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Diffusion-weighted imaging (DWI) and perfusion-weighted imaging (PWI) can rapidly detect lesions in acute ischemic
stroke patients. The PWI volume is typically substantially larger than the DWI volume shortly after onset, that is, a
diffusion/perfusion mismatch. The aims of this study were to follow the evolution of the diffusion/perfusion mismatch
in permanent and 60-minute temporary focal experimental ischemia models in Sprague-Dawley rats using the intralu-
minal middle cerebral artery occlusion (MCAO) method. DWI and arterial spin-labeled PWI were performed at 30, 60,
90, 120, and 180 minutes after occlusion and lesion volumes (mm3) calculated At 24 hours after MCAO, and infarct
volume was determined using triphenyltetrazolium chloride staining. In the permanent MCAO group, the lesion volume
on the ADC maps was significantly smaller than that on the cerebral blood flow maps through the first 60 minutes after
MCAO; but not after 90 minutes of occlusion. With 60 minutes of transient ischemia, the diffusion/perfusion mismatch
was similar, but after reperfusion, the lesion volumes on ADC and cerebral blood flow maps became much smaller. There
was a significant difference in 24-hour infarct volumes between the permanent and temporary occlusion groups.

Ann Neurol 2004;55:207–212

Diffusion-weighted imaging (DWI) is widely used to
investigate hyperacute cerebral ischemia both in exper-
imental stroke models and in patients with ischemic
stroke, detecting early ischemic abnormalities related to
reduction of the apparent diffusion coefficient (ADC)
of brain water.1–8 Perfusion-weighted imaging (PWI)
provides information about the hemodynamic status of
brain tissue and detects regions with impaired cerebral
perfusion.9,10 Clinical reports have demonstrated that
the impaired perfusion region is typically larger than
the lesion detected by DWI early after stroke on-
set.11–13 The difference between the PWI and DWI
abnormalities was termed the diffusion/perfusion mis-
match, and the DWI lesion usually enlarges over time
until it coincides with the perfusion deficit.11–13 The
mismatch region may represent potentially salvageable
brain tissue with timely and appropriate therapy.14 The
diffusion/perfusion mismatch evolution has not been
well characterized during the first few hours in individ-
ual patients, nor in animal models. The aims of this
study were to delineate the temporal evolution of the
diffusion/perfusion mismatch volume in a rat perma-
nent and temporary focal ischemia model and to con-

firm that the mismatch region identifies salvageable tis-
sue if subjected to early reperfusion.

Materials and Methods
Animal Preparation
All procedures used in this study were in accordance with
our institutional guidelines. Seventeen male Sprague-Dawley
rats weighing 300 to 350gm were used. Animals were ini-
tially anesthetized intraperitoneally with 400mg/kg chloral
hydrate. PE-50 polyethylene tubing was inserted into the left
femoral artery for continuous blood pressure monitoring and
for measuring pH, PaCO2, and PaO2, before occlusion and
60 minutes after middle cerebral artery occlusion (MCAO).
Temperature was continuously monitored with a rectal probe
and maintained at 37.0°C during the surgical procedure with
a heating pad.

Focal Brain Ischemia
This study consisted of three experimental groups. Two
groups underwent permanent MCAO, Group 1 for estab-
lishing the ADC and cerebral blood flow (CBF) thresholds
(n � 5) and a second validation group (Group 2, n � 6). In
Group 3 (n � 6), the rats were mechanically reperfused by
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withdrawing the occluder at 60 minutes after MCAO while
the animal was in the magnet.

Focal brain ischemia was induced with the intraluminal
suture MCAO method under chloral hydrate anesthesia (400
mg/kg, IP) as originally described by Koizumi and col-
leagues.15 After MCAO, the animals were quickly placed
into the magnet and anesthesia was switched to 1% isoflu-
rane delivered in air at 1.0L/min. Temperature was moni-
tored using a rectal probe and maintained at 37.0°C using a
thermostatically regulated heating pad.

