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Abstract
Combined functional, perfusion and diffusion magnetic resonance imaging (MRI) with a temporal
resolution of 30 mins was performed on permanent and transient focal ischemic brain injury in rats
during the acute phase. The apparent diffusion coefficient (ADC), baseline cerebral blood flow
(CBF), and functional MRI (fMRI) blood-oxygen-level-dependent (BOLD), CBF, and CMRO2
responses associated with CO2 challenge and forepaw stimulation were measured. An automated
cluster analysis of ADC and CBF data was used to track the spatial and temporal progression of
different tissue types (e.g., normal, ‘at risk,’ and ischemic core) on a pixel-by-pixel basis. With
permanent ischemia (n = 11), forepaw stimulation fMRI response in the primary somatosensory
cortices was lost, although vascular coupling (CO2 response) was intact in some animals. Control
experiments in which the right common carotid artery was ligated without causing a stroke (n = 8)
showed that the delayed transit time had negligible effect on the fMRI responses in the primary
somatosensory cortices. With temporary (15-mins, n = 8) ischemia, transient CBF and/or ADC
declines were observed after reperfusion. However, no T2 or TTC lesions were observed at 24 h
except in two animals, which showed very small subcortical lesions. Vascular coupling and forepaw
fMRI response also remained intact. Finally, comparison of the relative and absolute fMRI signal
changes suggest caution when interpreting percent changes in disease states in which the baseline
signals are physiologically altered; quantitative CBF fMRI are more appropriate measures. This
approach provides valuable information regarding ischemic tissue viability, vascular coupling, and
functional integrity associated with ischemic injury and could have potential clinical applications.
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Introduction
Diffusion-weighted (DWI) and perfusion-weighted (PWI) magnetic resonance imaging (MRI)
techniques offer the potential to noninvasively classify ‘normal’, ‘at-risk,’ and ‘ischemic’
tissues associated with stroke during the acute phase. Brain tissues with perfusion deficits
below a critical threshold (Hossmann, 1994) experience metabolic energy failure, membrane
depolarization, and subsequent cellular swelling. These changes precipitate a reduction in the
apparent diffusion coefficient (ADC) of brain water and are manifested as hyperintense regions
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on DWI (Moseley et al, 1990). During the acute phase, the DWI abnormality is initially smaller
relative to the area of perfusion deficit. As ischemia evolves, most of this DWI abnormality
expands and eventually coincides with the abnormal PWI area. The difference in the abnormal
region defined by the PWI and DWI in acute stroke is commonly referred to as the ‘perfusion–
diffusion’ mismatch. It has been suggested that the ‘perfusion–diffusion’ mismatch is
potentially salvageable and approximates the ‘ischemic penumbra’ (Astrup et al, 1981).

With the advent of functional MRI (fMRI), it becomes possible to assess the integrity of
vascular coupling and neural function of ‘at-risk’ and ‘salvaged’ tissues, as defined by DWI
and PWI. Anatomically defined ‘at-risk’ and salvaged tissues may or may not show functional
deficit and thus fMRI adds a unique and important measure to stroke imaging. The most widely
used fMRI technique is based on the blood-oxygen-level-dependent (BOLD) signal (Ogawa
et al, 1990) and the cerebral blood flow (CBF) signal. The BOLD contrast originates from
intravoxel magnetic field inhomogeneity induced by paramagnetic deoxyhemoglobin in the
red blood cells. Changes in regional deoxyhemoglobin content can be visualized in
susceptibility-sensitized (i.e., -weighted) BOLD images. The BOLD fMRI is based on a
principle discovered over 100 years ago (Roy and Sherrington, 1890) that neuronal activity is
intricately coupled to CBF. When a task is performed, regional CBF increases
disproportionally, which can be measured using the arterial-spin labeling MRI technique. The
CBF increase overcompensates the stimulus-evoked increase in oxygen consumption needed
to fuel the elevated neural activity, resulting in a regional reduction in deoxyhemoglobin
concentration. Thus, the CBF and BOLD fMRI signals increase during stimulus-evoked
changes in neural activity relative to basal conditions, making it possible to dynamically and
noninvasively map changes in brain functions.

Furthermore, Davis et al introduced an eloquent formalism based on the BOLD biophysical
model (Ogawa et al, 1993) to estimate stimulus-evoked CMRO2 changes based on BOLD and
CBF (or cerebral blood volume (CBV)) measurements. The advantage of Davis' formalism
over existing formalisms is that there are no a priori assumptions regarding resting capillary
or venous oxygen saturation, blood volume fraction, blood flow, and metabolic rate of oxygen.
All these parameters and other physiologic quantities are lumped into the constant M, which
can be measured on a pixel-by-pixel basis using a calibration procedure involving CO2
challenge. Although this CMRO2 model has yet to be validated, especially in ischemic injury,
estimates of stimulus-evoked CMRO2 changes in stroke could yield interesting and valuable
information regarding tissue metabolism.

The use of fMRI to evaluate functional status requires preservation of the hemodynamic and
metabolic coupling. Carbon dioxide, a potent vasodilator, plays an important role in modulating
blood flow associated with increased neuronal activity. The hypercapnia model in which
CO2 is added to the breathing gas has been widely used to examine the vascular coupling
(Weiss et al, 1983; Ueki et al, 1988; Kim and Ugurbil, 1997; Davis et al, 1998; Hoge et al,
1999; Corfield et al, 2001; Duong et al, 2001). One major advantage of hypercapnic challenge
is that it increases blood flow, and thus the BOLD signal, of the entire brain without changing
neural activity or metabolism, thereby making possible the evaluation of vascular coupling
without the added effects of metabolic changes. Previous studies on blood flow regulation after
prolonged ischemia suggest that CO2 reactivity is severely disturbed after ischemic injury
(Schmidt-Kastner et al, 1986; Ueki et al, 1988).

