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Abstract

Background: Arterial spin labeling (ASL) is a noninvasive brain perfusion magnetic reso-

nance imaging (MRI) technique that has not been assessed in clinical veterinary medicine.

Hypothesis/Objectives: To test the feasibility of ASL using a 1.5 Tesla scanner and

provide recommendations for optimal quantification of cerebral blood flow (CBF) in

dogs and cats.

Animals: Three hundred fourteen prospectively selected client-owned dogs and cats.

Methods: Each animal underwent brain MRI including morphological sequences and

≥1 ASL sequences using different sites of blood labeling and postlabeling delays

(PLD). Calculated ASL success rates were compared. The CBF was quantified in ani-

mals that had morphologically normal brain MRI results and parameters of ASL opti-

mization were investigated.

Results: Arterial spin labeling was easily implemented with an overall success rate of

95% in animals with normal brain MRI. Technical recommendations included

(a) positioning of the imaging slab at the foramen magnum and (b) selected PLD of

1025 ms in cats and dogs <7 kg, 1525 ms in dogs 7 to 38 kg, and 2025 ms in dogs

>38 kg. In 37 dogs, median optimal CBF in the cortex and thalamic nuclei were

114 and 95 mL/100 g/min, respectively. In 28 cats, median CBF in the cortex and

thalamic nuclei were 113 and 114 mL/100 g/min, respectively.

Conclusions and Clinical Importance: Our survey of brain perfusion ASL-MRI dem-

onstrated the feasibility of ASL at 1.5 Tesla, suggested technical recommendations

and provided CBF values that should be helpful in the characterization of various

brain diseases in dogs and cats.
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1 | INTRODUCTION

Measurement of brain perfusion has become an indispensable tool in

the clinical evaluation of brain disorders in humans including strokes,

cerebrovascular malformations, tumors, epilepsy, encephalitis, and

degenerative diseases.1-8 Several techniques have been developed to

evaluate brain perfusion based on computed tomography (CT), mag-

netic resonance imaging (MRI), and nuclear medicine.9,10 The major

limitations of these techniques are IV injection of an exogenous con-

trast agent and, with CT and nuclear medicine techniques, exposure

to ionizing radiation. Since the early 1990s, a noninvasive MRI tech-

nique to assess brain perfusion has emerged first in neurosciences

research and then in clinical neuroimaging: arterial spin labeling

(ASL).2-4,11-28 Arterial spin labeling uses arterial blood water as a freely

diffusible endogenous flow tracer. Blood water entering the brain is

labeled by magnetic inversion and, after a postlabeling delay (PLD), a

labeled image of the brain is acquired. The perfusion signal is obtained

by subtracting the labeled image from a control image in which blood

has not been labeled, resulting in an image with the signal intensity

proportional to cerebral blood flow (CBF).14,29 The technique of ASL-

MRI provides an absolute and quantitative voxel-by-voxel measure-

ment of resting CBF without any agent injection, and without any

exposure to ionizing radiation,8,30 thus offering new opportunities to

quantify CBF at rest in humans. The CBF quantified using ASL-MRI is

expressed as a volume of blood per volume of tissue per minute

(mL/100 g/min).14,31

In animals, brain ASL-MRI has been used widely in experimental

research.2-5,12 In veterinary medicine, few publications have dealt

with cerebral perfusion MRI, most of them describing dynamic studies

that rely on IV injection of a gadolinium-based contrast agent.32-35 To

our knowledge, veterinary clinical application of ASL brain perfusion

MRI has only been mentioned in 2 publications.36,37 It was first intro-

duced in veterinary medicine as a technique providing a weak MRI

signal that can be influenced by several technical factors.36 One year

later, an ASL protocol was implemented in a dog with suspected late

subacute cortical laminar necrosis using a 3 Tesla MRI scanner.37

Considering the broad clinical application of ASL perfusion imag-

ing in humans and particularly in children, we hypothesized that ASL

would be clinically useful in the diagnosis of various neurological dis-

orders in dogs and cats. We hypothesized that ASL performed at 1.5

Tesla would effectively and efficiently assess brain perfusion, and that

CBF could be measured using ASL-MRI in both species. Our aims

were (a) to test the feasibility of ASL-MRI at 1.5 Tesla for assessing

brain perfusion and (b) to provide settings and specific recommenda-

tions for optimal quantification of CBF in dogs and cats using ASL.

