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Objective—To evaluate the ability of 2-D time-of-flight (ToF) magnetic resonance
angiography (MRA) to depict intracranial vasculature and compare results obtained with
3.0- and 7.0-T scanners in dogs.
Animals—5 healthy Beagles.
Procedures—2-D ToF-MRA of the intracranial vasculature was obtained for each dog by
use of a 3.0-T and a 7.0-T scanner. Quantitative assessment of the images was obtained
by documentation of the visibility of major arteries comprising the cerebral arterial circle
and their branches and recording the number of vessels visualized in the dorsal third of the
brain. Qualitative assessment was established by evaluation of overall image quality and
image artifacts.
Results—Use of 3.0- and 7.0-T scanners allowed visualization of the larger vessels
of the cerebral arterial circle. Use of a 7.0-T scanner was superior to use of a 3.0-T
scanner in depiction of the first- and second-order arterial branches. Maximum-intensity
projection images had a larger number of vessels when obtained by use of a 7.0-T
scanner than with a 3.0-T scanner. Overall, image quality and artifacts were similar with
both scanners.
Conclusions and Clinical Relevance—Visualization of the major intracranial arteries was
comparable with 3.0- and 7.0-T scanners; the 7.0-T scanner was superior for visualizing
smaller vessels. Results indicated that ToF-MRA is an easily performed imaging technique
that can be included as part of a standard magnetic resonance imaging examination and
should be included in the imaging protocol of dogs suspected of having cerebrovascular
disease. (Am J Vet Res 2011;72:350–356)

T

ime-of-flight MRA is a noninvasive imaging technique that does not require injection of contrast
agents. Time-of-flight MRA depends on flowing blood
entering a tissue slice (2-D MRA) or tissue volume (3-D
MRA) after the tissue has been rendered signal free,
thus resulting in images with high-signal vessels visualized against a low-signal background, without the need
for contrast medium.1
Time-of-flight MRA was developed in the late
1980s, and it is presently used in human medicine
for evaluation of cerebrovascular diseases such as aneurysms and arteriovenous malformations.2,3 Conventional MRI scanners such as those with 1.5- and 3.0-T
magnets are now readily available for use as a diagnostic tool in human neurology. However, at present,
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only a limited number of institutions around the world
have commercial 7.0-T MRI scanners.4 Consequently,
several comparative studies can be found in the human
medicine literature regarding the use of 1.5- and 3.0-T
ToF-MRA,3,5–8 whereas only a few studies2,9 have been
conducted by use of this technique in ultra–high-field
scanners, such as those with 7.0-T magnets.
Intracranial vessels in dogs have usually been
viewed by means of conventional x-ray angiography or
digital subtraction angiography.10,11 Both methods use
invasive techniques with the associated risks of ionizing radiation and contrast agents.10,11 The wider availability of MRI in veterinary clinical settings has facilitated the use of MRA in the study of a variety of normal
anatomic structures in dogs,10,12–14 as well as different
pathological processes, such as aortic thrombosis and
cerebral stroke.10,11,15–17 The MRI scanners used in those
studies had 1.0- or 1.5-T field strength magnets; only 1
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recent report14 compares a 3.0-T scanner with a 1.0-T
scanner. However, no studies are presently available
in the veterinary literature regarding the use of ultra–
high-field scanners, such as those with 7.0-T magnets,
to obtain ToF-MRA studies in dogs.
In human medicine, 7.0-T ToF-MRA has been used
to depict the major intracranial arteries with a quality
comparable to or better than that obtained with 3.0- or
1.5-T scanners. Ultra–high-field ToF-MRA has also allowed visualization of a larger number of small intracranial arteries that were either not visualized or were
seen less clearly with lower field strength scanners.2
The purpose of the study reported here was to evaluate the ability of 2-D ToF-MRA to depict cerebral vasculature in the brain of dogs and compare results obtained from a scanner with a high-field magnet (3.0 T)
with results obtained from a scanner with an ultra–
high-field magnet (7.0 T). We hypothesized that ToFMRA with a 7.0-T scanner would depict the vasculature
of the canine brain in more detail and with higher quality images than with a 3.0-T scanner.
Materials and Methods
Animals—Five healthy male laboratory-bred Beagles were used for this study. Body weights ranged from
7.5 to 12 kg (median, 10.6 kg) and ages ranged from
1.3 to 3 years (median, 2 years). Dogs were healthy and
had no history of neurologic disease. Complete physical
and neurologic examinations were performed, which
revealed unremarkable results. A CBC and serum biochemical profile were obtained for each dog. All results
were within reference ranges. Each dog underwent 2-D
ToF-MRA with a 3.0- and 7.0-T scanner in random order. For each dog, both studies were done on the same
day during 1 anesthetic procedure. The experimental
protocol used for this study was reviewed and approved
by the institutional animal care and use committee.
MRA technique—An IV catheter was
placed in the cephalic vein of each dog. All
dogs were premedicated with acepromazine (0.15 mg/kg, IM) and hydromorphone
(0.07 mg/kg, IM). Anesthetic induction
was achieved by administration of propofol (4 mg/kg, IV), followed by endotracheal intubation. Anesthesia was maintained
with isoflurane and assisted mechanical
ventilation.
Two-dimensional ToF-MRA studies of
all dogs were acquired by use of a 3.0-T
human clinical scannera and a 7.0-T human whole-body MRI scanner.b Time-offlight MRA methods were optimized for
both field strengths before the studies were
performed.
The 3.0-T ToF-MRA images were acquired by use of an 8-channel, receive-only,
phased array extremity coil designed for
the human knee. The 7.0-T ToF-MRA images were acquired with a transmit-receive,
quadrature human limb coil. A multi-slice,
2-D, fast field echo with a repetition time
of 16 milliseconds was used for both scan-