While a few fMRI studies on stroke patients have been reported (Pineiro et al, 2002; Guadagno
et al, 2003; Binkofski and Seitz, 2004), similar studies in animal stroke models have been
limited. Animal models where focal ischemia can be reproducibly studied under controlled
conditions are important for systemically evaluating the integrity of vascular coupling and
functional status of ‘at risk’ and salvaged tissues defined by perfusion and diffusion imaging.

Shen et al. Page 2

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2010 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Functional MRI using an exogenous CBV contrast agent (MION) and BOLD contrast have
recently been applied to study stroke rats during the chronic phase to evaluate functional
reorganization (Dijkhuizen et al, 2001, 2003). Functional MRI assessment of the dynamically
evolving ischemic tissue during acute stroke, however, have not been reported, likely because
of the stringent need for high spatiotemporal resolution and the lack of a suitable animal model.
Most of stroke studies in rats used chloral hydrate as the anesthetic (Li et al, 1999, 2000; Shen
et al, 2003) whereas essentially all forepaw-stimulation fMRI studies in normal rats use α-
chloralose (Mandeville et al, 1998; Silva et al, 1999; Duong et al, 2000). α-Chloralose became
a popular anesthetic for fMRI studies in rats because it can induce nonresponsiveness without
depressing the central nervous system to the same extent as many other common anesthetics.
However, animals recovering from α-chloralose anesthesia exhibit atypical behavior (Lees,
1972) and thus α-chloralose is only approved for terminal studies. In addition, fMRI studies
under α-chloralose typically require mechanical ventilation with repeated blood-gas sampling
to optimize the fMRI responses and it is relatively difficult to maintain a constant level of
anesthesia with injectable anesthetics in general (Austin et al, 2005) for eliciting consistent
fMRI responses from the onset (i.e., during acute ischemia) and throughout the studies. More
recently, a robust forepaw stimulation model in rats was showed under isoflurane anesthesia
and spontaneously breathing conditions where the animals can maintain their own physiology
throughout the experiment without the need for repeated blood-gas sampling (Liu et al,
2004a). This model could be well suited for repeated fMRI studies of acute and chronic stroke
in a longitudinal fashion.

In this study, we developed and applied a combined diffusion, perfusion, and functional MRI
protocol to study focal cerebral ischemia during the acute phase with a 30-mins temporal
resolution and reasonable spatial resolution. Quantitative perfusion and diffusion imaging was
performed and an improved ISODATA clustering technique (Shen et al, 2004) was used to
classify normal, ischemic core, and ‘diffusion–perfusion mismatch’ tissues based on ADC and
CBF characteristics. Blood-oxygen-level-dependent, CBF, and CMRO2 fMRI associated with
hypercapnic challenge and forepaw stimulation were used to evaluate the integrity of vascular
coupling and neural function, respectively, as ischemia progressed during the acute phase.
Blood-oxygen-level-dependent, CBF, and CMRO2 fMRI responses in different ISODATA-
derived ischemic tissue types and in the forepaw somatosensory cortices of the right ischemic
hemisphere (RH) were analyzed and compared with the homologous regions in the normal left
hemisphere (LH). This approach was tested in the permanent and transient (15-mins) acute
focal brain ischemia in rats under isoflurane, breathing spontaneously.

Materials and methods
Animal Preparation

Twenty seven male Sprague–Dawley rats (300 to 350 g, Taconic Farms, NY, USA) were
anesthetized with 2% isoflurane in air during surgery. Three groups of animals were studied:
(i) permanent focal brain ischemia of the RH was induced with intraluminal middle cerebral
artery occlusion (MCAO) (n = 11, Group I), (ii) transient (15-mins) focal brain ischemia (n =
8, Group II) was induced using the same method and reperfusion was performed outside the
magnet, and (iii) the right common carotid artery (CCA) was ligated but without causing a
stroke to evaluate the possible effect of delayed transit time on the fMRI responses (n = 8,
Group III). Measurements were made before and during CCA ligation in the same animals
where the CCA occlusion was achieved remotely while the animals were in the magnet. The
left femoral artery was catheterized for blood-gas sampling and physiologic monitoring. Once
the rats were secured in an MR-compatible rat stereotaxic headset, anesthesia was reduced to
1.1% to 1.2% isoflurane. Rats breathed spontaneously without mechanical ventilation. Rectal
temperature was maintained at 37.0°C ± 0.5°C. Heart rate (HR) and mean arterial blood
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pressure (MABP) via the arterial line were recorded continuously onto a PC via the Biopac
system (Santa Barbara, CA, USA). Respiration rate (RR) was derived from the slow
modulations on top of the cardiac waveforms. Blood gas was typically sampled once during a
break between imaging trials. All recorded physiologic parameters were within normal
physiologic ranges. Magnetic resonance imaging data were acquired at 30, 90, and 180 mins
and again at 24 h after ischemia.

Hypercapnic Challenge and Forepaw Stimulation
Hypercapnic challenges used a premixed gas of 10% CO2 with 21% O2 and balance N2.
Forepaw somatosensory stimulation used the previously optimized parameters under identical
isoflurane anesthetic condition in normal animals (Liu et al, 2004a): 6 mA current with 0.3 ms
pulse duration at 3 Hz. These stimulation parameters did not cause an increase in MABP.
Needle electrodes were inserted under the skin of the two forepaws before surgery. The
electrodes were connected in series and the two forepaws were stimulated simultaneously.
During each time point (30-mins imaging block), one trial of hypercapnic challenge and two
trials of forepaw stimulation were presented with a 4-mins break (without imaging) between
trials. Each trial consisted of 4 mins of data acquired during baseline and 2 mins of data acquired
during hypercapnic challenge or forepaw stimulation.

MR Experiments
Magnetic resonance imaging experiments were performed on a 4.7-T/40-cm magnet, a Biospec
Bruker console (Billerica, MA, USA), and a 20-G/cm gradient insert (ID = 12 cm, 120-μs rise
time). A surface coil (2.3-cm ID) was used for brain imaging and a neck coil (Silva et al,
1999; Duong et al, 2000) for perfusion labeling. Coil-to-coil electromagnetic interaction was
actively decoupled. A complete imaging block lasted 30 mins where ADC, basal CBF,
hypercapnic, and forepaw-stimulation fMRI were acquired.