2 | MATERIALS AND METHODS

2.1 | Study design and timing

This study consisted of a single-center (ADVETIA Veterinary Referral

Hospital), prospective, observational design, approved by the Ethics

Committee Jacques Bonnod of VetAgro Sup and performed with

informed owner consent. The study had a fixed time frame of

16 months (March 2018 to June 2019) and was divided into 3 equal

periods of time corresponding to 3 different phases that were con-

ducted sequentially.

All cats and dogs were selected by 2 board-certified veterinary

neurologists (Diplomates of the European College of Veterinary Neu-

rology). To be included, animals had to have a recommendation for

brain MRI by a neurologist and be free of any contraindication to gen-

eral anesthesia.

2.2 | Anesthesia

Premedication protocol was based on the patient's physical status and

using dexmedetomidine, butorphanol, midazolam, or some combina-

tion of these drugs. In all animals, general anesthesia was induced with

propofol and maintained with isoflurane diluted in oxygen. During the

procedure, respiratory carbon dioxide concentration (ETCO2), respira-

tory rate, and arterial pulse rate were recorded continuously.

2.3 | Magnetic resonance imaging

Magnetic resonance images were obtained using a 1.5 T MR unit

(Signa Explorer SV25; GE Medical Systems, Milwaukee, Wisconsin)

with a 16-channel flex coil. The brain imaging protocol included all

standard brain imaging pulse sequences used at our institution: 3D

T1, 3D fluid-attenuated inversion recovery, 2D or 3D T2, 3D T2*, dif-

fusion, and gadolinium-enhanced 3D T1. Detailed information about

these sequences is provided in Supporting Information 1. Additionally,

each MRI study included ≥1 3D pseudocontinuous ASL perfusion

imaging pulse sequences that were acquired in a transverse plane

before IV injection of gadolinium. The ASL sequence settings are pro-

vided in Supporting Information 2. Patients were positioned in sternal

recumbency. The arterial spin tagging plane was parallel to the trans-

verse plane of the neck and was automatically set 2 cm caudal to the

caudal border of the imaging slab. The imaging slab positioning (ie, the

site of blood tagging) and the PLD value varied according to the phase

of the study and are summarized in Table 1. During phase 1, the cau-

dal border of the imaging slab was placed over the mid-length of the

second cervical vertebra (mid-C2 position) and the PLD was set at

1025 ms. Animals enrolled during phase 1 formed the group called

“group mid-C2.” During phase 2, the caudal border of the imaging slab

was placed just caudal to the cerebellum (foramen magnum

[FM] position), and the PLD was kept at 1025 ms. During phase 3, the

caudal border of the imaging slab was placed just caudal to the cere-

bellum (FM position) and 3 ASL sequences set at 3 different PLDs

(1025, 1525, and 2025 ms) were performed on each animal. Animals

enrolled during phases 2 and 3 formed the group called “group FM.”
The MR images were stored in a picture archiving communication sys-

tem (PACS) and analyzed by using a dedicated medical image viewer

(Vue PACS, version 12.1.6; Philips, Amsterdam, the Netherlands).
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2.4 | Quality patterns of ASL studies and acronyms

The following acronyms were used for depicting different quality

patterns of ASL studies: “gASL” for good diagnostic quality and

“pASL” for poor diagnostic quality (failed ASL), the latter including

“pASL-B” (B for bilateral), “pASL-U(hemi)” (U(hemi) for unilateral-

hemiencephalon), and “pASL-U(pro)” (U(pro) for unilateral-prosen-

cephalon). Table 2 details the descriptive criteria and shows a CBF

color map example for each ASL pattern. Recommendations used

for ASL acronym assignment are provided in Supporting Information

3. Figure 1 provides a detailed anatomical comparison between

gASL images and T2-weighted images.

2.5 | Data collection

Signalment (breed, sex, age, and weight), premedication and anesthesia

protocols (drugs used for premedication, induction and maintenance of

general anesthesia), monitored physiological parameters (pulse rate, respi-

ratory rate and ETCO2 during ASL image acquisition), and final or pre-

sumed diagnosis were recorded from medical records. Brain MRI was

classified as either normal or pathological; criteria used to determine “nor-
mal brain MRI” are provided in Supporting Information 4.

