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Irreversible Regional Cerebral Ischemia: Serial MR Imaging and
Proton MR Spectroscopy in a Nonhuman Primate Model

Lee H. Monsein,' Vincent P. Mathews,' Peter B. Barker,' Carlos A. Pardo,> Stephen J. Blackband,' Warren D. Whitlow,'*

Dean F. Wong,* and R. Nick Bryan'

PURPOSE: To delineate the changes in proton MR spectroscopy and imaging that occur with
acute, irreversible ischemia of the basal ganglia of a baboon. MATERIALS AND METHODS: The
M1 segments of the middle cerebral arteries of six adult male baboons were occluded by
endovascular means with microcatheters and N-butyl cyanoacrylate adhesive. Cerebral blood flow
measurements were taken with positron emission tomography or radioactive microsphere tech-
niques. Serial spatially localized proton MR spectroscopy of the basal ganglia and MR imaging of
the brain were performed. The distribution of ischemic and infarcted tissue was demonstrated by
histopathologic techniques or triphenyltetrazolium chloride staining. RESULTS: Radioactive micro-
sphere or positron emission tomography measurements demonstrated no significant cerebral blood
flow within the basal ganglia after occlusion of the middle cerebral artery. Proton MR spectroscopy
of the basal ganglia demonstrated increasing cerebral lactate and decreasing N-acetyl aspartate
within 30 minutes of middle cerebral artery occlusion. Changes in the MR imaging signal intensity
of the basal ganglia were observed as early as 3.1 hours on T2-weighted, 3.3 hours on T1-
weighted, and 6.1 hours on spin density—weighted images. The distribution of these changes
correlated well with the histopathologic features of ischemia and infarction that were seen
throughout the basal ganglia. CONCLUSION: Changes in MR imaging signal intensity corresponded
to ischemia and infarction in our baboon model of acute irreversible ischemia of the basal ganglia.
Increasing cerebral lactate and decreasing N-acetyl aspartate preceded changes in MR imaging
signal intensity.

Index terms: Brain, ischemia; Basal ganglia, magnetic resonance; Magnetic resonance, spectros-
copy; Magnetic resonance, comparative studies; Animal studies
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Advances in stroke management will require
techniques that allow the early and accurate di-
agnosis of cerebral ischemia and infarction. Mag-
netic resonance (MR) imaging and spectroscopy
(MRS) have shown promise in evaluating patients
with suspected cerebral ischemia (1-8), although
data from early ischemia remain limited. These
studies are noninvasive and can be performed
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with the same instrument in the clinical environ-
ment.

Atherosclerotic thromboembolic disease is the
primary cause of acute cerebral infarction in
adults. Over 50% of acute cerebral infarcts are
caused by thromboembolic occlusions of the mid-
dle cerebral artery (MCA) (9). Early and severe
ischemia and infarction of the basal ganglia may
occur when there is occlusion of the MCA be-
cause the lenticulostriate artery branches of its
M1 segment are “end vessels” without significant
collaterals. Occlusion may be reversible, allowing
reperfusion, or it may be irreversible.

In order to characterize the changes that are
detectable with MR and proton MRS when there
is acute, irreversible ischemia of the basal ganglia,
we used a baboon model of MCA occlusion.
Variable changes in cerebral blood flow (CBF),
MR, proton MRS, and histopathology were ob-
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Fig. 1. Summary of MR signal changes.

A, Chart of T2-weighted signal changes.

B, Chart of T1-weighted signal changes.

Fig. 2. Summary of lactate concentrations.

Fig. 3. Summary of N-acetyl aspartate concentrations.

served throughout the ipsilateral hemisphere;
however, this report will be limited to those re-
lated to the basal ganglia, where the CBF can be
more uniformly controlled.

Methods
Animal Ischemia

After overnight fasting, six male baboons (16 to 18 kg)
were anesthetized with alphaxalone (0.9%) and alphadolone
acetate (0.3%; Saffan; Pitman-Moore, Ltd., Harefield,
United Kingdom), which was initially administered intra-
muscularly (0.5 mg/kg) and subsequently intravenously (1
mL/kg per hour). Glycopyrrolate (Robinul; A.H. Robins
Company, Richmond, Va; 0.1 mg/kg) was given intramus-
cularly to decrease pulmonary and salivary secretions. The
animals were intubated, paralyzed with pancuronium (Pa-
vulon; Organon, Inc., West Orange, NJ; 0.04 mg/kg) ad-
ministered intravenously, and placed on a mechanical ven-
tilator. A catheter was inserted into the bladder, and the
abdomen was wrapped with a warm water-perfused blan-
ket.
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A 7-F sheath was placed in each common femoral
artery. One was used for the placement of a left ventricular
catheter, through which radiolabeled microspheres were
injected for CBF measurements. The other was used for
cerebral angiography or for the obtaining of reference blood
samples for the CBF measurements.