ADCav was obtained by averaging three ADC maps with diffusion-sensitive gradients
separately applied along the x, y or z direction. Single shot, echo-planar images (EPI) were
acquired with matrix = 64 × 64, spectral width = 200 kHz, TR = 2 secs (90° flip angle), TE =
37.5 ms, b = 4 and 1,170 secs/mm2, Δ = 24 ms, δ = 4.75 ms, FOV = 2.56 cm × 2.56 cm, eight
1.5-mm slices, and 16 averages (total time ∼2.5 mins).

Combined CBF and BOLD measurements were made using the continuous arterial spin-
labeling technique with single-shot, gradient-echo, EPI acquisition. Paired images were
acquired alternately—one with arterial spin labeling and the other without (control). MR
parameters were as follows: data matrix = 64 × 64, FOV = 2.56 cm × 2.56 cm, eight 1.5-mm
slices, TE = 20 ms, and TR = 2 secs (90° flip angle). Continuous arterial spin labeling employed
a 1.78-s square radiofrequency pulse to the labeling coil in the presence of 1.0 G/cm gradient
along the flow direction such that the condition of adiabatic inversion was satisfied. The sign
of the frequency offset was switched for control (nonlabeled) images. For each set of CBF and
BOLD measurements, 60 pairs of images (4 mins) were acquired during baseline and 30 pairs
(2 mins) during hypercapnic challenge or forepaw stimulation.

Data Analysis
Data analysis used codes written in Matlab (MathWorks Inc., Natick, MA, USA) and the
STIMULATE (University of Minnesota) software. Coregistration of images obtained during
the acute phase and at 24 h used an in-house software, which involved both manual and
automatic alignment without spatial interpolation, as described previously (Liu et al, 2004a).

Calculation of basal ADC and CBF maps—Apparent diffusion coefficient maps with
intensity in unit of mm2/sec were calculated pixel-by-pixel by using (Stejskal and Tanner,

Shen et al. Page 4

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2010 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1965), ADC = −ln (S1/S0)/(b1−b0) where , where ln is the natural logarithm,
S0 and S1 are the signal intensities obtained with b0 and b1, respectively. The b-value is
proportional to the gradient strength (G), magnetogyric ratio (γ), duration of each gradient pulse
(δ), and the time (Δ) between applications of the two gradient pulses. Apparent diffusion
coefficient maps were calculated at each time point.

Cerebral blood flow images (SCBF) with intensity in units of mL/g/min were calculated (Silva
et al, 1999; Duong et al, 2000) pixel-by-pixel using, SCBF = λ/T1(SC−SL)/(SL + (2α−1) SC),
where SC and SL are signal intensities of the control and labeled images, respectively, and λ is
the partition coefficient and α is the labeling efficiency. Basal CBF images were obtained from
the baseline period (without stimulation) of all three trials of the fMRI measurements within
each time point.

ISODATA analysis of diffusion and perfusion images—An improved ISODATA
clustering algorithm was used to statistically resolve and identify tissues as ‘normal’,
‘mismatch’ and ‘ischemic core’ based on tissue ADC and CBF characteristics as described
elsewhere (Shen et al, 2004). Only five anterior slices were analyzed to avoid susceptibility
distortion around the ear canals associated with the posterior slices. ROIs of the whole brain
were carefully drawn to avoid the edge of the brain-skull interface based on CBF maps with
reference to ADC maps. Pixels with ADC higher than 1.0 × 10−3 mm2/sec (i.e., CSF pixels)
and the corpus callosum were excluded from analysis. Clustering for ADC and baseline CBF
was performed individually at each time point for each animal. Three clusters were resolved:
(1) pixels with normal ADC and baseline CBF were assigned to be ‘normal’ tissue, (2) pixels
with low ADC and baseline CBF were assigned to be ‘ischemic core’, and (3) pixels with
normal ADC but low baseline CBF were assigned to be ‘perfusion–diffusion mismatch’.

Functional MRI responses in different ISODATA clusters were analyzed. Scatterplots of CBF
versus ADC and BOLD versus ADC under baseline and stimulated (CO2 or forepaw)
conditions were generated at each time point. Different ISODATA clusters were color-coded
on the scatterplots.

Evolution of ‘mismatch’ pixels—The temporal and spatial evolution of the ‘mismatch’
pixels, defined at 30 mins after occlusion, was evaluated as they migrated to different clusters.
Apparent diffusion coefficient, CBF, and BOLD under baseline and stimulated (CO2 or
forepaw) conditions were analyzed for the pixels that subsequently migrated into the normal
zone, core zone, or remained in the mismatch zone at 180-mins after ischemia. For permanent
occlusion, ischemia stopped evolving 180 mins after occlusion, which was taken as the imaging
end point as shown previously (Shen et al, 2003; Meng et al, 2004).

Calculation of M and CMRO2 changes—CMRO2 was calculated using (Davis et al,
1998),

(1)

where M is the proportionality constant and parameters with subscript zero indicate baseline
values. Grubb's factor (α) of 0.38 (Grubb et al, 1974; Mandeville et al, 1999) and β of 1.5
(Boxerman et al, 1995; Davis et al, 1998) were taken to be constants, reflecting the effects of
blood volume and deoxyhemoglobin concentration on the BOLD signal, respectively. M values
were calculated from the hypercapnia (CBF and BOLD) data using the same equation where
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the CMRO2/CMRO2∣0 was set to unity because brief and mild hypercapnia does not alter
CMRO2 (Kety and Schmidt, 1948; Novack et al, 1953). Stimulus-evoked CMRO2 changes
from an ROI of the primary somatosensory cortex were derived from the stimulus-evoked
BOLD and CBF time courses associated with forepaw stimulation. Additional details of the
model including error propagation have been described elsewhere (Liu et al, 2004a).

