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Abstract
The basic premise of neuroprotection in acute stroke is the presence of salvageable tissue, but the
spatiotemporal volume profiles of the penumbra and infarction remain poorly defined in
preclinical animal models of acute stroke used to evaluate therapies for clinical application. Our
aim was to define these profiles using magnetic resonance imaging (MRI) quantitative cerebral
blood flow (CBF) and apparent diffusion coefficient (ADC) for dual-parameter voxel analysis in
the rat suture permanent middle cerebral artery occlusion (pMCAO) model. Eleven male Sprague
Dawley rats were subjected to pMCAO with MRI measurements of quantitative CBF and ADC at
baseline, over the first 4 h (n=9) and at 7, 14, and 21 days (n=4). Voxel analysis of CBF and ADC
was used to characterize brain tissue ischemic transitions. Penumbra, core, and hyperemic
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infarction volumes were significantly elevated (P<0.05) and unchanged over the first 4 h of
pMCAO while the total lesion volume progressively rose. At 7, 14, and 21 days, tissue
compartment transitions reflected infarction, tissue cavitation, and selective ischemic neuronal
necrosis. Anatomical distribution of penumbra and core revealed marked heterogeneity with
penumbra scattered within core and penumbra persisting even after 4 h of permanent MCAO.

Keywords
Acute stroke; Apparent diffusion coefficient; Cerebral blood flow; Diagnosis; Magnetic resonance
imaging

A basic concept in neuroprotection for acute stroke is the presence of salvageable tissue at
intervention. Thus, in animal models of acute stroke used to evaluate neuroprotective
strategies, information on the spatio-temporal profiles of penumbra and infarction during
focal ischemia and after reperfusion is essential to select the optimal time and duration of
therapeutic intervention for maximal therapeutic effect while avoiding the potentially
devastating effect of hemorrhagic transformation with recanalization. The volume of
penumbra represents the potential for therapeutic salvage and the volume of infarction, the
potential for hemorrhagic transformation [1–4].

Although the importance of identifying the ischemic penumbra has been clearly
demonstrated in terms of neurologic improvement with successful recanalization in clinical
acute stroke [1–4], accurate and detailed temporal profiles of penumbra and infarction in
animal models of acute stroke during ischemia and after reperfusion are lacking despite
extensive investigation [5–12].

The importance of temporal profiles of the penumbra and infarction in acute stroke
animalmodels is especially important with the trend at the NIH toward combination therapy
[13] aimed at specific pathophysiological processes from hours to days and weeks in acute
stroke [14–16]. The importance of the timing of therapeutic intervention is also exemplified
by the disappearance after several weeks of recovery, of the early beneficial effects of short
duration hypothermia [14, 15], and anesthetic protection applied early post-insult [17, 18].

Two aspects of the ischemic penumbra and core have confounded their identification and
quantitation. First, the classical pattern of core surrounded by penumbra, i.e., fried egg
pattern [19–21], occurs in 30% of acute stroke patients whereas in 70%, the penumbra is
heterogeneously scattered within the core tissue, i.e., archipelago pattern, thus precluding
quantitation by volumetric analysis.

The heterogeneity of penumbra and core creates the second problem in that clinically, the
penumbra is defined by the difference between visually drawn volumes of interest (VOI) for
diffusion (DWI) and perfusion (PWI) weighted magnetic resonance imaging (MRI) images
to obtain the mismatch volume. The heterogeneity of the penumbra and core distribution
within these volumes could lead to confusion regarding the reliability of apparent diffusion
coefficient (ADC) in identifying the infarction volume [22].

The solution to the quantitation of the penumbra and infarction despite their heterogeneity
was provided in a seminal study by Shen et al. [5], who used voxel analysis by quantitative
cerebral blood flow (CBF) and ADC, two relevant physiological variables characterizing the
severity of ischemia to track tissue ischemic transitions and the spatio-temporal profiles of
the penumbra and core in time. They revealed the heterogeneity of penumbra and core in
anatomical distribution by voxel analysis, but by adjusting the CBF and ADC thresholds in a
rat after 3 h of permanent middle cerebral artery occlusion (MCAO) to match the 2,3,5-
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triphenyltetrazolium chloride (TTC)-defined infarct at 24 h, they converted the voxel to
volumetric analysis which was then used in subsequent studies [6, 7, 9].

