based on ADC and CBF characteristics as de-
scribed elsewhere (15). The ISODATA-derived lesion vol-
umes of HR and LR data were compared with TTC.

Defining the ROI for Analysis

A standard-deviation index (
) of each pixel with respect
to its eight neighbors on each two-dimensional image was
calculated for the ADC and CBF maps,


 � �1
8 � �

n�1

8

�ADCn � ADCi�
2�. [1]
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Pixels with high standard deviations were localized along
the boundaries of different tissue types. ROIs were drawn
based on these standard-deviation maps along the normal–
abnormal boundaries (2–4 pixels thick) on the HR ADC
and CBF maps. ROIs on the ADC and CBF maps were
generally not the same. For comparisons, homologous
ROIs were obtained on the contralateral normal left hemi-
sphere by symmetrically reflecting the right-hemisphere
ROIs along the midline to the left hemisphere.

Scatterplots

HR versus LR scatterplots were evaluated for the ADC and
CBF data in the left and right hemispheres from the above-
prescribed ROIs. For each LR pixel, there are four HR
pixels. A dispersion index (�) about the unity line on the
HR versus LR scatterplots was computed pixel by pixel
using

� �
1

4m �
n�1

m �
i�1

4

��hi,n � ln��, [2]

where m is the LR pixel number, and ln and hi,n are,
respectively, the LR and HR ADC or CBF value. The dis-
persion indices were calculated for the ADC and CBF data
in the left and right hemispheres.

ADC and CBF Histograms

ADC and CBF histograms of the left and right hemispheres
at high and low resolution were obtained from the above-
prescribed ROIs. Their distributions, means, standard de-
viations, and full-width at half maximum (FWHM) were
evaluated. The tissue-volume ratios of pixels below to
above the viability thresholds were quantified for the HR
and LR data at each time point postischemia (right hemi-
sphere only). Different ROIs were used at different time
points as necessitated by the ischemic evolution. The ADC
and CBF viability thresholds, derived previously using
TTC correlation (4), were 0.53 � 10�3 mm2/sec and 0.3
mL/g/min, respectively.

PVE on Tissue Fates

Pixel-by-pixel tracking was performed to evaluate the PVE
on the fates of different pixels and whether they were
misassigned due to partial voluming. The 30- and 180-min
time points were analyzed. For this analysis: (i) the “ab-
normal” pixels were defined as pixels with ADC values
below the ADC viability threshold (0.53 � 10�3 mm2/sec
(4)) or pixels with CBF values below the CBF viability
threshold (0.3 mL/g/min (4)), (ii) the “in-between” (i.e.,
at-risk) pixels were defined as pixels below two standard
deviations of the normal-left-hemisphere ADC mean
(0.69 � 10�3 mm2/sec) but above the ADC viability thresh-
old or pixels below 1 SD of the normal-left-hemisphere
CBF mean (0.7 mL/g/min) but above the CBF viability
threshold, and (iii) the “normal” pixels were defined as
pixels with ADC or CBF values greater than the in-between
pixels (4).

The abnormal, in-between, and normal pixels within the
normal–abnormal boundary ROIs were quantified. The fol-
lowing misclassifications of pixels by PVE at low resolu-
tion were analyzed: (1) the total pixels that were misas-
signed, (2) the in-between pixels that were misassigned to
abnormal and normal pixels, and (3) the normal pixels that
were misassigned to abnormal and in-between pixels.

PVE of Further Reduced Resolution and of Zero-Filling

ADC histograms were analyzed for four data sets: (i) 128�
128 true matrix size, (ii) 64 � 64 degraded from 128 � 128
data, (iii) 32 � 32 degraded from 128 � 128 data, and (iv)
64 � 64 degraded from 128 � 128 but then zero-filled to
128 � 128.

