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Three-Dimensional Time-of-Flight
Magnetic Resonance Angiography of Intracranial
Vessels in a Canine Model of Ischemic Stroke with
Permanent Occlusion of the Middle Cerebral Artery

Byeong-Teck Kang,' Dong-Pyo Jang,® Su-Hyun Gu,' Young-Bo Kim,* Chae-Young Lim," Jong-Hwan Lee,” Eung-Je Woo,* Zang-
Hee Cho,*" and Hee-Myung Park"’

The purpose of this study was to evaluate the potential efficacy of 3-dimensional time-of-flight magnetic resonance angiography
(TOF-MRA) to validate a canine ischemic stroke model. Ischemic stroke was induced through permanent middle cerebral artery
occlusion (MCAO) in 5 healthy Beagle dogs. T2-turbo spin echo images and TOF-MRA were obtained with a 1.5-T magnetic reso-
nance system before and 3 and 10 d after MCAO. In 3 dogs, angiograms of the brain obtained at 3 d after MCAO showed complete
occlusion of the MCA; in addition, T2 hyperintensities were present unilaterally in the striatocapsular and cerebral cortex lesions.
Partial occlusion of the proximal part of the MCA was identified in the 2 remaining dogs, with T2 hyperintensities present only
in the striatocapsular lesions. The occluded sites were confirmed at necropsy. The results of this study demonstrate the potential
of TOF-MRA to provide a detailed description of intracranial arteries and aid in the evaluation of flow impairment in a canine

MCAO model.

Abbreviations: CE-MRA, contrast-enhanced magnetic resonance angiography; CVA, cerebral vascular accident; MCAO, middle cerebral
artery occlusion; TOF-MRA, time-of-flight magnetic resonance angiography.

Cerebral vascular accidents (CVAs) are the most common clini-
cal presentation of cerebrovascular disease; they are the leading
cause of death and long-term disability in humans.'” Preclini-
cal and translational research into the causes, pathogenesis, and
therapeutic management of stroke has used many animal models
to improve our understanding of CVAs.” Among them, nonrodent
models (for example, cats, dogs, pigs, sheep, and monkeys) have
several distinct advantages over rodent models (for example,
mice, rats, and gerbils). First, nonrodent models accommodate
the acquisition of concurrent and multiple blood samples in the
same animal as well as complex physiologic monitoring. Second,
higher mammals have gyrencephalic (convoluted) brains, which
are structurally and functionally similar to the human brain. Fi-
nally, optimal resolution for magnetic resonance imaging tech-
niques can be achieved due to the large brain size.”’>” Among
nonrodent models, dogs are readily available, easy to care for, and
have predictable intercurrent diseases. Therefore, canine models
can be useful in the study of human neurologic disease.

CVAs can occur due to hemorrhage (hemorrhagic stroke) or in-
farction (ischemic stroke).*!2 Most animal stroke models are based
on ischemic stroke.” Experimental cerebral ischemia can be global,
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hemispheric, multifocal, or focal. Middle cerebral artery occlusion
(MCAO) with an intraluminal filament is a useful method for
inducing focal ischemia. Advantages of intravascular occlusion
of a single major cerebral blood vessel by intraarterial blockade
include avoiding the need for a craniotomy and the possibility of
reperfusion.’” Many factors, including variable thread diameter
and vessel size and biologic (interindividual or strain-related)
differences, can lead to variability in the outcomes of vascular oc-
clusion.'”! Therefore, the MCAO procedure must be validated in
the species used to obtain a reproducible model of focal ischemia.
Because the canine vasculature is similar to that in humans in
terms of vessel size and variability, using both dogs and humans
to assess new diagnostic or endovascular techniques may be rea-
sonable.

Until recently, the intracranial vessel status in dogs has been as-
sessed by conventional angiography, including X-ray and digital
subtraction angiography.>¢** However, the technical difficulties
and disadvantages of conventional angiography, including the
toxicity of ionizing radiation and contrast agents, inability to ob-
tain cross-sectional imaging, invasiveness of the surgery needed
for catheterization, and superimposition of images of the intra-
and extracranial vessels, have led to investigation of alternative
methods.”