Voxel analysis using multiparametric MR parameters of diffusion-, T2-, and T1-weighted
imaging (DWI, T2WI, and T1WI, respectively) in the iterative self-organizing data analysis
(ISODATA) method, as developed by Chopp and colleagues [10–12], differentiates normal
from abnormal tissue. In a modification of the method, Shen et al. [8] used quantitative CBF
and ADC voxel analysis by ISODATA cluster analysis and tracked penumbra and core for
up to 3 h of permanent MCAO which failed to reveal the heterogeneity previously observed
using threshold voxel analysis of CBF and ADC. This difference raises a question as to
whether the ISODATA cluster analysis altered the fidelity of the CBF–ADC relationship
[5]. Thus, we believe that the spatio-temporal profile of the penumbra and infarction in the
rat MCAO model remains to be accurately defined for use in the rational development and
optimization of neuroprotective therapies for acute stroke.

In this study, we examined the spatio-temporal and volume profiles of the ischemic
penumbra and infarction in the rat suture model of pMCAO by quantitative CBF and ADC
voxel analysis as described by Shen et al. [5]. Quantitative CBF and ADC thresholds were
defined by the mean ± 2SD of the pre-ischemic voxel distribution, which was used to
determine the evolution of ischemic tissue compartments for up to 3-week recovery. Serial
MRI scans were performed at baseline through the first 4 h and at 7, 14, and 21 days of
recovery.

Materials and Methods
Animal Preparation

The protocol was approved by the Animal Care and Use Committee of Carnegie Mellon
University and the University of Pittsburgh. Thirteen male Sprague Dawley rats (300–350 g,
Charles Rivers Laboratories, Wilmington, MA, USA) were studied. Rats were incubated and
mechanically ventilated on 2:1 oxygen/nitrous oxide and 2% isoflurane. Femoral artery and
venous catheters (PE-50) were inserted for blood pressure and heart rate monitoring, arterial
blood sampling, and fluid replacement.

Permanent MCAO (pMCAO) was induced by 2.5-cm 4-0 nylon suture inserted into the
internal via the external carotid artery as previously described [23]. Rectal temperature was
maintained at 37.0±0.5°C, using a warm air system (SA Instruments, New York, NY, USA).
Physiological parameters were monitored continuously and blood gasses measured at
baseline, midpoint, and the end of the MRI scans. MRI scans were performed before
pMCAO and at 1, 2, 3, and 4 h post pMCAO (4H group, n=9). A second group with
pMCAO was recovered after an MRI scan at 1 h with repeat scans at 7, 14, and 21 days
(n=4). Only two animals survived to 21 days, one to 7, and one to 14 days. Recovered
animals were monitored and provided with water and liquid food as needed.

Magnetic Resonance Imaging—Animals were placed prone and imaged using a 4.7-
Tesla, 40-cm bore Bruker AVANCE system (Billerica, MA, USA), equipped with a 12-cm
shielded gradient insert. A 72-mm volume coil with 2.5-cm actively decoupled brain surface
coil was used for imaging.

Average ADC was obtained using established parameters [5–7]. Briefly, three ADC maps
with diffusion-sensitive gradients applied separately along the x, y, or z direction, were
averaged. A single shot spin-echo, echo planar image (SE-EPI) sequence was acquired with
matrix=64×64, TR= 2 s, FOV=2.3 cm, 90° flip angle, b=10, 500, 1,500 s/mm2, Δ= 15 ms,
δ=5 ms, and 16 averages.
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Continuous arterial spin labeling (ASL) was used to quantify CBF [24, 25]. A single shot,
SE-EPI sequence with a TR=2 s, 64×64 matrix, FOV=2.3 cm, 2-s labeling pulse, with the
labeling pulse for the inversion plane positioned ±2 cm from the perfusion detection plane.
The use of SE-EPI for ASL minimizes pixel misalignment.