RESULTS

Visual inspection of the HR ADC and CBF maps (Fig. 1)
showed clearer delineation of the border zones of different
tissue types relative to the LR maps (Group II, 180 min
postischemia). This effect was consistent and most evident
at the tissue boundaries surrounding the cerebrospinal
fluid, corpus callosum, and the ischemic lesion. Examples

FIG. 1. Representative low- and high-res-
olution ADC and CBF maps (three consec-
utive slices). ROIs along the normal–abnor-
mal boundaries on the ADC and CBF maps
in the ischemic right hemisphere are shown.
Homologous ROIs were also obtained on
the contralateral normal left hemisphere by
symmetrically reflecting the right-hemi-
sphere ROIs along the midline to the left
hemisphere (not shown). ROIs on the ADC
and CBF maps are generally not the same.
The ellipsoidal ROIs call attention to specific
examples of partial voluming between high
and low resolution. The grayscale bar indi-
cates ADC ranging from 0 to 1 � 10�3 mm2/
sec and CBF ranging from 0 to 3 mL/g/min.
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are emphasized by the ellipsoidal ROIs in Fig. 1. LR data
derived from the central half of the HR k-space yielded
similar results (Group I, not shown).

The ISODATA-derived total lesion volumes for HR and
LR data at 3 hr were obtained. Although both were similar
to TTC infarct volumes (182 � 30 mm3), the lesion vol-
umes at HR (184 � 35 mm3) were closer to infarct volumes
whereas those at LR (194 � 33 mm3) consistently overes-
timated the infarct volumes slightly (pair-wise compari-
son). The ratio of HR to LR pixel numbers was 3.78 � 0.2
to 1, below the expected 4-to-1 ratio. A similar ratio was
reported when lesion volume was quantified using ROI
analysis based on visual delineation or by taking pixels
below the viability thresholds as lesions (4).

Figure 2a shows the HR versus LR scatterplots (n � 14,
Group I � II, 180 min) from the ROIs along the normal–
abnormal boundaries on the ADC and CBF maps. For each
LR pixel, there are four HR pixels. In the absence of in-
creased “noise,” intrinsic tissue ADC or CBF heterogeneity
and PVE due to ischemia at high resolution, all pixels on
the scatterplots would fall onto the unity line. The disper-
sions about the unity line in the left hemisphere were
indicative of reduced SNR and increased intrinsic tissue
heterogeneity at high resolution. Dispersions about the
unity line in the ischemic right-hemisphere ADC were
larger relative to those in the left-hemisphere ADC. The

right-hemisphere dispersions were asymmetric about the
unity line, and the population of pixels located above the
unity line was significantly larger than that under the
unity line. These observations are indicative of the PVE
due to ischemia. The average “ADC” distance (dispersion
index �) to the unity line of the right hemisphere (0.066 �
0.007 � 10�3 mm2/sec) was significantly larger (32%, P �
10�4) than that of the left hemisphere (0.050 � 0.008 �
10�3 mm2/sec). Surprisingly, CBF dispersions about the
unity lines between the left and right hemisphere were
comparable. The average “CBF” distance to the unity line
were not statistically difference between the right- and
left-hemisphere data (0.25 � 0.06 versus 0.23 � 0.03 mL/
g/min, P � 0.12). Nonetheless, the population of right-
hemisphere CBF pixels was also asymmetrically distrib-
uted about the unity line with more pixels located above
than under the unity line, indicative of the PVE due to
ischemia.

ADC and CBF histograms for the HR and LR data at
180 min postischemia are shown in Fig. 2b (n � 14, Group
I � II, 180 min). In the left hemisphere, the ADC and CBF
means, standard deviations, and FWHM were not statisti-
cally different between HR and LR data (P � 0.05), despite
reduced SNR and increased tissue ADC and CBF hetero-
geneity at high resolution. The ADC histogram FWHM of
the right hemisphere was significantly wider than that of