Magnetic Resonance Imaging Measurements
Magnetic resonance imaging (MRI) experiments were per-
formed on a 4.7T/40cm horizontal magnet equipped with a
Biospec Bruker console (Billerica, MA), and a 20 Gauss/cm
magnetic field gradient insert (ID � 12cm). The animals
were imaged initially at 30 minutes after MCAO and then at
60, 90, 120, and 180 minutes after MCAO. A surface coil
(2.3cm ID) was used for brain imaging and an actively de-
coupled neck coil was used for CBF labeling.

To provide anatomical localization, we acquired T2-
weighted images using the fast spin-echo pulse sequence with
TR � 2 seconds (90-degree flip angle), effective TE � 80
milliseconds, data matrix � 256 � 256 or 128 � 128, echo
train length � 16, field of view � 2.5cm � 1.9cm, six
1.5-mm slices, and four signal averages. A directionally aver-
aged ADC (ADCav) map was obtained by averaging three
ADC maps acquired separately with diffusion-sensitive gra-
dients applied along the x, y, or z direction.16 Single-shot,
spin-echo, echo-planar images (EPIs) were acquired over 2
minutes with TR � 2 seconds (90-degree flip angle), TE �
45 milliseconds, data matrix � 64 � 64, field of view �
2.5 � 1.9cm, six 1.5mm slices, b � 10, and 1,504 sec/mm2,
� � 20 milliseconds, � � 6.5 milliseconds, and eight signal
averages.

Quantitative CBF was measured using the continuous ar-
terial spin-labeling technique17,18 with single-shot, gradient-
echo EPI. One hundred paired images (for signal averaging)
were acquired over 6.7 minutes, alternately, one with arterial
spin labeling and the other (control) without spin-labeling
preparation. The MRI parameters were similar to ADC mea-
surements except TE � 15 milliseconds. Arterial spin label-
ing utilized a 1.78-second, square radiofrequency pulse in the
presence of 1.0 Gauss/cm gradient along the flow direction.
The sign of the frequency offset was switched for nonlabeled
images.

Data Analysis for In Vivo Lesion Size Calculation
Quantitative ADCav maps, in units of square millimeters per
second, were calculated using the Stejskal–Tanner equa-
tion.16 Quantitative CBF maps, in units of milliliters per
gram of tissue per min (ml/g/min) were calculated using the
water brain–blood partition coefficient � of 0.9, tissue T1 of
1.5 seconds, and spin-labeling efficiency � of 0.75.17,18

In an initial group of permanently occluded animals (n �
5), ADC and CBF thresholds of abnormality were derived by
adjusting the respective threshold values so that the ADC-
and CBF-derived lesion volumes at 3 hours were equal to the
2,3,4-triphenyltetrazolium chloride (TTC) infarct volume at
24 hours. Earlier experimental studies have shown that the

DWI-defined lesion volume is maximized by 2 to 3 hours
after permanent MCAO and demonstrates high correlation
and correspondence to infarct volumes determined by post-
mortem histology.19–21 The ADC and CBF thresholds de-
rived from this training data set then were used prospectively
to calculate the lesion volumes for all time points in this
group, in the second permanent occlusion group (n � 6)
and the temporary occlusion group (n � 6). All the pixels
comprising the abnormal area on the ADC and CBF maps
were identified using these thresholds on the six imaged
slices from each animal at each time point. The ADC- and
CBF-derived lesion volumes then were calculated by multi-
plying the abnormal areas by the slice thickness, 1.5mm, and
summing the volumes from each slice. The ADC- and CBF-
derived lesion volumes at 3 hours after MCAO then were
independently correlated with TTC-derived infarct volumes
at 24 hours for experimental Groups 2 and 3.

Neurological and Postmortem Evaluation
Twenty-four hours after MCAO, the animals underwent
neurological scoring using the Zea-Longa scale as previously
described and were killed with an overdose of chloral hydrate
(600mg/kg of body weight) and decapitated.19 The brains
were quickly removed and sectioned coronally into eight,
1.5mm-thick slices. The first and last slices were not in-
cluded in the calculation of infarct volumes, because these
slices were not evaluated in the MRI data sets. The brain
slices were incubated for 30 minutes in a 2% solution of
TTC at 37°C and fixed by immersion in a 10% of buffered
formalin solution and infarct volumes (with edema correc-
tion) were determined as previously described.19,20 To cor-
rect for the effects of brain edema, a corrected infarct volume
was calculated by the following formula: corrected infarct
volume � left hemisphere volume � (right hemisphere
volume � infarct volume).