Maps of the spin lattice relaxation time of tissue water (T1obs) were generated from a series
of spin-echo images with variable TR (FOV=2.3 cm, four averages, 64×64 matrix) [26].

Image Analysis—CBF and ADC data were analyzed with in-house code in Matlab
(MathWorks Inc., Natick, MA, USA) for the left (ipsilateral) and right (contralateral)
hemisphere. Representative CBF and ADC maps were created using Image J software [27].

Voxel maps of (MC − ML) · MC
−1 were generated from the perfusion data, where

MC=magnetization intensity from the control image and ML=magnetization intensity from
the labeled image. The average of the two maps was computed and negative pixels retained
for quantification. T1obs maps were generated from the series of variable TR images by a
non-linear fit to

(1)

where M(t)=signal intensity at TR time t and M0=signal intensity at equilibrium. Regional
CBF was then calculated from [28]

(2)

where λ=blood–brain partition coefficient of water, with an assumed spatially constant value
of 0.9 mL/g [29] and α= spin-labeling efficiency of 0.7 [30].

ADC maps were calculated by [31]

(3)

where Si=signal intensity with bi and So=signal intensity obtained with bo.

(4)

Voxel Analysis—Compartment thresholds ADC and CBF were defined as the mean ±
2SD values of pre-ischemic CBF and ADC in the ipsilateral hemisphere. On this basis, the
lower CBF threshold represented a 72%±14% reduction in CBF (n=11) and upper and lower
limits of 33%±7% above and 33%±7% below (n=11) mean ADC. Using these thresholds as
determined for individual animals, the following compartments were created as follows (see
Fig. 3): compartment 1 = normal, normal ADC and CBF; 2 = ischemic penumbra, ADC
normal, CBF below normal; 3=ischemic core, low ADC and CBF; 4=high-flow infarction
area, low ADC normal CBF; 5= ischemic necrosis/tissue dissolution, high ADC low CBF;
and 6 is undefined. Each voxel represents a volume of 2.57 µl.

Histology—The brains of pentobarbital anesthetized rats, 50 mg/kg, i.p., were
transcardially perfused with 100 ml of normal saline followed by 100 ml of 2%
paraformaldehyde and immersed in 10% buffered formalin. The brains were cut, paraffin
embedded, sectioned, and stained with hematoxylin–eosin and read by Dr. Rao.
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Statistical Analysis—The data were analyzed using repeated measures ANOVA with
Bonferroni correction (P<0.01) for significant differences to compare the six groups at each
time point to determine the differences within each group over time. Data were expressed as
mean ± SD.

Results
Physiological Variables (Table 1)

Rectal temperature was maintained at 37.0°C±0.5°C. Mean PaCO2 and PaO2 values were
not significantly different pre- and post-stroke. MABP was similar between the 4H and 21D
groups at 90±15, 85±6, 89±8, and 90±7, respectively. Hematocrit, body weight, and arterial
pH were also not different.

MRI
Representative CBF and ADC maps for 4H and 21D rats are shown in Fig. 1a, b,
respectively. Baseline CBF ranged from 220 to 300 mL/100 g/min, consistent with
previously reported values [32]. One hour after pMCAO (Fig. 1a), a large region of reduced
CBF was observed in the ipsilateral hemisphere that progressively increased in size between
2 and 4 h. It expanded from cortical to subcortical regions, hippocampus and striatum, and
extended into the contralateral hemisphere.

Baseline mean ADC was 0.74±0.06×10−3 mm2/s comparable to that previously reported
[32]. One hour after pMCAO, ADC fell significantly from 0.68±0.06×10−3 mm2/s to
0.51±0.08×10−3 mm2/s at 4 h (Fig. 1a). At 21 days (Fig. 1b), ADC increased to
1.56±0.09×10−3 mm2/s. In 4H rats, ipsilateral ADC changes paralleled CBF which
continued to increase in size for up to 4 h. CBF changes were also seen in the contralateral
hemisphere without apparent changes in ADC.