FIG. 2. (a) High- versus low-resolution
scatterplots of the ADC and CBF data at
180 min (n � 14, Group I � II). Right-hemi-
sphere data were obtained from an ROI of
the normal–abnormal boundaries (2–4 pix-
els thick) on the ADC or CBF maps. Data
from the homologous ROIs in the left hemi-
sphere were also obtained for comparison.
The diagonal dotted lines are lines of unity.
(b) Low- and high-resolution ADC and CBF
histograms (n � 14). The y-axis scales were
independently adjusted such that the dis-
played heights of the high- and low-resolu-
tion left-hemisphere histograms were simi-
lar for ease of comparison. The vertical
dash–dot lines are the ADC and CBF viabil-
ity thresholds derived previously (4), and the
dotted lines are the ADC value 2 SD below
its normal left-hemisphere mean and the
CBF value 1 SD below its normal left-hemi-
sphere mean. Note that there was a small
fraction (�5%) of pixels with negative CBF
values; these arose from measurement
noises from pixels with values close to 0
mL/g/min. LR, low resolution; HR, high res-
olution; LH, left hemisphere; RH, right hemi-
sphere.
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the left hemisphere. In the ischemic right hemisphere, the
FWHM of the HR ADC distribution was slightly wider than
that of the LR ADC distribution, and the peak of the HR
distribution was located at a higher ADC value. These
observations suggested that HR imaging reduced partial
voluming, and the effect of parcellating a single LR pixel
into four HR pixels resulted in more normal or close to
normal pixels, as visualized by the areas under curves (Fig.
2b). To quantify the PVE on potential tissue misclassifica-
tion, the volume ratio of pixels below to above the ADC
viability threshold (0.53 � 10�3 mm2/sec (4)) was derived.
This volume ratio for the ADC HR and LR histograms was
1.2 and 2.1, respectively.

Contrary to expectation, the FWHM CBF distribution of
the right hemisphere was narrower than that of the left
hemisphere and the FWHM of the HR and LR CBF distri-
butions were comparable (Fig. 2b). Nonetheless, the peak

of the CBF distribution at high resolution was skewed
toward a higher CBF value relative to that at low resolu-
tion, indicative of the presence of ischemia-related PVE.
The volume ratios of pixels below to above the CBF via-
bility threshold (0.3 mL/g/min (4)) were 0.22 and 0.53 for
the HR and LR histogram, respectively.

The temporal characteristics of the PVE showed that
both right-hemisphere ADC and CBF peaks between HR
and LR data were more separated at early time points (Fig.
3, Group I only, n � 6). The right-hemisphere ADC and
CBF distributions shifted to lower values as ischemia pro-
gressed.

Pixel-by-pixel analysis was used to track the misclassi-
fied pixels and these results are summarized in Table 1 for
the 30 min time point. Approximately 30% of the total
pixels were misassigned due to PVE, the majority of which
were misassigned to abnormal pixels (Table 1, column d).

FIG. 3. Temporal evolution of low- and
high-resolution (a) ADC and (b) CBF histo-
grams of representative time points post-
ischemia (Group I, n � 6). Different ROIs
were used at different time points as neces-
sitated by the ischemic evolution. The ver-
tical dash–dot lines are the ADC and CBF
viability thresholds (4), and the dotted lines
are the ADC value 2 SD below its normal
left-hemisphere mean and the CBF value 1
SD below its normal left-hemisphere mean.
LR, low resolution; HR, high resolution; LH,
left hemisphere; RH, right hemisphere.