TABLE 1 Arterial spin labeling pulse sequence parameters
distinguishing the three phases of the study

Phase of the study Phase 1 Phase 2 Phase 3

Imaging slab positioning mid-C2 FM FM

PLD selected 1025 ms 1025 ms 1025 ms

1525 ms

2025 ms

Note: See text for a detailed description of imaging slab positioning.

Abbreviations: FM, foramen magnum; mid-C2, mid-length of the second

cervical vertebra; PLD, postlabeling delay.

TABLE 2 Acronyms, descriptive criteria, and examples of CBF color map of ASL quality patterns

Acronym Descriptive criteria CBF color map

gASL Symmetrical brain perfusion signal allowing discrimination of:
� regions with high signal intensity: cerebral cortex, central gray nuclei, cerebellar cortex and

vermis
� regions with intermediate signal intensity: brain white matter
� regions with no perfusion signal: ventricles

pASL-B Bilateral lack of perfusion signal in both the right and left prosencephalon.

Perfusion signal is variably present in other brain regions

pASL-U(hemi) Unilateral lack of perfusion signal limited to one hemiencephalon (right or left)

pASL-U(pro) Unilateral lack of perfusion signal limited to one prosencephalon (right or left)

Notes: Transverse (A, C, E, G) and dorsal (B, D, F, H) reconstructed CBF color maps with image planes crossing the interthalamic adhesion, in 3 dogs (A, B, C, D,

G, H) and a cat (E, F). (A) and (B): gASL pattern in a 1.5-year-old male intact Portuguese Sheepdog diagnosed with idiopathic facial nerve paralysis.

A symmetrical high signal intensity (red) is noticed in the cerebral cortex and the thalamic nuclei. A symmetrical intermediate signal intensity (green) is noticed

in the cerebral white matter. (C) and (D): pASL-B pattern in an 8-year-old male intact Shepherd dog diagnosed with a left-sided idiopathic Horner's syndrome.

Bilateral absence of brain perfusion signal. Branches of the right and the left external carotid arteries show an elevated signal intensity (red).

(E) and (F): pASL-U(hemi) pattern in a 16-year-old female spayed cat with suspected age-related behavioral changes. Unilateral (left-sided) absence of perfusion

signal in the cerebral arterial territory of the left external carotid artery (maxillary branch) in cats (left hemiencephalon). (G) and (H): pASL-U(pro) pattern in a

3.5-year-old Chihuahua diagnosed with a necrotizing cerebellitis. Unilateral (left-sided) absence of perfusion signal in the cerebral arterial territory of the left

internal carotid artery in dogs (left prosencephalon).

Abbreviations: gASL, good diagnostic quality ASL study; pASL-B, poor diagnostic quality ASL study with bilateral lack of signal; pASL-U(hemi), poor

diagnostic quality ASL study with unilateral lack of signal in one hemiencephalon (right or left); pASL-U(pro), poor diagnostic quality ASL study with

unilateral lack of signal in one prosencephalon (right or left).
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A board-certified veterinary radiologist (Diplomate of the

European College of Veterinary Diagnostic Imaging [ECVDI]) with

1 year of ASL experience gained in human pediatric neuroimaging

(H. Gaillot) and a second-year radiology resident (A.-C. Hoffmann)

reviewed all ASL studies as primary readers for assigning a quality

pattern acronym by consensus. Any ASL images with questionable

diagnostic quality were further reviewed and assigned by consen-

sus using a third primary reader, a neuroradiologist with 20 years

of experience in human pediatric neuroimaging (N. Boddaert).

Another investigator, a board-certified veterinary radiologist with

no experience in ASL (Y. Ruel), assessed ASL image quality in all ani-

mals in phase 3, as a secondary reader for the purpose of measuring

inter-reader reliability.

The presence or absence of signal in the branches of each external

carotid artery (ECA) also was recorded. The ASL success rate (ASL-SR)

was calculated as the percentage of ASL studies with good diagnostic

quality.

Cerebral blood flow was quantified in the cerebral cortex (exclu-

sively cortical gray matter) and thalamic nuclei on transverse brain

images crossing the interthalamic adhesion by drawing 2 round

2-dimensional regions of interest (ROI; surface area: 6-12 mm2), 1 in

the most densely perfused area of the cortex (middle suprasylvian

groove), and 1 in the most densely perfused area of the ipsilateral

thalamus (thalamic nuclei).