In a rat studied for up to 21 days after pMCAO (Fig. 1b), CBF fell sharply at 1 h restricted
to the cerebral cortex but expanded to the hemisphere at 7, 14, and 21 days. Contralateral
CBF decreased between 1 h and 7 days and recovered slightly at 14 and 21 days. ADC
decreased after 1 h and continued through 7 days but increased at 14 and 21 days.

Voxel Analysis
Quantitative CBF and ADC voxel analysis for the ipsilateral hemisphere shows the tissue
ischemic transitions after pMCAO in 4H (Fig. 2a) and 21D (Fig. 2b) rats. CBF/ADC voxel
plots with compartments 1 through 6 from 1 to 4 h after pMCAO show the ischemic tissue
transitions while transfer to the anatomical localization reveals the heterogeneity of the
penumbra, core, and hyperemic core with the tissues interspersed within each other. After 4
h of MCAO, core volume increased but with penumbra and hyperemic tissue within and
around the core.

Voxel analysis of CBF and ADC for a rat recovered to 21 days shows the transition of
voxels fromnormal to ischemic penumbra at 1 h post-insult (Fig. 2b). At 7 days, a large
number of penumbra voxels fell into the subcortical and striatal regions. The number of
voxels in the penumbra persisted at days 14 and 21. It is unlikely that these voxels represent
penumbral tissue but rather tissue suffering selective neuronal necrosis with low CBF and
normal ADC as discussed later.

Quantitation of the number of voxels in each compartment for both hemispheres in the 4H
group showed increased penumbral volume at 1 h which remained unchanged after 4 h (Fig.
3 top). Compartments 3 and 4 represent irreversibly injured core, which is hypo and
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hyperperfused, respectively, which was unchanged over 4 h. Changes were also observed in
the contralateral hemisphere with significant increases in penumbra and hyperemic core.

Changes in voxel number in compartments at 1 h and 7, 14, and 21 days show that
penumbral volume increased at 1 h and then markedly at 7 days, declined at 14 days then
increased again at 21 days (Fig. 4, top). A significant and progressive increase in
compartment 5 indicated cavitation with ADC values similar to that for cerebrospinal fluid.

A significant increase in penumbra voxels in the contralateral hemisphere paralleled that in
the ipsilateral hemisphere (Fig. 4, lower panel). Changes in compartment 5 were also
observed in the contralateral hemisphere.

Histology of a brain of one of the rats studied at 21 days with a drawing of the brain section
illustrates the microscopic examination of the tissue by one of us (GR Rao; Fig. 5). The
drawing illustrates the region suffering ischemic neuronal necrosis on the borders of the
infraction.

Discussion
Our studies show that quantitative CBF and ADC voxel compartmental analysis reveals the
heterogeneity in the spatio-temporal profile of the ischemic penumbra and infarction
precluding the use of volumetric analysis for accurate measurement of these tissue volumes.
It also showed that despite voxel migration between compartments, penumbra, core, and
hyperemic core volumes remained relatively unchanged in the first 4 h after permanent
MCAO. Tissue dissolution after 1 through 3 weeks after pMCAO was reflected by voxel
migration into compartment 5 with low CBF and high ADC while the persistence of voxels
in penumbra compartment 2 for up to 3 weeks after pMCAO was likely indicative of tissue
suffering selective ischemic neuronal necrosis without infarction. These results could shed
light on the methods used to evaluate the spatio-temporal profile of penumbra and core in
the rat MCAO model which we believe has not been adequately or accurately characterized
based on the methods used. Information on the spatio-temporal profile of penumbra and
infarction is not being used for the rational development of neuroprotective strategies for
optimal efficacy.

The classical notion of the ischemic penumbra is that of a core surrounded by a penumbra
[19, 20]. However, our study and that of Shen et al. [5–7] have shown that the penumbra is
frequently embedded within the core. Olivet et al. [21] found that 70% of the DEFUSE
patients had what they described as an archipelago pattern of penumbra distributed within
the core as opposed to the classical “fried egg pattern.” This heterogeneous distribution of
penumbra and core eliminates volumetric evaluation of penumbra and core as the
heterogeneity within these tissue volumes in the perfusion and diffusion MRI images may
contain voxels associated with penumbra or benign oligemia [22]. The only method of
analysis of CT and MRI images on clinical scanners are volumetric-based, and until voxel-
based analysis becomes available, volumetric analysis and perfusion–diffusion mismatch
may be clinically “good enough” [1–4] for clinical trials.