Table 1
Pixel Fractions within the Normal–Abnormal Boundary ROIs That Were Misassigned Due to Partial-Volume Effect (Group 1, n � 6)
at 30 min postischemia

(a) Abnormal (b) In-between (c) Normal

(d) Total to (e) In-between to (f) Normal, to

Abnormal
Normal �

in-between
Abnormal Normal Abnormal In-between

ADC 0.32 0.50 0.18 0.30 0.03 0.52 0.03 0.21 0.57
CBF 0.16 0.34 0.50 0.24 0.05 0.44 0.15 0.18 0.41

Note. The two partitions that defined the normal, in-between, and abnormal pixels were, respectively, 0.69 � 10�3 and 0.53 � 10�3

mm2/sec for ADC and 0.3 and 0.7 mL/g/min for CBF (see Methods). There were �3000 HR pixels analyzed for ADC and �2000 HR pixels
for CBF for all six animals. Pixel fractions of columns a–d are with respect to the total pixels, column e is with respect to the number of
in-between pixels (b), and column f is with respect to the number of normal pixels (c).
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Approximately half of the in-between pixels were misas-
signed to the abnormal zone (Tabel 1, column e), whereas
only 3–15% were misassigned to the normal zone. Ap-
proximately 20% of the normal pixels were misassigned to
the abnormal zone, whereas about half were misassigned
to the in-between zone (Table 1, column f). Similar results
were obtained at other time points.

PVE of Further Reduced Resolution and of Zero-Filling
(Fig. 4)

With further reduction in spatial resolution (32 � 32 re-
constructed matrix), the right-hemisphere ADC distribu-
tion was similar to the 64 � 64 data set and its PVE was
more severe than that of the 64 � 64 matrix. The volume
ratio of pixels below to above the ADC viability threshold
was 6.1, considerably larger than that at the 64 � 64 and
128 � 128 resolutions of 2.1 and 1.2, respectively. With
zero-filling of the reconstructed 64 � 64 to 128 � 128, PVE
was more severe relative to data without zero-filling, i.e.,
biased to more core pixels at the expense of at-risk pixels.
As controls, left-hemisphere ADC histograms were ana-
lyzed and found to have similar shapes across four differ-
ent resolutions.

DISCUSSION

The major findings of this study were as follows: (1) ADC
and CBF standard deviations in the normal left hemi-
sphere were comparable between high and low resolution,
despite increased noise and tissue heterogeneity at high
resolution, (2) substantial PVE was observed along the
normal–abnormal boundaries on the ADC and CBF maps,
(3) PVE resulted in overestimation of the abnormal tissue
volumes at the expense of at risk and/or normal tissues,
and misclassified pixels were quantitatively evaluated on
a pixel-by-pixel basis, (4) PVE appeared to be more severe
at the early time points postischemia, and (5) further re-

duction in spatial resolution and zero-filling resulted in
more severe PVE.

Drawbacks of High-Resolution Imaging

The main drawbacks of HR imaging are: (1) increased
likelihood of movement artifact associated with multiple
segmented EPI acquisition, (2) longer acquisition time,
and/or (3) reduced signal-to-noise ratio. Movement artifact
from multishot EPI is unlikely to be a major issue in
anesthetized animals although it could be a problem in
awake animal and human studies if its effects were not
corrected. The HR data took 4 times longer to acquire,
which could lead to some temporal averaging of the isch-
emic evolution, particularly at the early time points.
Herein, a 30-min temporal resolution was targeted for the
HR data and the number of signal averages at HR was kept
the same as LR. Nonetheless, the SNR at HR was sufficient
for the analyses performed. A semi-quantitative compari-
son showed that SNR at HR was 2–3 times lower than that
at LR, instead of the expected factor of 4. The reduced
intravoxel dephasing and its effect on signal decays at HR
could partially compensate the SNR loss. Remarkably, the
standard deviations of the normal ADC and CBF values
were not statistically different between HR and LR, likely
compensated by the increased pixel density. With the
expected improvement in MRI technologies, high spatio-
temporal imaging of acute stroke will become routine.