2.6 | Radiographic detection of an identification
microchip

In group FM animals, the presence of a cervical microchip was

investigated radiographically. The chip location relative to the

spine was recorded, and the chip-to-FM distance was measured on

a dorsoventral view.

In group FM, pASL-U animals were compared with gASL animals

considering only PLD of 1025 ms. Association of pASL-U group and

gASL group with the absence of signal in the ECA branches was calcu-

lated. Monovariate and multivariate analyses were performed on the

following variables: sex ratio, age, pulse rate, presence of a cervical

chip with a left lateral or left ventrolateral location, a chip-to-FM dis-

tance <4 cm, body weight <6.5 kg, and a chip-to-FM distance >6 cm.

2.7 | Positioning of the imaging slab

The impact of imaging slab positioning on ASL quality was assessed

by comparing group mid-C2 animals with group FM animals consider-

ing only PLD of 1025 ms. For each group, monovariate and multivari-

ate analyses were performed on the following variables: age, weight,

sex ratio, dog/cat distribution, ETCO2, use of dexmedetomidine, pulse

rate, and presence of a lesion on standard brain MRI.

F IGURE 1 Good diagnostic quality brain ASL perfusion images (gASL pattern) and corresponding anatomical MR images in a dog. A 1.5-year-
old male intact Portuguese Sheepdog diagnosed with idiopathic facial nerve paralysis. Top row shows arterial spin labeling (ASL) cerebral blood
flow (CBF) color map transverse images. Highly perfused anatomical structures are depicted in red, moderately perfused structures are depicted

in green, and poorly to not perfused structures are depicted in dark blue to black. Bottom row shows corresponding T2-weighted transverse
images obtained at the same anatomic levels as ASL images. A, Frontal lobes level: presylvian groove (blue arrow), cingulate gyrus (yellow
arrow). B, Parietal lobes level: cingulate gyrus (yellow arrow) and caudate nucleus (orange arrow), and internal capsule (white asterisk). C,
Thalamus level: middle suprasylvian groove (blue arrow), thalamic nucleus (orange arrow), and piriform lobe and parahippocampal gyrus (green
arrow). D, Mesencephalon level: mesencephalic nucleus (orange arrow), marginal groove (blue arrow), and corona radiata (white asterisk). E,
Cerebellum level: cerebellar vermis (blue arrows), cerebellar cortex (yellow arrow), lingula of cerebellum (green arrow), and cerebellar white matter
(white asterisk)
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2.8 | Cerebral blood flow measurement

In group FM cats with normal brain MRI and gASL pattern, CBF was

quantified in the cerebral cortex and the thalamic nuclei on ASL

images obtained using a PLD of 1025 ms.

In phase 3 dogs with normal brain MRI and gASL pattern with at

least 1 PLD, CBF was quantified in the cerebral cortex and the thalamic

nuclei on gASL images obtained using any PLD (1025, 1525, or 2025 ms).

2.9 | Optimal PLD

For each gASL dog in phase 3, “optimal PLD” was defined as the

PLD providing the highest cortical CBF value. In dogs with normal

brain MRI, cortical and thalamic CBF values obtained using the opti-

mal PLD were referred as “optimal cortical CBF” and “optimal tha-

lamic CBF.”

2.10 | Statistical analysis

Data were analyzed by 1 of the investigators (S. Nahmani) using R

Core Team (2020) language and environment for statistical com-

puting (R Foundation for Statistical Computing, Vienna, Austria.

URL https://www.R-project.rog/). Inter-reader agreement was

measured by calculating Cohen's kappa coefficient. Data were

assessed for normality using the Shapiro-Wilk test. Continuous

data were expressed as medians, interquartile range (IQR) and

ranges, or mean and standard deviation if normally distributed.

Categorical data were expressed as frequencies and percentages.