The use of the mean ± 2SD of the baseline voxels of the ipsilateral hemisphere resulted in
thresholds associated with a 72% reduction in CBF, i.e., to 30% of control and upper and
lower thresholds of 33% above and below the mean ADC are similar to the thresholds
reported by Hoehn-Berlage et al. [33] and Kohno et al. [34] based on mean ± 2SD. They
reported a decrease in CBF to 70% of control associated with acidosis and a decrease to
30% of control associated with a decrease in ATP. In a comprehensive review, Hossmann
[35] set the CBF threshold for acidosis, i.e., penumbra at 70% of control and for infarction at
a CBF of 40% of control. Shen et al. [5] obtained CBF and ADC thresholds of 42% and
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72% of control after 180 min of permanent MCAO as defined by TTC-defined infarct
volume at 24 h. Our ADC thresholds of a 33% decrease in ADC, i.e., 70% of control, for
core approximated ADC values of 77% of control for core [33, 34].

Shen et al. [5, 6] used quantitative CBF and ADC with voxel and compartmental analysis to
objectively define ischemic tissue transitions. However, they adjusted the MRI CBF and
ADC thresholds after 180 min of pMCAO to match the infarct volume of the TTC-stained
rat brain at 24 h. This was problematic because it may create bias in the results. First,
adjusting the CBF and ADC thresholds after 180 min of pMCAO to equal the TTC stained
24 h infarction volume, we believe, predestined their observation that after 3 h of pMCAO
the penumbra was zero, i.e., CBF volume−ADC volume=0. Second, Reith et al. [36] was
cited as the basis for their use of 24 h as the final infarct volume, but their study only went
up to 24 h and not beyond. Third, the use of TTC staining for final infarction volume does
not accurately reflect the final infarction volume especially without reperfusion [37, 38]. In a
report by this same group, after 95 min of pMCAO with reperfusion, the post reperfusion
ADC volume exceeded CBF volume suggesting that the preset ADC threshold was
exceeded [6]. Our data do not support their finding that penumbral volume disappears after 3
h of pMCAO.

Our data show that after pMCAO in the rat, the penumbra volume increases after 1 h and
remains about the same for up to 4 h, which differs from the results of Shen et al. [7]. In
acute stroke patients, the penumbra persists for up to 8 h based on xenon/CT CBF
measurements [39] and up to 24 h by 18F-fluoromisonidazole [40]. In baboons with acute
stroke, infarct enlargement continues for up to 2 days after transient MCAO and even after
23 days with pMCAO [41]. While providing snapshots of penumbra at different times of
ischemia, these studies do not provide a temporal profile of the penumbra in acute stroke.

Despite promising results in identifying penumbra in acute stroke and positive results in the
response of patients identified with penumbra to recanalization [1–4], concern about the
accuracy of these methods in estimating the penumbra is indicated by the requirement for a
2.6 DWI/PWI mismatch ratio to achieve 90% sensitivity and 83% specificity [42]. It has
also been suggested that ADC identifies not only tissue destined for infarction but also
penumbra and benign oligemia which we believe is a result of the overlap in ADC values
within the “core” by visually defined VOI [22].

In the two rats surviving 21 days of pMCAO, tissue cavitation was documented by the
migration of voxels into compartment 5 with high ADC and low CBF and a large number of
voxels in compartment 2 or penumbra [43]. These “penumbra” voxels at 21 days likely
represent selective neuronal necrosis with reduced CBF and metabolic rate with normal
ADC [44]. Migration of the voxels into compartment 5 at 21 days consistent with cavitation
as documented by histopathology supports the validity of the ischemic tissue transitions by
quantitative CBF and ADC voxel analysis.