Magnetic resonance angiography (MRA) is a useful diagnos-
tic and experimental procedure because it can be used for rapid
(that is, within 1 min) noninvasive assessment of the intracra-
nial vascular status.. Two techniques used for MRA are time-of-
flight (TOF) and contrast-enhanced (CE) MRA.* TOF-MRA is a
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technique based on the macroscopic motion of water protons,
which results in intrinsic contrast between the stationary tissue
and flowing blood, whereas CE-MRA is a technique based on the
reduction of the T1 relaxation that occurs with contrast agents.!?
Several preliminary studies have evaluated the canine vascula-
ture. 4,13,14

MRA is a noninvasive screening tool for assessing the intracra-
nial status of vessels in ischemic stroke.'* TOF-MRA can be per-
formed with unlimited repetition to obtain a temporal profile or
to evaluate the response to vascular therapy. In addition, because
no contrast material is needed for TOF-MRA, the potential for
decreased perfusion due to an impaired blood-brain barrier and
subsequent poor resolution is eliminated, as is the concern re-
garding overlying contrast-enhanced cerebral veins that obscure
the region of interest, thus complicating interpretation of result-
ing angiograms.>'® We therefore hypothesized that the TOF-MRA
might be useful for evaluation of a canine MCAQO model because
of the imaging method’s ability to assess the vascular status of the
main cerebral arteries.

The purpose of this study was to evaluate the efficacy of TOF-
MRA to validate the results of the MCAO procedure. We there-
fore investigated the cerebral vasculature of dogs before and after
MCAO by using TOF-MRA

Materials and Methods

Animals. Five healthy laboratory Beagle dogs (2 male and
3 female; age, 2 to 3 y; weight, 10 to 12 kg; Harlan Interfauna,
Huntingdon, UK) were used. All of the dogs were healthy with
no history of neurologic disease; they had no signs of neurologic
problems on physical examination. The dogs were screened for
metabolic diseases by complete blood count and serum chem-
istry analysis. After arrival to our facility, dogs were allowed to
acclimate for 2 wk, during which they were assessed daily for
neurobehavioral abnormalities and general health. Each dog was
housed in a single cage and fed twice daily with commercial dry
food (Science Diet, Hill’s Pet Nutrition, Topeka, KS); fresh water
was supplied continuously by automatic dispenser under con-
trolled environmental conditions [12:12-h light:dark cycles (light
on from 8:00 to 20:00)]; temperature, 18 to 24 °C; relative humid-
ity, 55% % 10%; 8 air changes hourly]. The holding and care units
for dogs were accredited by the Institutional Animal Care and
Use Committee of Konkuk University (Seoul, Korea); the IACUC
also approved the surgical procedures and experimental protocol.
The approved study endpoint was at 10 d after MCAO. After the
imaging studies (10 d after stroke), all dogs were euthanized with
sodium pentobarbital (80 mg/kg IV; Entobar, Hanrim Pharm,
Gyeonggi, Korea). At the end of the study, brains were removed
carefully and the site of occlusion identified. Criteria for early eu-
thanasia included: serious neurologic or clinical compromise and
the inability of the animal to care for itself; inability to self-feed
after the initial recovery period, and inactivity and lack of alert-
ness for a continuous 24-h period.

Animal preparation, monitoring and surgery. Feeding was re-
stricted to 12 h before the induction of anesthesia. The dogs were
premedicated with atropine (0.02 mg/kg SC; Atropine sulfate,
Je-I1 Pharm, Daegu, Korea) and acepromazine (0.2 mg/kg IM;
Sedaject, Samu Median, Chungnam, Korea) and anesthetized 30
min later by using propofol (5 mg/kg IV; Anepol, Hana Pharm,
Gyeonggi, Korea), orally intubated, and then mechanically ven-
tilated. Anesthesia was maintained with isoflurane (Attane, Min-
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rad, Orchard Park, NY) at 2% to 3% of the inspired volume during
surgery. The oxygen delivery and ventilation rates were continu-
ously monitored and adjusted to maintain the heart rate, blood
oxygen saturation, and blood pH within normal limits. The fluid
balance was maintained by intravenous administration of 0.9%
sodium chloride. Rectal temperature was monitored continuously
and maintained at 37 to 38 °C throughout the surgery.