Potential Issues with Analysis Approaches

The precise pixel fractions that were found to be misclas-
sified were dependent on how the abnormal, normal, and
in-between pixels were defined. The partitions that de-
fined the abnormal pixels were the ADC and CBF viability
thresholds, which were derived based on the TTC corre-
lation reported previously (4). Additional data from differ-
ent groups of animals following our initial reports (4,5)

FIG. 4. ADC Histograms were plotted for
four data sets: (i) 128 � 128 true matrix size,
(ii) 64 � 64 degraded from 128 � 128 data,
(iii) 32 � 32 degraded from 128 � 128 data,
and (iv) 64 � 64 degraded from 128 � 128
but then zero-filled to 128 � 128. The four
histograms displayed on the right with mean
of �0.72 � 10�3 mm2/sec were from the left
normal hemisphere, and the four histograms
on the left with mean of �0.4–0.5 � 10�3

mm2/sec were from the right ischemic hemi-
sphere. The vertical dash–dot lines are the
ADC and CBF viability thresholds (4). All
curves were smoothed slightly for clarity of
display.
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confirmed these viability thresholds. The partitions that
separated the normal from the in-between pixels were 2
SD below the normal ADC mean and 1 SD below the CBF
mean because the normal ADC distribution was sharper.
Similar use of SD to describe these thresholds has been
reported (16). Although not fully validated, these parti-
tions make possible the quantitative evaluation of tissue
fate misclassification due to the PVE. Results obtained
with slight changes in the partitions did not alter the
overall conclusions.

When an ROI of the entire right hemisphere was used in
the histogram analysis, the ischemia-induced PVE was
masked by the intrinsic tissue ADC and CBF heterogene-
ity. This is expected since the ischemia-induced PVE at
the normal–abnormal boundaries constituted only a small
fraction of the total brain tissue in this stroke model.
Analysis enclosing only the normal–abnormal borders
was, however, justified because these borders are clini-
cally relevant and are the targets for therapeutic interven-
tion. Using an automated segmentation algorithm would
allow efficient identification of these border zones.

The use of the central k-space portion of the HR data to
derive the LR data for comparison offered the advantage of
having both HR and LR data sets derived from the same
animals and from identical time points, resulting in more
robust comparisons. Comparison with LR data acquired
separately required the use of identical readout time and
echo time (as employed herein). Both LR data acquired
separately and LR data extracted from HR showed similar
results at 3 hr where the ischemic lesion had stopped
evolving (4), providing further justification to use the ex-
tracted LR data for comparison.

PVE analysis could be affected by differences in SNR
between LR and HR. Although it is possible to match the
SNR of the HR and LR data in principle, it is difficult in
practice. The approach taken herein to compare the ho-
mologous regions in the normal left hemisphere could
readily distinguish ischemia-related PVE from effects of
SNR differences as well as intrinsic tissue heterogeneity.
PVE analysis could also be affected by differences in num-
ber of pixels between LR and HR, as the ROIs drawn
contained slightly different number of pixels between LR
and HR data. This was addressed by analyzing the 64 � 64
data zero-filled to 128 � 128. The PVE with zero-filling or
spatial interpolation (data not shown) from 64 � 64 to
128 � 128 was found to be even more severe. Nonetheless,
analysis of the LR data without zero-filling remains appro-
priate as it is clinically relevant. Together, these results
indicated that ischemia-related PVE was genuine, i.e., not
an artifact of the choice of ROIs or the inclusion of differ-
ent pixel number densities.

Origins and Consequences of the PVE

Data supporting the presence of PVE from ischemia were:
(1) overestimated lesion volume by low resolution, (2)
increased ADC dispersion about the unity line between the
right and left hemisphere, (3) wider ADC distribution rel-
ative to the LR ADC in the right hemisphere, (4) the peaks
of the HR ADC and CBF histograms in the right hemi-
sphere were skewed toward higher values relative to those
of the LR histograms. Surprisingly, the CBF distribution of

the right hemisphere was narrower than that of the control
left hemisphere. The most likely explanation, as supported
by the experimental data, is that ischemia makes the CBF
distribution more homogeneous, i.e., ischemia causes
most pixels to have �0 mL/g/min. This interpretation is
consistent with current and previous observations (4,5)
that “core” CBF pixels are more tightly distributed com-
pared to the normal CBF pixels in the left hemisphere.
Nonetheless, ischemia-related PVE in the CBF data were
present because the peak of the right-hemisphere HR his-
togram was skewed toward higher CBF relative to that of
the LR histogram.