Statistical Analysis
Data are presented as mean � standard deviation. Statistical
analysis of the physiological variables was performed using a
repeated-measures analysis of variance. Two-tailed, paired or
unpaired, Student’s t tests were used to compare the para-
metric variables. A linear-regression analysis was used to cor-
relate the ADC- and CBF-derived lesion volumes with TTC-
derived infarct volumes. A p value less than 0.05 was
considered significant.

Results
Physiological variables such as body temperature, mean
arterial blood pressure, pH, PaCO2, and PaO2 were
within the reference range throughout the experiment
and were not significantly different between the groups
(data not shown). The neurological deficits 24 hours
after MCAO did not differ in the permanent and tem-
porary ischemia groups, 2.6 � 1.2 and 2.3 � 0.5.

The abnormal thresholds values derived at 3 hours
after MCAO from Group 1 (training set data of per-
manently occluded animals) were, for ADC, 0.53 �
0.03 � 10�3 mm2/sec, and CBF, 0.30 � 0.09ml/gm/
min, a 30 � 2% and 57 � 11% reduction, respec-
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tively, as compared with the mean normal hemisphere
values. These thresholds were applied to evaluate lesion
volumes in a second group of permanently occluded
animals, Group 2. The CBF-derived lesion volume re-
mained relatively constant over the 180-minute imag-
ing time period, and the lesion volume at each time
point was significantly correlated with the infarct vol-
ume at 24 hours except for the 90- and 120-minute
time points in Group 2 when analyzed alone (Table).
The diffusion/perfusion mismatch the data from
Group 2 initially was evaluated independently. Then
the data from Groups 1 and 2 of permanently oc-
cluded animals were combined to improve estimates of
the ADC and CBF lesion volume evolution over time.
The mismatch region was identified as the difference
between the abnormal perfusion and diffusion regions
(as defined using the ADC and CBF thresholds given
above). For Group 2 (Fig 1A), the abnormal perfusion
volume was significantly larger than the abnormal dif-
fusion volume at both 30 and 60 minutes after
MCAO. This also was the case when the data from
both Groups 1 and 2 were combined (see Fig 1B). At
90 minutes after occlusion, the mean abnormal perfu-
sion volume was 23mm3 larger than the mean abnor-
mal diffusion volume for Group 2 (p � 0.13) and
25mm3 larger than the diffusion volume for Groups 1
and 2 (p � 0.06). By 180 minutes, the ADC- and
CBF-defined volumes were almost identical. The
ADC-defined lesion at 3 hours was highly correlated
with the 24-hour TTC-derived infarct volume for both
Group 2 (r � 0.92, p � 0.008) and the combined
data from Groups 1 and 2 (r � 0.93, p � 0.00002).

For the 60-minute reperfusion cohort (Group 3),
there was also a statistically significant perfusion/diffu-
sion mismatch at 30 and 60 minutes after MCAO (but
before reperfusion; Fig 2). After mechanical reperfusion
at 60 minutes, the CBF-defined lesion volume de-

creased significantly (see Table). However, the CBF-
defined lesion volumes at the 90-, 120-, and 180-
minute time points did not differ significantly. The
ADC-defined lesion volume also declined upon reper-
fusion, decreasing by 62mm3 between the 60- and 90-
minute time points and then remained statistically sim-
ilar to the 90-minute value at the 120- and 180-
minute time points. The TTC-derived lesion volume
at 24 hours was somewhat larger than the 3-hour,
ADC-derived lesion volume, but this was not a statis-
tically significant difference (p � 0.35). The corrected
infarct volume at 24 hours, 140 � 32mm3 was, how-
ever, significantly smaller in the temporary occlusion
group than in Group 2, 245 � 45 (p 	 0.01), or the
combined permanent occlusion groups, 224 � 46
(p 	 0.001).