Hypercapnic responses in different tissue types—Images obtained during the
transition period between baseline and stimulus onset (30 secs for CO2 challenge and 15 secs
for forepaw stimulation) were discarded. Blood-oxygen-level-dependent images were obtained
from the control (nonlabeled) images of the CBF measurements. Blood-oxygen-level-
dependent and CBF magnitude and percent changes relative to baselines were calculated: (1)
on a pixel-by-pixel basis, (2) for the ISODATA-derived normal, mismatch, and core clusters,
and (3) for the ROI of the forepaw somatosensory cortices.

Forepaw-stimulation responses in the forepaw cortices—Cross correlation analysis
associated with the forepaw primary somatosensory cortices was performed. ROI of the normal
LH forepaw cortices were drawn based on the averaged cross correlation activation maps of
all time points with references to the rat brain atlas and MRI anatomical images to avoid bias
to any particular time point. The forepaw ROIs on the ischemic RH were obtained by
symmetrically reflecting the LH ROIs along the midline to the RH. Apparent diffusion
coefficient, baseline CBF, and fMRI signals in the forepaw primary somatosensory cortex ROI
were analyzed pixel-by-pixel as well as by averaging pixels within the forepaw ROI. Magnitude
baseline CBF and CBF changes were computed. Baseline -weighted signal intensities
(within the forepaw ROI) of the ischemic RH was normalized with respect to the homologous
ROI of the LH for comparison.

All data values in text are expressed as mean ± s.d. and in graphs as mean ± s.e.m. A P-value
<0.05 (t-test) was taken to be statistically significant.

Results
Permanent Occlusion (Group I): CO2 Responses in Different ISODATA-Derived Clusters

Images and maps at 30 mins after ischemia of one representative animal subjected to permanent
focal ischemia are shown in Figure 1A. Basal CBF images depict a large perfusion deficit and
ADC images depict a smaller ADC lesion in the ischemic RH. Nine out of 11 rats showed a
substantial and evolving ‘perfusion–diffusion’ mismatch and a few of these animals showed
some persistent mismatch at 180 mins. The forepaw primary somatosensory cortices typically
showed an evolving a perfusion–diffusion mismatch because of its anatomical location close
to the anterior communicating artery. The two remaining animals showed large infarcts at the
onset without apparent mismatch at 30 mins. ISODATA analysis yielded three distinct tissue
types in the RH, namely, normal (blue pixels), mismatch (green pixels), and core (red pixels).
The fMRI maps showed that the hypercapnic challenge evoked a marked CBF increases in the
LH, slightly attenuated CBF increases in the RH ‘normal’ tissues and essentially no evoked
CBF increases in the RH ischemic ‘core’ and ‘mismatch’ tissues. Hypercapnia-induced CBF
increases were essentially absent in regions with perfusion deficit. Interestingly, although
dependent on the precise threshold used, the BOLD activated areas appeared to be larger than
the CBF activation areas, suggesting differences in metabolic and CBF changes associated
with ischemic injury.

The ADC and CBF values of different ISODATA-derived clusters are summarized in Table
1. LH ADC and LH basal CBF were similar at all time points. In the normal zone of the ischemic

Shen et al. Page 6

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2010 October 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



RH, ADC and CBF were normal. In the mismatch zone, ADC was marginally reduced but
CBF was significant reduced. In the core zone, both ADC and CBF were markedly reduced.

Pixel-by-pixel scatterplot analysis of CBF versus ADC under baseline and CO2 challenge from
one animal is shown in Figure 1B (left panel). The LH basal CBF was 1.2 ± 0.7 mL/g/min
(whole brain average). Hypercapnia markedly increased CBF, with 90% of all pixels showing
a pixel-by-pixel ΔCBF increase ranging from 0.5 to 3 mL/g/min. In the RH, the normal,
mismatch and core clusters were derived using the ISODATA analysis and color coded.
Essentially all ‘core’ and ‘mismatch’ pixels showed no CO2-induced CBF increases. Most of
the RH ‘normal’ pixels showed significant CO2-induced CBF increases but were smaller in
magnitude relative the LH.

The scatterplot analysis of BOLD versus ADC is shown on the right panel of Figure 1B. The
wide distribution of the normalized baseline -weighted signal intensities in the LH is
indicative of tissue heterogeneity, tissue physiologic status (i.e., hypoxia), and nonuniform
signal intensity profile of the surface coil. Nonetheless, in the LH, the CO2-induced BOLD
increases were evident. Although the RH ‘core’ pixels showed lower baseline -weighted
signal intensities because of hypoxia-induced increase in deoxyhemoglobin concentration and/
or changes in blood volume, different ISODATA clusters (derived via ADC and baseline CBF
data) were not well segregated based on -weighted signal intensities. CO2-induced ΔBOLD
versus ADC showed slightly better cluster separation visually but nonetheless were
significantly less resolved compared with the corresponding CO2-induced ΔCBF versus
ADC. The average BOLD fMRI responses were 3.5%, 3.3%, 1.1%, and −0.8% in the normal
LH, normal RH, mismatch, and core clusters, respectively.

The group-average hypercapnia-induced CBF and BOLD changes in the LH and in different
RH ISODATA clusters at different time points are summarized in Figure 1C. For permanent
occlusion, ischemia stopped evolving 180 min after occlusion (Shen et al, 2003; Meng et al,
2004), which was taken as the imaging end point. Baseline CBF of the RH normal cluster was
similar to that of the LH. However, the RH CO2-induced CBF and BOLD fMRI responses,
although robust, were attenuated relative to the LH fMRI responses. There were trends of
improvements in the RH fMRI responses over time. Baseline CBF of the RH mismatch and
ischemic core were markedly reduced and their CO2-induced fMRI responses were essentially
absent. BOLD responses in the RH mismatch and ischemic core were also markedly attenuated.
Note that only BOLD percent changes were plotted because baseline -weighted intensities
could not be compared across different brain regions because of tissue heterogeneity and
nonuniform intensity profile of the surface coil.