Cerebral ischemia was induced by MCAO as previously de-
scribed.’ Briefly, animals were positioned in lateral the recumbent
position. Under sterile conditions, a cervical incision was made,
and then the carotid sheath, at the level of bifurcation under the
sternomastoideus muscle, was exposed by using blunt dissection
and palpating the carotid pulse. After the internal and external
carotid arteries were identified, a 16-gauge venous catheter was
inserted into the internal carotid artery through the carotid bulb.
An 18-gauge catheter connected to a 20-mL syringe, which was
loaded with 12 mL physiologic saline and an embolus made by
attaching a 7-mm length of silicone (Dow Corning, Midland, MI)
to the end of 4-0 silk suture (B Braun Medical Industries, Penang,
Malaysia), was inserted through the 16-gauge venous catheter.
The embolus was flushed into the internal carotid artery to the
origin of the MCA by using moderate force on the syringe plung-
er. The injection rate of saline was 2 mL/s. The catheters were
removed, and the neck incision was sutured. In all dogs, MCAO
was maintained until euthanasia.

Recovery. After surgery and recovery from isoflurane anesthe-
sia, dogs were extubated and returned to cages in the animal re-
covery room. A heating lamp was placed on the floor in front of
the cage and the radiant heat directed to one side of the cage (not
directly at the animal). Recirculating warm-water blankets were
placed beneath a portion of the cages. The animals were watched
continuously until they had recovered completely (about 6 h).
The next day, dogs were transported to the holding area and
checked every 3 h until euthanasia. The feeding behavior, hydra-
tion status, body temperature, and body weight were examined
at least once daily. Softened food pallets were provided to facili-
tate food intake. Ampicillin (20 mg/kg PO every 12 h; Unibiotech,
Gyeonggi, Korea) was administered for 1 wk to prevent bacterial
infection. The incision site was examined and cleaned on follow-
up until healed. To control pain, butorphanol (0.2 mg/kg, IM;
Myungmoon Pharm, Seoul, Korea) was given as needed, usually
twice a day for the first 3 to 5 d after surgery.

Imaging protocol and analysis. Imaging was performed with a
1.5-T MR system (Magnetom Avanto, Siemens AG, Berlin, Ger-
many). The scans were performed serially before and 3 and 10 d
after MCAO surgery. All dogs were fasted the night before MRA
as a precaution for anesthesia. Dogs were premedicated and anes-
thetized by using the same procedures described in the animal
preparation and monitoring section. Anesthesia was adjusted to
maintain immobility during the scan. T2-weighted images were
acquired by using a turbo spin echo sequence with a repetition
time of 6980 ms, echo time of 86 ms, 30 sections, slice thickness
of 3 mm, field of view of 15 x 15 cm, and a 512 x 512 matrix, for
a total duration of 4 min 30 s. MRA was performed around the
circle of Willis (Figure 1 A) with a 3-dimensional TOF sequence of
a repetition time of 30 ms, echo time of 4.9 ms, a flip angle of 35°,
field of view of 8 x 8 cm, a 160 x 256 matrix, 72 slices, and slice
thickness of 0.69 mm. The acquisition time was 4 min 30 s.

Angiograms were obtained by generating maximal intensity
projection 3D reconstruction of the raw data. T2-weighted im-
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ages were examined independently by both a neurologist and
a neuroradiologist, neither of whom had any knowledge of the
dog’s symptoms. Ischemic lesions were measured on a separate
workstation. The areas of abnormal hyperintensity were traced on
each slice of the T2-weighted images, and then summed and mul-
tiplied with the slice thickness and the interslice gap to calculate
the volume of the cerebral lesion. Results (in cm?) are expressed
as mean + SD unless otherwise stated.

Results

No dog met the criteria for early euthanasia, and anesthesia
and physiologic parameters were well maintained throughout
surgery in all dogs. Body weight and temperature remained un-
changed throughout the study. No dog exhibited behavior sug-
gestive of pain such as stiff body movements, reduced appetite,
shivering, increased respirations with panting, vocalization, and
biting or scratching at the incision sites.

Maximal intensity projection of TOF-MRA data in the dorsal,
transverse, and sagittal orientations revealed not only the main
cerebral arteries but also the branches of the middle and cau-
dal cerebral arteries (Figure 1 B through D). Venous structures
were not detectable due to their low flow velocity. The origin and
branching of both MCAs were most apparent in the transverse
view (Figure 1 D).