ners. An echo time of 7.5 milliseconds was used for imaging with the 3.0-T scanner, and an echo time of 5.5
milliseconds was used to obtain images with the 7.0-T
scanner. For both scanners, a flip angle of 60o was
used, and 80 slices with a 1-mm slice thickness were
obtained. The geometric parameters were the same for
the 3.0- and 7.0-T scanners and included a field of view
of 120 X 120 mm, acquisition matrix of 240 X 240, and
resulting 0.5 X 0.5 X 1-mm3 voxel size obtained by use
of a single excitation. Total acquisition time was 5 minutes 21 seconds for 3.0-T ToF-MRA and 5 minutes 13
seconds for 7.0-T ToF-MRA.
Three fiducial markersc on the head were used on
each dog to achieve consistent slice positioning in both
scanners. One fiducial marker was placed on the skin
immediately dorsal to the most caudal end of the occipital crest, and 2 other markers (1 per side) were placed
on the skin over the most caudal end of the zygomatic
arches. The data were postprocessed to create MIPs,3
a process that largely eliminates the suppressed background tissue and makes the vessels easier to visualize
in 3-D.
Image analysis—Quantitative and qualitative assessments of the images were performed. Quantitative
evaluation of the images was obtained by documenting the visible presence or absence of the major arteries
comprising the cerebral arterial circle and its branches
and also by recording the number of vessels visualized
on the most dorsal third of the brain. Qualitative assessment was obtained by evaluating the overall image
quality and the presence or absence of artifacts. All images obtained by use of both scanners were reviewed
with dedicated software.d
Depiction of the 7 major intracranial arteries (5
paired and 2 single arteries) that form the cerebral
arterial circle, also known as the circle of Willis, was
recorded for each dog and graded as visible or not vis-

Figure 1—Maximum-intensity projection sagittal magnetic resonance image (7.0-T
scanner) of the intracranial vasculature of a dog. To obtain a vessel count, a line was
drawn from the vessel visualized in the most dorsal part of the brain to the vessel
located at the most dorsal aspect of the cerebral arterial circle and the distance
was measured (long black arrow). A value of one-third of that distance was then
calculated and extrapolated over the rostral, middle, and caudal (short black arrows)
areas of the brain to create an area over the dorsal third of the brain, where the
number of vessels was counted and recorded. Ca = Caudal.
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ible. All images were evaluated by the same investigator
(PMV) to minimize interobserver influence on vessel
identification. This evaluation was performed twice
with a 1-week interval between evaluations to minimize
intraobserver variability. The vessels were identified in
the 2-D ToF-MRA dorsal images by use of a slice-byslice technique and compared with images illustrated
in anatomic atlases and previous publications.10,18–21