Tracking the Perfusion–Diffusion Mismatch
To better understand the tissue at risk, mismatch pixels were tracked as ischemia progressed.
The mismatch pixels at 30 min were taken as references and individual pixels were dynamically
tracked in terms of their basal CBF, CBF, and BOLD fMRI responses as they migrated to
different zones at 180 min (Figure 1D). Majority of the mismatch pixels migrated to the
‘ischemic core’ at 180 min after ischemia, consistent with the definition of ischemic penumbra.
Pixels that migrated to the core zone at 180 min after ischemia showed ADC decreases (0.67
± 0.03 at 30 min to 0.48 ± 0.02 at 180 min); those that remained in the mismatch zone or those
that migrated to the normal zone showed no ADC decreases relative to the normal LH. As
expected, pixels migrating to the ‘normal’ zone showed a slightly higher baseline CBF, ΔCBF,
and ΔBOLD responses at 30 min and significantly higher baseline CBF, ΔCBF, and BOLD
responses at 180 min. In contrast, pixels that remained in the mismatch zone or migrated to the
ischemic ‘core’ zone showed lower baseline CBF, ΔCBF, and ΔBOLD responses at both 30
and 180 min. Although the magnitudes of the RH CO2-induced ΔCBF were markedly reduced,
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the CO2-induced CBF percent changes, notably, were significant and comparable with those
of the normal LH because of division by the small RH baseline values under ischemia. This
observation suggests caution in interpreting relative percent changes in disease state.

Permanent Occlusion (Group I): CO2 and Forepaw Responses in the Primary Somatosensory
Cortices

In addition to analyzing the CO2 response profiles of different ISODATA-derived tissue types,
functional integrity associated with forepaw stimulation in ischemic brain injury was also
evaluated. CBF versus ADC and BOLD versus ADC scatterplots of pixels within the forepaw
somatosensory cortices associated with hypercapnic challenge and forepaw stimulation are
showed in Figure 2A. In the normal LH, CO2 challenge and forepaw stimulation evoked
significant changes in the CBF and BOLD fMRI responses (red pixels) relative to the baseline
(green pixels), with the stimulus-evoked CBF increases showing significantly larger dynamic
ranges. In the ischemic RH, the center of mass of pixels associated with CO2 challenge showed
small but observable CBF and BOLD increases. Stimulus-evoked changes in the center of mass
of these pixels in the ischemic RH were, however, visually negligible.

Hypercapnic responses within the primary somatosensory cortices are summarized in Figure
2B (top panel). In the normal LH across all time points, baseline CBF in the forepaw
somatosensory cortex was ∼1.05 mL/g/min, CO2 inhalation increased CBF to ∼3 mL/g/min,
and forepaw stimulation increased CBF to ∼1.4 mL/g/min. In the ischemic RH, baseline CBF
in the forepaw somatosensory cortex was 0.25 mL/g/min, CO2 challenge induced a small CBF
increase of <0.2 mL/g/min. However, if the data were expressed as percent changes, CO2-
induced CBF increases were 50 to 70%, again suggesting caution in interpreting relative
percent changes in physiologically perturbed state. Baseline -weighted signal intensities of
the RH were normalized with respective to those of the normal LH forepaw cortex for
comparison. Assuming that the signal drop off within the small forepaw primary
somatosensory area due to the surface coil application was negligible, baseline normalized 
-weighted signal intensities between the LH and RH could be compared. Under basal condition
without stimulation, normalized baseline -weighted image intensities in the ischemic RH
were slightly reduced by 2.5% as expected because of hypoxia and/or blood volume changes,
as reported previously (Roussel et al, 1995; van der Toorn et al, 1995). In the normal LH,
CO2 challenge increased BOLD by ∼7.4% whereas, in the ischemic RH, CO2 challenge
increased BOLD by 2.5%. This is in marked contrast to the magnitude stimulus-evoked CBF
responses that was negligible in the ischemic RH. This difference between BOLD and CBF
responses associated with forepaw stimulation is consistent with that associated with CO2
challenge (Figure 1B).

The forepaw stimulation responses within the primary somatosensory cortices are shown in
Figure 2B (bottom panel). Baseline CBF, baseline -weighted signal intensities, and fMRI
responses did not vary substantially across different time points after ischemia. In the normal
LH, forepaw evoked robust BOLD and CBF responses. In the ischemic RH, forepaw
stimulation evoked a negligible CBF increase. However, BOLD increase was not negligible.
This difference between BOLD and CBF responses associated with forepaw stimulation is
consistent with that associated with CO2 challenge (Figures 1A and 2B top panel), suggesting
uncoupling of metabolic activity and blood flow.

To better understand the potential uncoupling of metabolism and CBF, stimulus-evoked
CMRO2 changes associated with forepaw stimulation in permanent ischemic brain injury were
also estimated. Table 2 summarizes the M values and stimulus-evoked CMRO2 changes in the
primary somatosensory cortices in the LH and RH at different time points after occlusion. M
is the proportionality constant in the CMRO2 model and it reflects the hemodynamic coupling.
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M value in the normal LH was ∼10% across different time points whereas that in the ischemic
RH was reduced by half, ca. ∼5%. Forepaw-stimulation-induced CMRO2 increase was ∼10%
in the LH and ∼3% in the RH.

Transient (15-mins) Occlusion (Group II)
Images and maps at 30 mins after ischemia of one representative animal subjected to transient
(15-mins) focal ischemia are shown in Figure 3A. All eight animals exhibited regions of
hypoperfusion at the first imaging time point (∼30 mins) but only one animal showed detectable
ADC reduction at 30 mins. Six animals showed heterogeneous and mild hypoperfusion at 180
mins, but no ADC lesions were observed. Six animals showed no T2 or TTC lesions at 24 h
after ischemia and two showed very small T2 and TTC abnormality (43 mm3) at 24 h in the
subcortical region. CBF images at 24 h were normal with no apparent hypo- or hyper-perfusion.
Hypercapnic challenge evoked marked CBF and BOLD increases in both LH and RH and there
were no statistical differences in CO2-induced fMRI responses between the LH and RH at all
time points (P> 0.05). Basal CBF and basal -weighted signal intensities were not statistically
different between the LH and RH somatosensory cortices (P> 0.05). Similarly, there were also
no statistical differences in the stimulus-evoked CBF and BOLD fMRI responses between the
LH and RH somatosensory cortices (P> 0.05).