Discussion
This study demonstrated a substantial mismatch be-
tween ADC- and CBF-derived lesion volumes after the
acute the onset of focal ischemia in the rat suture per-
manent MCAO model. The volume of diffusion/per-
fusion mismatch was significant at 30 and 60 minutes
after occlusion and approached statistical significance at
the 90-minute time point. By 180 minutes after
MCAO, the ADC- and CBF-derived lesion volumes
were essentially identical. Because the CBF-derived le-
sion volumes remain essentially constant during the
first 3 hours after permanent MCAO (see Fig 1), the
initial diffusion/perfusion mismatch arose almost en-
tirely from the smaller ADC-derived lesion volume.
The magnitude of the statistical differences between
the ADC- and CBF-derived lesion volumes will de-
pend on the choice of the ADC threshold used to de-
lineate the ischemic lesion. For example, we have dem-
onstrated previously that lower ADC thresholds can be
derived at early time points that give ADC-derived le-

Table. Correlations between Mean CBF-Derived Lesion Volumes (mm3) at Various Time Points and 24-Hour TTC Infarct
Volume in the Permanent Occlusion Groups and the CBF Volumes over Time in the Temporary Group That Could Not Be
Correlated to Infarct Volume because of the Reperfusion

Group 30 min 60 min 90 min 120 min 180 min 24 hr (TTC)

1 
 2
LV 235 216 224 223 227 224
r 0.77 0.73 0.62 0.60 0.81
p 0.005 0.01 0.04 0.05 0.002

2
LV 244 227 239 226 248 245
r 0.85 0.91 0.77 0.80 0.92
p 0.03 0.01 0.07 0.06 0.009

3
247 238 101 131 115 140

n � 11 in Group 1 
 2, n � 6 in Group 2, p 	 0.05 was considered significant. 24-hour lesion volume represents the TTC infarct volume
(mm3).

CBF � cerebral blood flow; TTC � 2,3,4-triphenyltetrazolium chloride; LV � lesion volume.
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sion volumes that also show high correlation and cor-
respondence with the histologically derived infarct vol-
ume.21 However, as pointed out by Olah and
colleagues,22 there is a minimum ADC threshold that
is associated with the metabolic energy failure (ATP
depletion) that subsequently causes infarction. Olah
and colleagues found that an ADC reduction threshold
of 23% (derived from comparisons with postmortem
bioluminescence maps of ATP depletion) was a good
estimate at all time points during the MCAO period
and early after reperfusion. The validity of using the

3-hour time point for deriving the CBF reduction
threshold was justified by the observation that the per-
fusion lesion volume based on the 57 � 11% reduc-
tion threshold remained relatively stable over the
3-hour imaging time period and was correlated with
the postmortem infarct volume in the combined data
set from both permanent occlusion groups, providing
additional confirmation that the 3-hour CBF reduction
threshold is a reliable indicator of a perfusion abnor-
mality related to histologically confirmed infarction
(see Table).

Upon mechanical reperfusion in this suture occlu-
sion model, we observed a substantial reduction in the
hypoperfused tissue volume. Approximately 40% of
the initially hypoperfused territory did not reperfuse,
consistent with the results obtained by other groups us-
ing the same model.22,23 Despite suture withdrawal,
persistent microvascular sludging and endothelial in-
jury may contribute to persistent perfusion deficits af-
ter reperfusion.24 It is noteworthy (see Fig 2) that the
CBF-derived lesion volumes in the first hour postreper-
fusion are somewhat smaller than those at the subse-
quent 120- and 180-minute time points. This may be
related to reactive hyperemia, observed by several
groups initially after reflow following transient focal ce-
rebral ischemia.22,25,26

Within 30 minutes of reperfusion, the mean ADC-
derived lesion volume declined by more than 35%.
These results are consistent with previous animal stud-
ies and in a few human studies after intraarterial and
intravenous thrombolysis, demonstrating full/partial re-
versibility of diffusion abnormalities with early reperfu-