Each animal was then transferred to a conventional MR
scanner couch, and its head was positioned in a standard
“extremity” radio frequency coil (Helmholtz saddle type of
coil measuring 30 cm in length and 20 cm in diameter). All
subsequent physiologic monitoring, angiography, MR, and
proton MRS were performed without removing the animal
from the couch or coil.

Oxygen saturation and electrocardiogram were moni-
tored continuously during the experiment. End tidal-CO-
concentration, arterial blood pressure, and body tempera-
ture were measured continuously when MR and MRS
studies were not being performed. Oxygen tension, CO,
tension, and pH of blood samples were measured intermit-
tently. Blood glucose measurements were between 50 and
100 mg/mL at the beginning of the experiments.

A 7-F tapered to a 5-F catheter was introduced through
one of the sheaths and was positioned in a common carotid
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artery (CCA) under fluoroscopic guidance. A 2.0-F (Tracker
10) or a 2.7-F (Tracker 18) microcatheter (Target Thera-
peutics, Inc., Fremont, CA) was passed coaxially through
the internal carotid artery (ICA) into the M1 segment of the
MCA with a 0.010-inch or 0.014-inch guidewire. Digital
subtraction angiography was performed when the tip of
the catheter was in the ICA and the MCA. With the catheter
in the MCA, a mixture of N-butyl cyanoacrylate adhesive,
500 mg of tantalum powder, and 0.5 mL of iophendylate
(Pantopaque; Lafayette Pharmaceutical, Lafayette, IN) was
injected until it was seen just exiting the tip of the micro-
catheter, which was then withdrawn. Digital subtraction
angiography of the ipsilateral CCA was performed after
occlusion of the MCA.

CBF Measurements

In three animals, the CBF was measured with radiola-
beled microspheres (10) before the induction of ischemia,
immediately after the acquisition of the first set of postoc-
clusion images, and just before death. Approximately six
million 15-um radiolabeled microspheres (NEN-Trac, Du-
pont, NEN Research Products, Boston, MA) were injected
through the left ventricular catheter while an arterial refer-
ence sample was simultaneously collected at 3.82 mL/min.

In the three remaining animals, a single postocclusion
CBF measurement was obtained immediately before death
by the use of positron emission tomography (PET) (11).
H,'0 in a carrier solution of 5 to 8 mL of sterile saline was
administered while arterial sampling was performed and an
emission scan was acquired (Neuro ECAT PET; EG&G
Ortec, Inc. Nashville, TN).

MR/MRS

MR and MRS data were obtained with a 1.5-T clinical
MR instrument (Signa; General Electric Medical Systems,
Inc., Milwaukee, WI). In two animals, MR imaging was
performed before the induction of ischemia. In all animals,
MR and MRS data were obtained at variable times (Figs.
1A and B, 2, and 3) after the induction of ischemia. Initial
data were acquired as soon as possible after the induction
of ischemia, which was dependent upon animal transport
and stabilization time. The timing of subsequent data ac-
quisition was determined by each animal's condition, in-
strument and personnel availability, and magnet shimming
considerations.

MR consisted of contiguous sections, 5 mm thick, par-
allel or perpendicular to the anterior commissure—posterior
commissure line with spin density—-weighted 3000/30/1
(TR/TE/excitations), T2-weighted 3000/100/1, and T1-
weighted 500/30/1 sequences. The signal intensity of the
basal ganglia was categorized by a consensus of three
readers (L.H.M., V.P.M., R.N.B.) as hypointense, isotense,
or hyperintense relative to the unaffected contralateral
basal ganglia.