Stimulus-evoked CMRO2 changes and M values in the LH and RH primary somatosensory
cortices after transient ischemic brain injury were estimated (Table 3). M values were not
statistically different between LH and RH primary somatosensory cortices (P> 0.05) and they
ranged from 7.7% to 9.4% across different time points. Forepaw-stimulation-induced
CMRO2 increases in the LH and RH were also not statistically different between LH and RH
primary somatosensory cortices (P> 0.05) and they ranged from 13% to 21% across different
time points.

Effects of Mean Transit Time on fMRI Responses: CCA Occlusion Without Causing Stroke
(Group III)

Attenuation of the fMRI responses could be because of ischemia and/or delayed mean transit
time associated with occlusion of major arteries. To investigate the potential effects of delayed
mean transit time on the fMRI responses, control fMRI experiments were performed in which
the common carotid artery was clipped (occluded) remotely but without causing a stroke as
confirmed by ADC measurements (data not shown). Functional MRI responses obtained from
the primary somatosensory cortices are summarized in Figure 4. Although both the baseline
and stimulus-evoked CBF under the clip condition were marginally lower relative to the no-
clip condition, there were no statistical differences between clip and no-clip data (P> 0.05).
Subcortical structures, however, showed significantly delayed MTT effect. The effective
whole-brain CBF values were reduced by 20%.

Discussion
The major results of this study are: (1) Combined diffusion, perfusion, and fMRI of ischemic
brain injury during the acute phase was performed with a temporal resolution of 30 mins. (2)
Automated ISODATA cluster analysis of MR tissue characteristics (ADC, CBF, and fMRI
responses) was implemented, making it possible to spatially and temporally track different
tissue types on pixel-by-pixel basis, providing valuable information regarding tissue viability,
vascular coupling, and functional integrity associated with the dynamic evolution of ischemic
brain injury. (3) Permanent cerebral ischemia resulted in a complete loss of neuronal activity
in the primary somatosensory cortices in all animals whereas vascular coupling was intact in
some animals. Loss of vascular coupling and/or functional integrity preceded ADC lesion and
were temporally associated with the perfusion decline. Thus, fMRI could potentially serve as
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an earlier and complementary indictor for risk of ischemic brain injury. (4) Transient (15-mins)
cerebral ischemia exhibited transient CBF and/or ADC decline. However, no permanent injury
was observed in essentially all animals at 3 and 24 h. Vascular coupling and fMRI responses
in the forepaw cortices were also normal. (5) The effect of delayed transit time on the fMRI
responses in the primary somatosensory cortices due to occlusion of major arteries in this stroke
model was negligible. (6) Cerebral blood flow fMRI responses appeared to have larger dynamic
ranges than the BOLD responses and pixel-by-pixel CBF changes were more apparent,
suggesting a potentially better mapping signal. (7) Finally, caution must be exercised when
interpreting relative fMRI signal changes in physiologically perturbed states in which the
baseline signals are altered, resulting in erroneous percent changes. Measurements of
magnitude changes (such as quantitative CBF changes) might be necessary to provide accurate
measures of increased neural activity under physiologically perturbed conditions.

Errors in CBF Measurements
Although consistent with many established techniques, the accuracy of this CBF technique
could be subject to errors from magnetization-transfer (Silva et al, 1995), transit-time
(Calamante et al, 1996; Zhou et al, 2001), and water-exchange (Silva et al, 1997; Zhou et al,
2001; Parkes and Tofts, 2002) effects. The magnetization-transfer effect was not an issue with
the actively decoupled two-coil system (Duong et al, 2000; Silva et al, 2000). Transit-time
effect in small animals and water-exchange effect are small (Silva et al, 1997; Zhou et al,
2001; Parkes and Tofts, 2002) and unlikely to alter the conclusions of this study. Ischemia-
induced changes in transit time, however, could result in significant errors and remains to be
vigorously validated. In the control experiments in which the CCA was occluded, it was
estimated that the upper limit of CBF error was ∼20% (whole brain). Despite the potential error
associated with delayed transit time in stroke, quantitative CBF fMRI arguably is a better
measure considering the alternative fMRI percent changes, which incorrectly reflect neural
activity because of the marked changes in baseline values under ischemic conditions.

Advantages and Disadvantages of Forepaw Stimulation fMRI of Acute Stroke Under
Isoflurane Anesthesia

Forepaw stimulation is a good model for assessing the functional integrity in the rat stroke
model herein because the primary somatosensory cortices generally experience an evolving
perfusion–diffusion mismatch, most of which will inevitably become infarcted if left untreated.
Although widely used in fMRI studies of normal animals, α-chloralose is less suited for fMRI
studies of both acute and chronic ischemic brain injury. In this study, we chose to use isoflurane
under spontaneously breathing condition which has been previously optimized to yield robust
responses (Liu et al, 2004a). As this study shows, fMRI studies could be performed during the
acute and chronic phase of ischemic brain injury.