In 3 dogs, the angiograms of the brain obtained at 3 d after
MCAO demonstrated the absence of flow at the occluded MCA,
ipsilateral part of the circle of Willis, and internal carotid artery
(Figure 2 A, B). T2 hyperintensities were noted unilaterally at the
striatocapsular and cerebral cortex lesions (lesion volume, 6.08 +
0.68 cm?; Figure 2 C). Neurologic signs related to these lesions, in-
cluding altered mentation, hemianopsia, hemiparesis, head turn-
ing, circling, and perceptual deficits (menace response and facial
sensation), were present. After 7 d, the volume of the T2 lesions
was 5.94 + 1.67 cm?, which is not significantly different from the
day 3 values (Figure 2 D). In addition, altered mentation, motor
functions, head turning, and circling were partially improved.
TOF-MRA images did not differ at 3 and 10 d after MCAO (data
not shown). Obstruction of the MCA in these 3 dogs was con-
firmed at necropsy (Figure 2 E).

In 2 dogs, TOF-MRA at 3 d after MCAO revealed signal at-
tenuation from the proximal branch of the MCA, anterior com-
municating artery, and internal carotid artery (Figure 3 A, B). T2
hyperintensities were noted in the striatocapsular lesions (vol-
ume, 1.12 £ 0.61 cm?; Figure 3 C); the volume of the T2 lesions was
0.76 £ 0.13 cm? after 7 d (Figure 3 D). These dogs showed head
turning, circling, and reduced responsiveness at 3 d after MCAO,
but these signs had disappeared by 10 d after surgery. However,
TOF-MRA at 10 d after MCAO did not show improvement of the
impaired blood flow (data not shown). Even though located at the
proximal part of the MCA, the suture embolus did not completely
occlude the vessel (Figure 3 E).

Discussion
The TOF-MRA of 3 of the dogs studied showed the main ce-
rebral arteries and their branches. The development of vascular
obstruction and changes in blood flow in these arteries in canine
ischemic stroke was documented by TOF-MRA. The site and the
severity of occlusion were related to disrupted blood flow and
ischemia.

74

In the 3 dogs with complete occlusion of the distal internal and
middle cerebral arteries, TOF-MRA confirmed lack of blood flow
at the ipsilateral section of the circle of Willis, including the ante-
rior and caudal communicating and middle and internal cerebral
arteries. These dogs had striatocapsular and cerebral cortex le-
sions on T2-weighted imaging. The MCA has tree-like branches
that provide blood to the entire lateral cortex of each hemisphere.
The rostral choroid artery most often originates from the MCA
in dogs® and supplies blood to the internal capsule, lateral thala-
mus, amygdaloid body, caudal caudate nucleus, optic tract, and
lentiform nucleus. The central branches of the MCA are the me-
dial and lateral striatal arteries, which supply the basal ganglia,
internal capsule, and thalamus.® Because the MCAs of these 3
dogs likely were occluded completely, from the circle of Willis to
the distal branches, ischemic lesions were apparent in the cerebral
cortex and the striatocapsular regions.

Two dogs had incomplete MCA occlusion. Because the reduced
flow signal in the proximal part of the MCA was accompanied by
opacification of the distal branches and delayed flow signals on
the TOF-MRA, we suspected partial occlusion. The T2-weighted
images showed only a lacunar infarct, without abnormalities in
the cerebral cortex. These findings suggest partial occlusion of
the proximal branches of the MCA and maintenance of the blood
supply from the distal MCA branches to the cortex.

In all dogs, the severity of the neurologic signs abated between
3 and 10 d after MCAO surgery. Because the ipsilateral MCA re-
mained occluded and the occluded vessels did not regain paten-
cy, recruitment of blood flow through collateral vessels appeared
to have developed but these collateral vessels were not visible
on TOF-MRA at 10 d after the MCAO. TOF-MRA is sensitive to
fast-flowing blood; only unsaturated blood entering the imaging
volume between subsequent radiofrequency pulses produces a
high signal.! The technique overestimates the degree of vascu-
lar obstruction caused by saturation of slow flow and therefore
can prompt a false diagnosis of vascular occlusion.” However,
because CE-MRA uses paramagnetic contrast agents, such as ga-
dopentetate dimeglumine, to provide information on blood flow
dynamics and the venous vascular anatomy, it can reveal arterial
segments with low flow and avoid overestimation of vascular
occlusion.'!!