The following vessels, which were named according to
the guidelines established in the fifth edition of Nomina
Anatomica Veterinaria,22 were evaluated: rostral cerebral
arteries, internal carotid arteries, middle cerebral arteries, caudal communicating arteries, caudal cerebral arteries, rostral cerebellar arteries, and the basilar artery.
The trajectory of the vessels was followed to identify
branching of the main arteries into smaller vessels. For
both scanners, visualization of branching was also
recorded as visible or not visible for all dogs. If
branching was not clearly visualized but the trajectory of the artery could be followed, the number of MRA slices through which the vessel was
seen was also recorded.
The MIP processed images were used to
count the number of vessels (both arterial and venous) in the dorsal third of the brain. This area
was chosen because it could be easily demarcated
in all dogs and allowed for the vessel count to be
obtained without substantial superimposition of
large vessels, such as the ones on the most ventral
aspect of the brain. The window and level were
adjusted (window, 784; level, 338) so the images
from all dogs and both scanners shared the same
image contrast. A line was drawn from the vessel visualized in the most dorsal part of the brain
to the vessel located at the most dorsal aspect of
the cerebral arterial circle, and the distance of the
line was measured. One third of that distance was
calculated and extrapolated over the rostral, middle, and caudal areas of the brain to create an area
over the dorsal third of the brain, where the vessels visualized were recorded (Figure 1). All the
MIP images were evaluated by the same investigator (PMV) to minimize interobserver influence on
the vessel count. The vessel count was performed
twice with a 1-week interval between counts to
minimize intraobserver variability.
Dorsal plane ToF-MRA raw images were subjectively evaluated and assessed for overall image
quality and the presence or absence of artifacts.
Three evaluators consisting of a board-certified
veterinary neurologist (RCD), a board-certified
veterinary radiologist (RLE), and a human physician (SS) with sufficient experience in neuroimaging independently graded the images. The 2 sets
of 2-D ToF-MRA images from each dog acquired
with the 3.0- and 7.0-T scanners were compared
side by side. The evaluators were masked to the
field strength of the scanner that provided the images and were instructed to subjectively evaluate
the overall image quality, basing their assessment
on vessel margin definition, ability to follow the
trajectory of the larger vessels forming the cerebral arterial circle, and visualization of smaller
branches. Reviewers were asked to score the overall image quality by use of a 3-point scale as follows: 1 = left image with superior image quality, 2
= left and right images with equal image quality,
Figure 2—Dorsal plane 2-D ToF-MRA images of the intracranial vasculature and 3 = right image with superior image quality.
of a dog obtained with a 3.0-T scanner (A) and a 7.0-T scanner (B). The
The presence or absence of artifacts at the
internal ethmoidal arteries can be seen arising from the rostral portion of
the rostral cerebral artery in B (arrows), but they cannot be seen in A. R = level of the cerebral arterial circle was also evaluRight. See Figure 1 for remainder of key.
ated. Scores for the presence or absence of arti352
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facts were 3 = severe, 2 = moderate, 1 = mild, and 0
= absent.

use of computer software.e Significance was established
at a value of P < 0.05.

Statistical analysis—Statistical analyses of the
visibility of first- and second-order branches were performed by use of a Wilcoxon signed rank test with
continuity correction. The vessel count data were also
analyzed by use of a Wilcoxon signed rank test. Mean ±
SD values for the vessel counts obtained by use of both
scanners were calculated. Analyses were performed by

Results
Visibility of arteries—The 7 major intracranial arteries (5 paired and 2 single vessels) forming the cerebral arterial circle were visualized at 3.0- and 7.0-T field strengths,
but visualization was superior with the 7.0-T scanner. In
all dogs, use of both 3.0 and 7.0 T scanners allowed visualization of the rostral cerebral arteries, internal
carotid arteries, middle cerebral arteries, caudal communicating arteries, caudal cerebral
arteries, rostral cerebellar arteries, and basilar
arteries. The first-order branches of the rostral cerebral arteries that could be visualized
were identified as the internal ethmoidal arteries (Figure 2), which were detected in 4 of
5 dogs with the 7.0-T scanner but were not
visible in any of the images acquired with the
3.0-T scanner. The middle cerebral arteries
were visualized in all dogs with both scanners (Figure 3). Both first- and second-order
branches could be visualized in all dogs with
the 7.0-T scanner but were only visible in 3
of 5 dogs and 2 of 5 dogs, respectively, with
the 3.0-T scanner. This difference was significant (P = 0.048). The branches arising from
the middle cerebral arteries were identified as
cortical branches.
The caudal cerebral and rostral cerebellar arteries were seen in all dogs with both
scanners (Figure 4). Branches arising from
these 2 arteries were not clearly visualized
in any dog. However, in 3 of 5 dogs by use
of the 7.0-T scanner, the caudal cerebral and
rostral cerebellar arteries could be followed
in a slice-by-slice review of dorsal plane images for a mean of 13 and 9 slices, respectively. They could not be followed in any dog in
images obtained by use of the 3.0-T scanner.
First-order branches arising from the basilar
artery were also detected in 3 of 5 dogs with
the 7.0-T scanner but were not seen in images obtained with the 3.0-T scanner. These
branches were identified as labyrinthine arteries on the basis of their location.