The disadvantage is that isoflurane is a potent vasodilator and a strong neural suppressant,
which could attenuate the hemodynamic and neural responses, respectively. Nonetheless,
robust fMRI responses could be detected as shown herein and previously in normal animals
(Liu et al, 2004a; Sicard and Duong, 2005). Isoflurane has also been suggested to have some
neuroprotective effects (Mortier et al, 2000; Elsersy et al, 2004). Our unpublished data showed
that the infarct sizes under isoflurane with permanent focal ischemia were not statistically
different from that under chloral hydrate, whereas the infarct size under isoflurane with
transient focal ischemia was smaller, depending on experimental conditions. Nonetheless, the
choice of isoflurane anesthetic should not affect the overall conclusion of this study, namely,
that these MRI techniques and the animal model offer a unique means to dynamically study
the vascular coupling and functional integrity of different ischemic tissue types as a function
of ischemic evolution in both acute and chronic phase.
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Magnitude versus Percent Changes
A striking observation is that although the magnitudes of the CO2-induced ΔCBF in the
ischemic RH were markedly reduced, the CO2-induced CBF percent changes were substantial
and comparable with those of the normal LH (Figure 2B). This is because of the division by
small RH baseline values associated with ischemia. Comparison of the magnitude and percent
change suggests that cautions must be exercised when interpreting fMRI data based on fMRI
percent changes in disease states where the baseline physiology is markedly altered. We further
suggest that measurements of magnitude changes are needed for fMRI studies under perturbed
conditions. Similar observations were reported associated with fMRI associated with systemic
cocaine administration which caused substantial transient changes in mean arterial blood
pressure, heart rate and respiration (Liu et al, 2004b). These physiologic effects on stimulus-
evoked fMRI responses had been systemically evaluated in another study (Sicard and Duong,
2005) in which the relative and quantitative CBF, normalized (with respect to a fixed baseline)
BOLD and CMRO2 fMRI changes associated with forepaw stimulation in normal animals were
measured where the baseline conditions were physiologically modulated by changing the
inhaled CO2 or O2 gas concentrations. It was found that quantitative CBF, normalized
CMRO2 and BOLD signals are accurate indicators of increased neural activity under mild
physiologic perturbation whereas relative fMRI signal changes are not.

Differences in Hypercapnic and Functional Responses
In some animals, there was persistent mismatch at 180 mins and the RH forepaw somatosensory
cortex did not show ADC lesions at 180 mins and 24 h. It was also noted that the RH forepaw
somatosensory cortices did respond to CO2 challenge but did not respond to forepaw
stimulation (Figures 1A and 2B) in some animals. One potential explanation is that the RH
forepaw somatosensory cortex was functional silence because of the systemic ischemic shock
although the RH forepaw somatosensory cortex was not injured. The other potential
explanation is that the functional connection from which the cortex receives its inputs (i.e.,
thalamus) was severed, although both vascular coupling and functions of the RH forepaw
somatosensory cortex were intact. As such, no forepaw-stimulation fMRI responses in the RH
somatosensory cortices were detected despite their normal ADC and CO2 fMRI responses.
This notion is supported by the extended subcortical injury but remains to be validated.

Differences between CBF and BOLD fMRI Responses
In the ischemic RH, the CO2 BOLD activated areas were larger than the CO2 CBF activated
areas (Figure 1A) and the CO2 and forepaw BOLD responses were attenuated less than the
CO2 and forepaw CBF responses (Figure 2B). This observation suggests uncoupling of
metabolism, CBV and/or CBF associated with ischemia. For example, CMRO2 could be
reduced, leading to a larger BOLD increase. There is evident that basal CBV elevates in
ischemic injury (Roussel et al, 1995; van der Toorn et al, 1995), which could modulate the
BOLD percent changes. It should be noted that activated areas in Figure 1B are dependent on
the precise thresholds used. Because the BOLD and CBF contrast-to-noise ratios were
different, different thresholds were used which could potentially lead to bias. In Figure 1B,
thresholds in the CO2 challenge studies were judicially set for display such that the central
ischemic core showed no activated pixels. In Figure 2B, however, ROI analysis of the primary
forepaw somatosensory cortices was performed without using thresholds and thus there was
no bias. In brief, the differences between CBF and BOLD fMRI responses are likely genuine,
indicative of metabolic and hemodynamic uncoupling associated with ischemic brain injury.

Imaging CMRO2 in Acute Stroke
To further investigate the apparent metabolic and hemodynamic uncoupling, we attempted, as
a first step, to estimate CMRO2 changes associated with ischemic brain injury. The M values
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in the normal LH (10% and 8% in the permanent and transient ischemic model, respectively)
were higher than that (ca., 5%) reported previously with a shorter TE of 15 ms in normal rats
under essentially identical preparation (Liu et al, 2004a). This difference was expected because
a shorter TE yields a smaller M value (see equation(1)). Nonetheless, this difference does not
affect the CMRO2 determination as long as the same MR parameters were used in both the
M and CMRO2 measurements in a single setting. Forepaw-stimulation-induced CMRO2
increases in the normal LH (10% and 17% in the permanent and transient ischemic model,
respectively) were smaller than that of the 24% ± 6% increase in normal animals reported
previously (Liu et al, 2004a). We have no explanation for this discrepancy. A potential
explanation for the apparent discrepancy in stimulation-induced CMRO2 changes between the
previous and current study could be that the stroke surgery per se could cause a reduced
stimulus-evoked CMRO2 change even in the unaffected LH. CMRO2 estimates showed that
metabolism was markedly reduced in both mismatch and core tissues.

Magnetic resonance imaging-based CMRO2 model remains to be validated. Davis' CMRO2
model has not been previously used in disease states. Although the stimulus-evoked CMRO2
changes and the M values in the ischemic regions herein were reasonable and consistent, the
Davis' CMRO2 model may not be valid under physiologically perturbed states. Direct
validation of this MRI-based CMRO2 technique under normal and disease states is difficult
because of a lack of gold standard for in vivo CMRO2 measurement. Cross correlation with
microPET-CMRO2 techniques would provide further support of this valuable MRI-based
CMRO2 technique. Nonetheless, estimates of CMRO2 changes in stroke using this model,
particularly in the ‘perfusion–diffusion mismatch’ where the coupling could remain largely
intact, yielded interesting and valuable information regarding tissue metabolism and the
underlying vascular coupling.