Because we used only TOF-MRA, our study was subject to
inaccurate estimation of the degree of vascular obstruction and
did not detect collateral vasculature. However, in a prior rodent
study® normalization of the T2 relaxation time in ischemic lesions
was not closely related to tissue recovery. This finding suggests
that an ischemic injury can continue even though the volume of
the T2 hyperintense lesions is decreased. Therefore the neurologic
signs in our dogs might have improved due to reduced vasogenic
edema and intracranial pressure without tissue recovery and rep-
erfusion of the occluded vessels. For humans, many studies have
been performed to determine the usefulness of CE-MRA in isch-
emic stroke.!*? TOF-MRA can be repeated without limitation
and has a short acquisition time; for these reasons, TOF-MRA
has been used in clinical settings as well as in animal studies on
ischemic stroke.*%! A single preliminary study' has assessed the
CE-MRA features of the cranial vessels in normal dogs. Compari-
sons of the usefulness of the TOF-MRA and CE-MRA techniques
require additional studies in dogs.

Signals from a single slab were acquired for imaging the in-
tracranial circulation. The distal extracranial vessels, such as the
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Figure 1. (A) Single-slab acquisition used for imaging of the intracranial circulation. Maximal intensity projection of 3D TOF-MRA, presented in the
(B) dorsal, (C) sagittal, and (D) transverse orientations to depict the major cerebral arteries of the dog brain before MCAO. 1, anterior cerebral artery;
2, anterior communicating artery; 3, middle cerebral artery; 4, internal carotid artery; 5, caudal communicating artery; 6, caudal cerebral artery; and 7,

maxillary artery

maxillary and external ophthalmic arteries, were partially visible
and interrupted the analysis of the cranial vessel anatomy. Even
though the plane of acquisition ideally should be perpendicular
to the long axis of the blood vessel,* it could not be positioned
vertically relative to the circle of Willis due to interference from
the extracranial arteries. Therefore, further adjustments are need-
ed for the placement of the slab to improve the visualization of
the intracranial vessels.

The optimal MR imaging protocol for ischemic stroke includes
diffusion-weighted imaging, fluid attenuation inversion recovery,
perfusion-weighted imaging, and MRA." Perfusion-weighted im-
aging can estimate brain perfusion and therefore can be used with
MRA to obtain comprehensive information on tissue perfusion.”
In the present study, we attempted to obtain perfusion-weighted
images and related maps, but these attempts were unsuccessful
due to technical difficulties. To assess regional impairment of ce-
rebral blood perfusion, further studies with PWI are needed.

This variability of the embolic stroke model fully mimics the
heterogeneous nature of human ischemic stroke, thereby facili-
tating the eventual translation and generalization of the results

from this model to clinical practice.® Because our model had a
variable degree of stroke and a reproducible and homogeneous
model is desirable when evaluating new therapeutic agents, such
as antioxidants and stem cells, obstruction of the cerebral arteries
should be verified immediately after MCAO surgery to assess
homogeneity in the canine stroke model,. If, for example, inaccu-
rate placement of a filament is confirmed rapidly by the MRA, the
filament can be repositioned. In this study, we could not perform
the MRA directly after MCAO surgery due to the difficulty of
transporting the dogs from the surgical area to the MR facility.

In summary, the results of this study demonstrate the use of
TOF-MRA for detailed visualization of intracranial arteries and
the evaluation of flow impairment in a canine MCAO model. The
use of TOF-MRA together with other MR sequences, including
diffusion-weighted imaging, fluid attenuation inversion recovery,
and perfusion-weighted imaging, might further increase the util-
ity of the ischemia model in dogs. To overcome the disadvantages
of TOF-MRA, the diagnostic and experimental value of CE-MRA
should be assessed.
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Figure 2. (A) Dorsal and (B) transverse TOF-MRA of the brain of a dog at 3 d after MCAO verified the absence of blood flow at the occluded MCA, ip-
silateral part of the circle of Willis, and the internal cerebral artery (arrows). (C) Hyperintensities of the striatocapsular and cerebral cortex lesions were
present unilaterally on T2-weighted images (arrowheads). (D) At 7 d after MCAO, these lesions were decreased on T2-weighted images (arrowheads).
(E) Obstruction of the MCA (arrow) was confirmed at necropsy.
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