Figure 3—Two-dimensional ToF-MRA images of the intracranial vasculature of a dog
obtained with a 3.0-T scanner (A) and a 7.0-T scanner (B). Notice the first-order
branches arising from the middle cerebral arteries (arrows). The branches are more
clearly visible in B than in A. See Figure 2 for key.

Vessel count—Results of the vessel
counts performed on the MIP images revealed that there was a significantly (P =
0.028) higher number of vessels (arterial
and venous) in images obtained by use of
the 7.0-T scanner, compared with the 3.0-T
scanner, in all dogs. The numbers of vessels
in the dorsal third of the brain visualized at
3.0 T in the 5 dogs were 33, 37, 37, 29, and
27, respectively (mean ± SD, 32.6 ± 4.07); at
7.0 T, the numbers of vessels were 36, 41, 46,
32, and 36, respectively (mean ± SD, 38.2 ±
4.83). Better vessel conspicuity was also noted on the MIP images obtained with the 7.0T scanner, compared with the 3.0-T scanner,
in images from the same dog (Figure 5).
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Image quality and artifacts evaluation—Assessment of overall image quality did not reveal a substantial difference between the 2 scanners. Images obtained
with the 7.0-T scanner appeared superior in 2 dogs, but
in the other 3 dogs, they had similar quality. The 7.0-T

scanner made detection of a larger number of vessels
possible, but their margins were sometimes more difficult to discern (particularly the large-caliber vessels).
Overall, the vessels were better delineated on images
obtained by use of the 3.0-T scanner. However, the
7.0-T scanner revealed smaller vessels that
could not be seen with the 3.0-T scanner,
leading 2 authors to consider this a superior qualitative feature of ultra–high-field
ToF-MRA.
Flow artifacts were seen in all dogs
with both scanners at the level of the cerebral arterial circle. They were categorized
as moderate in all dogs in images obtained
by use of the 3.0-T scanner and in 3 of 5
dogs in images obtained by use of the 7.0-T
scanner. Mild flow artifacts were noted in the
2 remaining dogs with the 7.0-T scanner.
Discussion