Proton MRS spectra were recorded from the basal gan-
glia bilaterally using the stimulated-echo acquisition mode
(STEAM) pulse sequence (12). Frequency selective single-
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lobe sinc pulses of 15-milliseconds’ duration (13) were
applied before and between the second and third section-
selection pulses of the STEAM sequence for water suppres-
sion. Two hundred fifty-six scans (3000/270) were acquired
with time mixing of 80 msec. Spectra were obtained from
8-cm’ voxels, processed with 3-Hz line broadening, and
analyzed by the use of a time domain nonlinear least
squares fitting procedure (14).

Quantitation was performed with a fully relaxed water
signal (10000/500, time mixing = 80) from the localized
volume as an internal intensity reference (15). The water
signal was corrected for the receiver attenuation value that
was used to record it, and Ti and T2 relaxation times were
measured from the double-echo MR images. Metabolite
signal intensities were corrected for T1 and T2 losses,
partial saturation effects caused by the water suppression
pulses, and the number of protons per functional group.
Concentrations were calculated assuming a cerebral water
content of 80% and a tissue density of 1.049 g/cm? (16).

Pathology

All animals were euthanized 14 to 24 hours after the
onset of ischemia.

In two animals, histopathologic analysis was performed.
A catheter was passed into the left ventricle, the right
atrium was incised, and the aorta was clamped distal to
the left subclavian artery. Phosphate-buffered saline (0.1
mol/L, pH 7.4) was perfused for 10 minutes followed by
4% paraformaldehyde in 0.1 mol/L phosphate-buffered
saline, pH 7.4, for 30 minutes. After perfusion, the brain
was removed, postfixed in 4% paraformaldehyde for 48
hours, and cut in 5-mm-thick sections in a plane similar to
that in which the MR images were obtained. The slices
were cryoprotected in 20% glycerol for 48 hours and frozen
in isopentane at —70°C.

Serial frozen sections (20 um) were obtained and stained
with cresyl violet, hematoxylin and eosin, and luxol-fast
blue/hematoxylin and eosin. Cytologic criteria for necrotic
cells included cytolysis, vacuolation, or nuclear condensa-
tion. Ischemic neurons were defined as cells with dendritic
distortion, perikaryal-shape changes, and nuclear changes
without condensation (17-21). The magnitude and topo-
graphical distribution of normal, ischemic, and necrotic
neurons in each slide were determined, and a map was
generated by the use of a computerized plotting system.

Three additional animals were euthanized with a lethal
dose of intravenously administered potassium hydroxide
immediately after a CBF measurement had been obtained
by PET. The brain specimens were harvested, cut in
sections 5 mm thick along the anterior commissure—pos-
terior commissure line, and immersion stained with tri-
phenyltetrazolium chloride (TTC) (22). Changes of ischemia
or infarction were indicated by a lack of staining.
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Results
Animal Ischemia

Baseline ICA angiography demonstrated bifur-
cation of the ICA into the MCA and anterior
cerebral arteries. Selective angiography of the
MCA (Fig. 4A) showed an “M1 segment” as in
humans. CCA angiography after endovascular
occlusion of the MCA with adhesive demon-
strated a lack of opacification of the entire MCA
(Fig. 1B).

CBF Measurements

Radioactive microsphere measurements dem-
onstrated no significant CBF (<5 mL/100 g per
min) in the ipsilateral basal ganglia in three ani-
mals after the first set of postocclusion images
and at the completion of the experiments. H,'>O
PET performed in the remaining three animals at
the completion of the experiments demonstrated
no significant CBF in the ipsilateral basal ganglia.
Both techniques demonstrated preserved CBF in
the contralateral basal ganglia.

MR/MRS

Changes in the MR signal intensity of the basal
ganglia are detailed in Figure 1A and B. Abnormal
signal intensity was seen as early as 3.1 hours
after endovascular occlusion of the MCA on T2-
weighted images, 3.3 hours on T1-weighted im-
ages, and 6.1 hours on spin density—weighted
images. Signal intensity increased on the T2-
weighted images of five animals. Signal intensity
increased on the spin density-weighted images of
two animals. In both cases, these changes were
observed later than on the corresponding T2-
weighted images. Signal intensity decreased on
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the T1-weighted images of three animals and did
not change in the remainder. Figure 5 demon-
strates a representative T2-weighted image of one
animal with corresponding histopathology. Figure
6 demonstrates a representative T2-weighted im-
age of another animal with a corresponding PET
and TTC-stained specimen.