Fig 1. (A) Temporal evolution of apparent diffusion coefficient
(ADC)– and cerebral blood flow (CBF)–derived ischemic le-
sion volumes (mm3) in Group 2 (n � 6) subjected to perma-
nent suture middle cerebral artery occlusion (MCAO) based
on ADC and CBF reduction thresholds of 30 � 2% and
57 � 11%, respectively. The ADC- and CBF-derived lesion
volumes are compared with the 2,3,4-triphenyltetrazolium
chloride (TTC)–derived infarct volume at 24 hours. The error
bars are standard error of the mean. *p 	 0.01, **p 	
0.005. (B) Temporal evolution of ADC- and CBF-derived
ischemic lesion volumes (mm3) in Groups 1 and 2 (n � 11)
subjected to permanent suture MCAO based on ADC and
CBF reduction thresholds of 30 � 2% and 57 � 11%, re-
spectively. The ADC- and CBF-derived lesion volumes are
compared with the TTC-derived infarct volume at 24 hours.
The error bars are standard error of the mean. *p 	 0.01;
**p 	 0.001.

Fig 2. Temporal evolution of apparent diffusion coefficient
(ADC)– and cerebral blood flow (CBF)–derived ischemic le-
sion volumes (mm3) in Group 3 (n � 6) subjected to 60
minutes of suture MCAO based on ADC and CBF reduction
thresholds of 30 � 2% and 57 � 11%, respectively. The
ADC- and CBF-derived lesion volumes are compared with the
2,3,4-triphenyltetrazolium chloride–derived infarct volume at
24 hours. The error bars are standard error of the mean. Ar-
row indicates reperfusion (REP). *p 	 0.005; **p 	0.001.
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sion.22,27–30 The ADC reversal observed after relatively
short periods of transient focal ischemia does not nec-
essarily portend tissue salvage, because secondary en-
ergy failure related to mitochondrial dysfunction from
calcium overload, free radical formation, and lactic ac-
idosis potentially could lead to subsequent increases in
ADC-derived lesion volume over time.22,27,31 In the
reperfusion group, the ADC-defined lesion volume at
3 hours tended to underestimate the 24-hour, TTC-
derived lesion volume. We attribute this observation to
the likely occurrence of secondary, reperfusion injury
that evolves over many hours,22,27,32 resulting in con-
comitantly larger ischemic lesion volumes at postmor-
tem.

In clinical MRI studies, the diffusion/perfusion
mismatch typically is identified by visual inspection
of the DWI or ADC maps for diffusion MRI and
mean-transit-time or time-to-peak maps for perfusion
MRI.6,11 Using this approach, several groups have
evaluated the presence of a diffusion/perfusion mis-
match in stroke patients and observed substantial vol-
umes of mismatch in many patients imaged within 6
hours or even longer after stroke onset, substantially
longer than our animal model.11,33 The mismatch
concept also has been used to determine if such pa-
tients are likely to respond more favorably to throm-
bolytic therapy than patients treated at a similar time
point after stroke who do not demonstrate a mis-
match.34,35

An important advantage of identifying the diffu-
sion/perfusion mismatch in an animal stroke model is
that information about the temporal evolution of po-
tentially salvageable ischemic tissue can be investi-
gated under carefully controlled conditions. The dif-
fusion/perfusion mismatch provides a volumetric
estimate of the putative ischemic penumbra and the
duration of its temporal existence, information that
could be useful for defining an effective therapeutic
window. For example, in our laboratory, using the
same suture-occlusion model in this study, we have
never observed significant treatment effects with any
neuroprotective or mechanical-reperfusion therapy be-
yond 60 minutes after the onset of permanent isch-
emia.36 The MRI results from this study suggest that
treatment initiated at 90 minutes or later would be of
limited success because the volume of diffusion/per-
fusion mismatch (and hence potentially salvageable
tissue) is not significant beyond the 60-minute time
point in this model. It is likely that different animal
stroke models will have different diffusion/perfusion-
mismatch characteristics as compared with the suture
permanent MCAO model, and thus the window for
potential therapeutic interventions will likely vary be-
tween models.

In conclusion, this study demonstrates the presence
of a substantial diffusion/perfusion mismatch up to 60

minutes after MCAO in our rat suture MCAO model.
With mechanical reperfusion at 60 minutes, the infarct
volume was significantly smaller than in permanently
occluded animals at the same time points, supporting
the possibility of a treatment effect with early reperfu-
sion in this model.
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