Whether LR overestimated or underestimated lesion vol-
umes depended on the ADC or CBF of the normal, in-
between, and abnormal tissues and the partitions that de-
fined these clusters. In principle, bias could occur in either
direction. The ADC (or CBF) of a single LR pixel could be
approximated by a weighted average of the four HR pixels.
Along the normal–abnormal border, the ADC (or CBF) of a
single LR pixel was heavily weighted by the low “isch-
emic” core ADC (or CBF). Experimental data showed that
most affected pixels were those with mild ADC or CBF
reduction and close to the viability thresholds, as ex-
pected. Thus, a single LR pixel classified as “ischemic
core” might be parcellated into some normal or near-nor-
mal pixels at high resolution. This conclusion is further
supported by similar results obtained using ROI, viability
threshold, and ISODATA analysis to derive lesion vol-
umes; these analyses demonstrated that PVE at LR overes-
timated lesion volumes when compared to TTC.

Potential Implications

When the entire right-hemisphere lesion volumes were
quantified using ROI, viability threshold, and ISODATA
analysis, the volume ratio of HR to LR pixel numbers was
3.7:1 to 3.8:1 instead of the expected 4:1. This volume ratio
for the data obtained along the normal–abnormal ADC and
CBF boundaries was even smaller, ca. 2:1 (i.e., HR and LR
y-axes in Fig. 2b differed by a factor of �2), consistent with
the presence of PVE, which is expected to be more dra-
matic for tissues having larger borders with other tissue
types. The implication is that the PVE is more severe for
smaller infarct sizes with a larger surface-to-volume ratio.
It is also more severe at earlier time points where the ADC
and CBF gradients are likely to be sharper and where ADC
and CBF are dynamically evolving.

The PVE also has other implications. In human stroke
imaging, the PVE must be considered when deriving gray
and white matter viability thresholds, which are different.
In the clinical setting, mean-transit-time (MTT) maps have
been reported to overestimate the operationally defined
ischemic penumbra (17–19). Since MTT has a large dy-
namic range relative to ADC, it is relatively more suscep-
tible to PVE. The PVE effect is potentially relevant to
distinguishing the border between benign oligemia and
penumbra as well as borders associated with the perfu-
sion/diffusion mismatch; a sharper distinction between
these borders will provide a more accurate delineation of
ischemic tissue fates (2). The effect of partial voluming in
fMRI could reduce the fMRI sensitivity and/or cause errors
in mapping activated structures that are on the order of
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cortical columns (20–24). PVE is well known in spectro-
scopic imaging where the voxel size is considerably larger.
In quantifying metabolite differences between gray and
white matters, subvoxel correction of the gray and white
matter volume fraction has been applied (25). Finally,
penumbral tissue classification could be confounded by
whether some pixels showing mild ADC and CBF reduc-
tion or MTT increase are simply the physical effect of
partial voluming between normal and core tissues. This
effect remains to be evaluated and is currently under in-
vestigation.

CONCLUSIONS

This study presents a quantitative and analytical evalua-
tion of the PVE on the delineation of ischemic brain injury.
The PVE has dramatic impact on the accuracy of tissue-
volume classification of different ischemic tissue viability.
Specifically, it overestimates the ischemic lesion volume
at the expense of mostly at risk and some normal tissues.
Marked reduction in PVE was achieved by reducing the
voxel size by a factor of 4. It is suggested that a similar
increase in spatial resolution in human stroke imaging is
feasible with some time penalty. With the expected im-
provement in MRI technologies, high spatiotemporal res-
olution imaging of ischemic brain injury will be routine.
These findings have important implications ranging from
stroke to functional and spectroscopic imaging.
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