Conclusion
The MRI protocol and data analysis approach showed herein offer a useful means to
characterize acute and chronic ischemic brain injury with respect to anatomical, physiologic
and functional status at reasonably high spatiotemporal resolution. Future studies will make
use of this approach, along with immunohistological and behavioral assessment, to
systemically study ischemic brain injury with variable functional outcomes (i.e., by increasing
the transient ischemic duration) and where reperfusion will be performed while the animals
are in the magnet to obtain a preocclusion data set for robust pixel-by-pixel analysis. This
approach has the potential to be translated into clinical settings.
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Figure 1.
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Permanent occlusion—CO2 functional magnetic resonance imaging (fMRI) responses in
different ISODATA-derived clusters (n = 11). (A) Representative CBF and apparent diffusion
coefficient (ADC) maps, ISODATA clusters overlaid on ADC maps, ΔCBFCO2 and
ΔBOLDCO2 percent change maps overlaid on CBF images of a rat subjected to permanent
focal ischemia at the 30-min time point. ISODATA cluster analysis yielded ‘normal’ (blue),
‘perfusion–diffusion mismatch’ (green), and ‘ischemic core’ (red) clusters. Gray-scale bar
indicates ADC ranging from 0 to 0.001 mm2/sec and CBF 0 to 3 mL/g/min. Color bar indicates
ΔCBF ranging from 10% to 400% and ΔBOLD 1% to 10%. (B) Scatterplots of baseline CBF
versus ADC, ΔCBFCO2 versus ADC, normalized baseline -weighted signal intensities versus
ADC, and ΔBOLDCO2 versus ADC for the left hemisphere (LH) and the right hemisphere (RH)
at 30 mins after ischemia (one animal). ISODATA-derived clusters were assigned as
‘normal’ (blue), ‘perfusion–diffusion mismatch’ (green) and ‘ischemic core’ clusters (red).
(C) Group-average baseline CBF, ΔCBFCO2, and ΔBOLDCO2 of the normal left hemisphere
and the ISODATA-derived normal, mismatch, core clusters of the right ischemic hemisphere
at three time points after ischemia. (D) Temporal evolution of the group-average baseline CBF,
ΔCBFCO2, and ΔBOLDCO2 of the ‘mismatch’ before and after migration to different zones as
ischemia progressed. Mismatch at 30 mins after ischemia was used as the reference and these
mismatch pixels were tracked as they migrated to different zones at 180 mins after ischemia.
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Figure 2.
Permanent occlusion—CO2 and forepaw functional magnetic resonance imaging (fMRI)
responses in the primary somatosensory cortices (n = 11). (A) Group-average scatterplots of
baseline CBF versus apparent diffusion coefficient (ADC), ΔCBFCO2 versus ADC, normalized
baseline -weighted signal intensities versus ADC, and ΔBOLDCO2 versus ADC for the left
hemisphere and the right hemisphere (RH) at 180 mins after ischemia. Data were obtained
from the forepaw somatosensory cortices. The green pixels are baseline conditions and red
pixels are stimulus-evoked changes. (B) Group-average fMRI responses to CO2 challenge and
forepaw stimulation in the forepaw somatosensory cortices. Baseline CBF and ΔCBF fMRI
responses, normalized -weighted signal intensities and ΔBOLD fMRI responses are shown
for different time points after ischemia. The inset shows representative CBF fMRI activation
maps of forepaw stimulation.
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Figure 3.
Transient occlusion–CO2 and forepaw functional magnetic resonance imaging (fMRI)
responses in the primary somatosensory cortices (n = 8). (A) Apparent diffusion coefficient
(ADC) maps, baseline CBF, ΔCBFCO2, and forepaw stimulation ΔCBF of a rat subjected to
transient ischemia. Gray-scale bar indicates ADC ranging from 0 to 0.001 mm2/sec and CBF
0 to 3 mL/g/min. Color bar indicates ΔCBF ranging from 10% to 400% and ΔBOLD 1% to
10%. (B) Group-average baseline CBF, ΔCBFCO2, and ΔBOLDCO2 of the normal left
hemisphere (LH) and the right hemisphere (Rh) ISODATA-derived normal, mismatch, core
clusters of the right ischemic hemisphere.
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Figure 4.
Common carotid artery occlusion without causing stroke—CO2 and forepaw functional
magnetic resonance imaging (fMRI) responses in the primary forepaw somatosensory cortices
(n = 8). (A) Group-average baseline CBF and ΔCBF associated with CO2 challenge and
forepaw stimulation. (B) Group-average normalized BOLD and ΔBOLD associated with
CO2 challenge and forepaw stimulation.
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Table 2
Permanent occlusion: group-average percent M and CMRO2 from the primary forepaw
somatosensory cortices (n = 11, mean ± s.d.)

LH RH

M (%)

 30 mins 11.0 ± 2.0 7.3 ± 2.1

 90 mins 10.9 ± 2.1 7.1 ± 3.1

 180 mins 10.6 ± 2.1 7.0 ± 2.4

ΔCMRO2 (%)

 30 mins 9.6 ± 3.5 3.4 ± 2.3

 90 mins 10.9 ± 3.4 3.1 ± 2.0

 180 mins 10.5 ± 3.1 4.3 ± 2.6

RH, right hemisphere; LH, left hemisphere.
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Table 3
Transient (15 mins) occlusion: group-average M and CMRO2 from the primary forepaw
somatosensory cortices (n = 8, mean ± s.d.)

LH RH

M (%)

 30 mins 9.2 ± 0.8 9.4 ± 0.4

 90 mins 9.4 ± 0.6 8.6 ± 0.5

 180 mins 8.2 ± 0.3 7.7 ± 0.4

 24 h 8.8 ± 2.1 9.1 ± 1.6

ΔCMRO2 (%)

 30 mins 13 ± 3 13 ± 3

 90 mins 19 ± 4 18 ± 3

 180 mins 16 ± 3 17 ± 6

 24 h 21 ± 10 23 ± 13

RH, right hemisphere; LH, left hemisphere.
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