Figure 4—Two-dimensional ToF-MRA images of the intracranial vasculature of a dog
obtained with a 3.0-T scanner (A) and a 7.0-T scanner (B). Notice the caudal cerebral
artery (arrowhead) and the rostral cerebellar artery (arrow). Both vessels are more
clearly visible in B than in A. See Figure 2 for key.
354
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The 2-D ToF technique is fairly sensitive for evaluating slow-flowing blood and
is used in humans for evaluation of the cervical portion of the carotid arteries, intracranial magnetic resonance venography,3
and imaging of tibial and pedal arteries.23
Results of the present study indicated that
2-D ToF-MRA is a valid technique that allows for the evaluation of the intracranial
vasculature in dogs.
To achieve a fair comparison between
scanners of different field strengths, the
imaging protocols were kept identical to
the extent possible. We hypothesized that
the 7.0-T scanner would reveal the intracranial vasculature of the canine brain in
more detail and with better image quality
than would the 3.0-T scanner.
The 2-D ToF-MRA performed with
either magnetic field strength revealed
the major arteries of the cerebral arterial
circle. Quantitative assessment of the raw
images indicated that 2-D ToF-MRA performed with the 7.0-T scanner appeared to
be superior at depicting smaller size vessels, compared with a similar protocol performed with the 3.0-T scanner. The 7.0-T
scanner made it easier to follow the arteries and improved detection of first- and
second-order branches that were either
not visible or were less clear with the 3.0T scanner. The vessel counts that were obtained on the MIP images, which revealed
a higher number of vessels in all dogs when
imaged with the 7.0-T scanner, compared
with the 3.0-T scanner, also suggested the
superior potential of the 7.0-T scanner to
identify vasculature of smaller caliber.
In terms of image quality, no clear superiority of either field strength was found.
The 3.0-T scanner provided sharper images, although this was likely the result of the
different receiver coils used on the 2 scanAJVR, Vol 72, No. 3, March 2011
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been associated with ischemic strokes or
cerebrovascular accidents in dogs.25 In a
recent study,11 3-D ToF-MRA at 1.5 T was
reported as a valuable tool for evaluation
of flow impairment in an experimental canine model of ischemic stroke involving
the middle cerebral artery.
In the present study, both MRI scanners provided an image of the rostral cerebellar arteries at the location where they
originate from the caudal communicating
artery in the most caudal aspect of the cerebral arterial circle.20 For these arteries,
no branches could be clearly seen in any
dog. However, the rostral cerebellar arteries could be followed throughout several
slices in images produced by the 7.0-T
scanner, whereas it was not possible to follow their trajectory in images produced by
the 3.0-T scanner. The rostral cerebellar arteries provide blood flow to the rostral part
of the cerebellar hemispheres, the vermis,
and the dorsolateral portion of the brainstem.20,25 Because most canine cerebellar
infarcts seem to occur within the region
supplied by the rostral cerebellar arteries,25,26 the findings of the present study
may be important. Also, dogs may have a
higher prevalence of cerebellar infarcts and
a lower prevalence of rostrotentorial infarction, compared with humans.25 In 1 study25
in which MRI studies of 40 dogs with
brain infarction were evaluated, 18 of the
40 dogs had cerebellar lesions. All of these
presumptive cerebellar infarctions were
within the territory of the rostral cerebellar
artery. In another study,26 12 dogs with presumed cerebellar cerebrovascular accidents
were evaluated by use of a scanner with a
Figure 5—Maximum-intensity projection images of the brain vasculature of a dog
obtained with at 3.0-T scanner (A) and 7.0-T scanner (B). A larger number of vessels 1.5-T magnet and 3-D ToF-MRA sequences
are seen in B. See Figure 1 for key.
were obtained as part of the MRI study in
6 of the cases. No raw data or MIP images
from the angiographic study were available for review,
ners. The multichannel, phased-array knee coil used
but the cerebellar arteries were reported to be inconsisat 3.0 T has a substantially different sensitivity profile
tently seen. The rostral cerebellar arteries in dogs corthan the volume coil used at 7.0 T; however, these were
respond to the superior cerebellar arteries in humans.25
the only coils available for this study. The difference in
In humans, ToF-MRA is presently used to aid in the
coil design was a limitation of this study and is, in gendiagnosis of infarction involving the superior cerebellar
eral, a confounding issue when performing comparison
arteries.27,28 If ToF-MRA techniques can be optimized
studies between scanners with 3.0-T and 7.0-T field
to achieve consistent visualization of the canine rostral
strengths. Despite these differences, the conclusion that
cerebellar arteries, this technique may also be used to
7.0-T scanner provided better conspicuity of small vesassist in the diagnosis of cerebellar infarction in dogs.
sels was still supported and would only be improved
Assessment of artifacts revealed that the 3.0- and
if a phased-array extremity coil was available for the
7.0-T scanners had a comparable degree of flow arti7.0-T scanner.
facts. Flow artifacts are caused by blood flowing into
In all dogs in the present study, ToF-MRA with the
the imaging slice and have been reported to be more
7.0-T scanner revealed a greater number of branches
substantial at 3.0-T than at 1.5-T field strengths.3 Howarising from the middle cerebral artery. These vessels
ever, no substantial differences were noted between
were identified as cortical branches. The middle cerefield strengths in the present study, and the 7.0-T scanbral arteries supply the largest area of the brain surface
ner was even considered to have produced images with
and provide blood supply to both lateral surfaces of
fewer artifacts in 2 of the 5 dogs studied. This may be
the cerebral cortex.20,24,25 The territory of the middle
explained by the fact that the gradient systems were
cerebral artery is one of the most common locations
similar for the 3.0-T and 7.0-T scanners and the same
for territorial cerebral infarcts in humans and has also
AJVR, Vol 72, No. 3, March 2011		
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pulse sequence was used for both. The short acquisition time to obtain ToF-MRA images of approximately
5 minutes makes it reasonable that this protocol could
be included as part of the MRI imaging protocol in dogs
in which a cerebrovascular disease is suspected, without substantial lengthening of the overall imaging time.
It is important to note that ultra–high-field scanners, such as the 7.0-T scanner used in this study, are of
recent development and used mostly for research purposes even in the human medicine field.2,9,29 The equipment, coils, and imaging protocols presently available
are undergoing continuous improvement. Presently,
ultra–high-field scanners are scarcely available for use
in veterinary patients. Further research in this area is
needed.
a.
b.
c.
d.
e.

Achieva 3.0 Tesla, Philips Healthcare, Best, The Netherlands.
Achieva 7.0 Tesla, Philips Healthcare, Best, The Netherlands.
Vitamin E 400 capsules, Schiff Nutrition International Inc, Salt
Lake City, Utah.
E-film Merge Healthcare, Milwaukee, Wis.
SAS statistical software, version 8.2, SAS Institute Inc, Cary, NC.
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