In summary, our study shows that the heterogeneity of the spatio-temporal distribution of
the penumbra and infracted brain tissue after acute stroke in the rat MCAO model precludes
the use of volumetric analysis of the penumbra and infarction. Second, the thresholds for
CBF and ADC as defined by the mean ± 2SD compares favorably with thresholds obtained
by others [9]. Finally, we have shown that in the rat MCAO model of permanent MCAO,
penumbra and core volumes remain relatively unchanged rather than disappearing as
previously reported, but whether this would be observed beyond 4 h of permanent MCAO
remains to be seen.

Our ultimate objective is to be able to define the spatiotemporal and volume profiles of the
ischemic penumbra and infarction and necrosis and apoptosis (Fig. 6), and the basis of
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which targeted, combination therapies can be tested for optimal efficacy. The use of the
quantitative CBF and ADC voxel analysis combined with histopathology with
immunostaining would enable definition of these profiles in this widely used rat MCAO
model. With knowledge of the time course of penumbra, infarction, necrosis, and apoptosis
after permanent or transient MCAO in this rat model, it will then be possible to evaluate the
efficacy of multimodal and targeted therapies designed to counter specific pathophysiologic
and metabolic processes after stroke.
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Fig. 1.
Representative examples of changes in CBF and ADC in rats before and up to 4 h (a) and 21
days (b) following pMCAO showing increasing severity and spread of ischemia and edema
in the ipsilateral hemisphere including changes in the contralateral hemisphere
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Fig. 2.
Representative quantitative CBF versus ADC voxel plots in a rat before and during pMCAO
for up to 4H (a) and 21D (b). The ischemic transition compartments are 1 = normal ADC,
CBF; 2 = penumbra, low CBF, normal ADC; 3=core, low CBF, low ADC; 4=high-flow
infarction, low ADC, normal–high CBF; 5=ischemic necrosis and dissolution, high ADC,
low CBF; and 6 = unidentified. Red lines represent upper and lower bounds (mean ± 2SD)
of ADC and the lower threshold of CBF (−2SD)
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Fig. 3.
Tissue compartmental volumes (voxel #, voxel = 2.57 µl) as illustrated in Fig. 2a for the
ipsilateral (top) and contralateral (bottom) hemispheres up to 4H post pMCAO (n=9).
Significant (P<0.05) differences were observed between baseline and 1- through 4-h
volumes in compartments 2 through 4 in the left hemisphere. In the right hemisphere,
significant differences between baseline and hours one through 4 were observed in
compartments 2, 3, and 4. *P<0.005 compared to baseline
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Fig. 4.
Tissue compartmental volumes (voxel #, voxel = 2.57 µl) as illustrated in Fig. 2b for the
ipsilateral (top) and contralateral (bottom) hemispheres for up to 21 days post pMCAO.
Statistical analyses were not done because n=2. However, compared to baseline, at 7 days,
compartment 2 (penumbra) and, at 21 days, compartment 5 (cavitation) were markedly
elevated. *P<0.05 compared to baseline
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Fig. 5.
Free hand drawing of a section of the brain depicting the regions of tissue dissolution or
cavitation (o) and ischemic neuronal necrosis with neuronal fallout (x) drawn by GRR
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Fig. 6.
Hypothetical illustration of the temporal profile of the ischemic penumbra and infarction and
necrosis and apoptosis after MCAO in the rat
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Table 1

Physiological data in two groups of rats studied by MRI pre-stroke and for up to 4 h (4H) and 21 days (21D)
post-stroke (data are mean ± SD)

Pre-stroke 4H (n=8) Post-stroke 4H (n=8) Pre-stroke 21D (n=2) Post-stroke 21D (n=2)

MABP (mmHg) 90±15 85±6 89±8 90±7

PaCO2 (mmHg) 40.5±6.3 38.1±10.4 41.6±10.7 30.6±2.8

PaO2 (mmHg) 236.2±79.2 239.8±81.7 235.5±47.4 314.5±17.7

pH 7.43±0.06 7.41±0.07 7.42±0.06 7.50±0.04

Hematocrit (%) 35±5 33±3 34±1 34±3

Heart rate (bpm) 334±52 389±35 380±13 358±18

Weight (g) 370±30 370±30 372±31 372±31
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