Proton MRS of voxels limited to the basal
ganglia was performed in all animals, but the
spectra from one animal were not interpretable
because of technical difficulties with the spec-
trometer and a resulting poor signal-to-noise ra-
tio. Representative spectra at several times for a
single experiment are shown in Figure 7. The
concentrations of lactate and NAA versus time
for each animal are detailed in Figures 3 and 4.
In general, the lactate concentrations increased
and the NAA levels decreased over a similar time
course. These changes consistently started before
MR signal changes became apparent.

Pathology

Histopathologic analysis demonstrated is-
chemic and necrotic changes throughout the ip-
silateral MCA territory (Figs. 5C and 5E) in con-
trast to the normal contralateral MCA territory
(Figs. 5B and 5D). TTC revealed an absence of
staining in the ipsilateral MCA territory (Fig. 6C).

Discussion

Reproducible animal models of regional ische-
mia that pathophysiologically resemble human
clinical ischemia have been difficult to develop
(23, 24). This is usually attributed to variability in
surgical technique, vascular anatomy, and collat-
eral blood supply. The anatomy of the MCA in
the baboon offers a number of potential experi-

Fig. 4. Endovascular occlusion of the
MCA in animal 6.

A, Digital substraction angiography of
MCA (anteroposterior view) before occlu-
sion.

B, Digital subtraction angiography of
CCA (anteroposterior view) after occlu-
sion demonstrating no opacification of
the MCA.



Fig. 5. MR with pathologic correlation of animal 4.
A, T2-weighted image 11.48 hours after occlusion of the MCA demonstrating mildly increased signal in the right basal ganglia (arrow).
B, Map of ischemia (striped) and infarction (dotted) generated from the plotting of microscopic changes. The former area is larger than that which
demonstrates abnormal MR signal intensity.
C, Histologic preparation (cresyl violet) demonstrates ischemic (open arrow) and necrotic (closed arrows) neurons in the caudate. Note the shrinkage of
neurons and pyknotic nuclei (bar = 5 um).
D, Histologic preparation (cresy! violet) demonstrates normal large, medium (arrows), and small (curved arrows) neurons in the contralateral nonischemic
caudate. Note the presence of identifiable nuclei, nucleoli, and cytoplasm (bar = 5 um).
E, Histologic preparation (luxol fast blue/hematoxylin and eosin) demonstrates the presence of necrotic and ischemic neurons and the breakdown of the
myelin tracts (arrows) in the basal ganglia. Hemorrhagic lesions (open arrows) and occluded blood vessels (curved arrows) are also present (bar = 25

um).
F, Similar histological preparation (luxol fast blue/hematoxylin and eosin) of the nonischemic contralateral basal ganglia. Note the myelinization of the

white matter tracts (arrows; bar = 25 um).
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A

Fig. 6. MR with PET and pathologic correlation of animal 2.
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Cc

A, T2-weighted image 6.08 hours after the occlusion of the MCA demonstrating increased signal in the basal ganglia.
B, PET demonstrating CBF of less than 5 mL/100 g per minute within the right basal ganglia (arrow; scale at right is in milliliters

per 100 g per minute) and preserved CBF in left basal ganglia.

C, TTC-stained pathologic specimen demonstrating decreased staining in the right basal ganglia (asterisk).

mental advantages for studying ischemia, partic-
ularly when combined with newer endovascular
occlusive and in vivo imaging techniques. As in
the human, there are two distinct vascular beds—
the proximal perforator supply to the basal gan-
glia and the peripheral branches to the cerebral
cortex. Ischemia can be consistently produced in
the basal ganglia with MCA occlusion because of
the “end vessel” anatomy of the lenticulostriate
arteries and the lack of a collateral blood supply.
On the other hand, ischemia is more variable in
the cerebral cortex where there are multiple
branches with a rich collateral blood supply.
One previous study of acute irreversible ische-
mia of the basal ganglia used the transorbital
approach with direct cauterization of the entire
M1 segment of the MCA and lenticulostriate
branches in 10 baboons (25). It has been shown,
however, that in some baboons CBF decreases
after surgical widening of the optic foramen and
opening of the dura before the MCA itself is
occluded (26, 27). This may be because of vessel
spasm after the opening of the dura, leakage of
cerebrospinal fluid, entrance of air into the sub-
arachnoid space, or change of the surface tem-
perature. In addition, data collection is delayed
after transorbital occlusion, a major disadvantage
for studying the critical initial phases of ischemia.
Brassel et al (26) previously demonstrated the
effectiveness and irreversibility of the endovas-
cular method we chose for occlusion of the MCA.
This technique is much faster and less morbid

than the transorbital technique, allowing more
precise timing of ischemia onset and resulting in
more rapid in vivo data acquisition. In our inves-
tigation, the reduction in basal ganglia CBF
caused by occlusion of the MCA was documented
by radioactive microsphere or H,'’O PET meas-
urements. Basal ganglia ischemia and infarction
were demonstrated by histopathologic techniques
or TTC staining.

In each of our animals areas of abnormal MR
signal changes in the basal ganglia always showed
changes of ischemia or infarction by TTC or
histopathologic techniques. The converse was
not true. There were ischemic and infarcted re-
gions of the basal ganglia that did not have an
abnormal MR signal. This was most obvious in
the one animal in which changes in signal inten-
sity were never observed even though histopa-
thology showed evidence of clear ischemia and
infarction.

The delayed appearance of MR signal changes
in the basal ganglia is consistent with prior clinical
and experimental results. By the use of conven-
tional spin-echo techniques, MR signal changes
have not been reported earlier than 2 to 4 hours
after ischemia (1-8). Our results indicate that
ischemic changes are not appreciable on routine
MR images until at least 3 hours after the is-
chemic insult, at which time changes in signal
intensity were noted on T2-weighted images. Sig-
nal changes have been postulated to be caused
by increased intracellular H,O secondary to Na
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NAA Lac Cho Cre NAA Lac

Fig. 7. Serial proton MRS STEAM spectra of animal 3.

ppm

A, Region of interest corresponding to voxel of spatially localized proton MRS spectra.
B, Proton MRS STEAM spectra recorded at multiple times after the induction of ischemia (numbers to the left of each spectra are
the number of hours after occlusion). Lac, lactate; Cho, choline; Cre, creatinine; PRE, baseline before MCA occlusion.

influx after adenosine triphosphate-dependent
Na/K pump failure (2, 6); however, it is possible
that T2-weighted signal changes are caused by
biophysical changes in water rather than changes
in its concentration.

Although there was generally an increase in
T2-weighted signal intensity, it was variable in
degree. This was probably related to some vari-
ability in minimal residual CBF within the basal
ganglia, which was below the spatial or statistical
resolution of our methods for measuring CBF. In
other words, the ischemia was probably not
100% “complete.” One might expect that if CBF
totally ceased, the MR signal intensity changes
would be minimal or entirely nonexistent because
of a lack of delivery of extracellular water and
bloodborne mediators of cellular damage to the
area being studied. We have performed an addi-
tional two experiments in which all vessels of the
ipsilateral hemisphere were occluded with glue to
decrease the chance for any residual CBF to
occur; these experiments appear to lend support
to this notion. In these animals, no change in
signal intensity within the basal ganglia was ever
seen (up to 24 hours after the onset of ischemia)
(28).

Previous reports with animal models of global
cerebral ischemia have described exponential in-
creases in lactate concentrations with time con-

stants of a few minutes (29-31). These results
suggest that cell death is complete within 10 to
15 minutes of global ischemia. In contrast, with
our animal model of regional ischemia, we dem-
onstrated an increase in cerebral lactate concen-
tration over a period of several hours. If one
assumes that an exponential increase in lactate
reflects complete cell death, perhaps a steadily
rising lactate level in our model of regional ische-
mia indicates that cell death may not be univer-
sally complete throughout the volume of tissue
we examined. This may also mean that there is
salvageable tissue within this region of interest
during this period of time.

Proton MRS showed a prolonged decrease in
NAA, a postulated marker of viable neurons (12).
Decrements of NAA were noted, however, before
MR signal changes and coincident with increases
in lactate. If NAA is indeed a reflection of neuronal
viability, then the results suggest variable cellular
agonal states, with some cells dying within min-
utes and other dying over a period of hours.

In conclusion, changes in MR signal intensity
were always associated with cellular features of
ischemia and infarction in our baboon model of
acute irreversible ischemia of the basal ganglia.
Sustained increases in cerebral lactate level and
decreases in NAA preceded these changes in MR
signal intensity by several hours. These early
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changes in cerebral lactate and NAA may be
useful clinical indicators of cerebral ischemia.
They also suggest some variability in cellular
viability within the basal ganglia and the potential
opportunity of treatment regimens directed at
salvaging cerebral tissue.
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