Comparisons of categorical data between groups were performed

using Chi-squared test with Yates's continuity correction or Fisher

exact test for smaller sample sizes. Comparisons of continuous

data between groups were made using Mann-Whitney test, Stu-

dent t test for normally distributed data or Wilcoxon signed-

ranked test for matched groups. Multivariate analyses using

logistic regression were performed to identify (a) factors that

could significantly influence the occurrence of a pASL-U pattern

such as a cervical chip, (b) factors that could significantly influence

ASL-SR such as slab position, (c) association of different ranges of

weight (<7 kg; 6-39 kg; >38 kg) with a particular optimal PLD in

dogs, and (d) factors that could be significantly associated with

ASL failure despite proper slab position and optimal PLD. Magni-

tude and uncertainty of effects were assessed by calculating odds

ratios (ORs) and 95% confidence intervals (95% CIs). Significance

was set at P <.05.

3 | RESULTS

3.1 | Study population

Three-hundred and fourteen animals (248 dogs and 66 cats) were

included. Age, weight, and sex ratio in dogs and cats according to the

phase of the study are presented in Table 3. The 16 most frequently rep-

resented dog breeds (≥5 dogs per breed) corresponding to 163 dogs are

listed in Supplemental Table 1 provided in Supporting Information 5.

3.2 | Flowcharts of the study and overall ASL-SR
for each phase

Two flowcharts of the study are provided in Figure 2. The distribution

of animals according to ASL pattern, species, normal or pathological

brain MRI results, and corresponding ASL-SRs are presented for each

phase of the study in Tables 4 to 8.

In dogs, the highest ASL-SR was obtained using a PLD of

1525 ms and FM position of the slab, in both normal and pathological

brain MRI groups, and was 97.4% (37/38) and 81.8% (27/33), respec-

tively (Table 7).

In cats, a relevant ASL-SR only could be provided using a PLD of

1025 ms and FM position of the slab, in both normal and pathologi-

cal brain MRI groups, and was 96.6% (28/29) and 80% (8/10),

respectively (Tables 5 and 6).

3.3 | Inter-reader agreement

Agreement between primary and secondary readers was observed in

86/87 animals in phase 3. Cohen's kappa coefficient evaluating agree-

ment between secondary and primary readers was 0.96, indicating

excellent reliability between readers.

TABLE 3 Age, body weight, and sex
ratio in dogs and cats in each phase of
the study

Phase 1 Phase 2 Phase 3

Dogs (n = 248) (n = 78) (n = 96) (n = 74)

Age (mean ± SD; years) 7.5 ± 4.2 7.5 ± 4.2 7.4 ± 4.0

Weight (mean ± SD; kg) 19.5 ± 16.2 15.2 ± 10.8 17.2 ± 12.2

Sex ratio (M/F) 1.69 (49/29) 0.78 (42/54) 0.95 (36/38)

Cats (n = 66) (n = 16) (n = 37) (n = 13)

Age (mean ± SD; years) 7.7 ± 4.5 9.0 ± 4.5 8.4 ± 5.4

Weight (mean ± SD; kg) 4.2 ± 0.7 4.5 ± 1.4 4.4 ± 1.1

Sex ratio (M/F) 1.29 (9/7) 1.64 (23/14) 0.86 (6/7)
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F IGURE 2 Flow chart of the entire study and flow chart of phase 3 of the study. Group mid-C2: animals enrolled during phase 1 (slab
positioned over the mid-length of the second cervical vertebra). Group foramen magnum (FM): animals enrolled during phases 2 and 3 (slab
positioned over the foramen magnum). pASL-U: arterial spin labeling (ASL) pattern indicating a unilateral lack of brain perfusion signal (poor
diagnostic quality ASL study). gASL: ASL pattern indicating a good diagnostic quality ASL study. pASL-B: ASL pattern indicating a bilateral lack of
brain perfusion signal (poor diagnostic quality ASL study). Optimal postlabeling delay (PLD): PLD value (1025, 1525, or 2025 ms) that provided,
for a given dog in phase 3, a gASL pattern and the highest value of cerebral blood flow measured in the prosencephalic cortex. Phase 1: slab at
mid-C2 and PLD set at 1025 ms; Phase 2: slab at FM and PLD set at 1025 ms; Phase 3: slab at FM and PLD set at three different values (1025,
1525, and 2025 ms). n, number of animals (dogs and cats)

TABLE 4 Distribution of animals in phase 1 (n = 94) according to ASL patterns, species (dogs or cats) and brain MRI results (normal or
pathological MRI), and corresponding ASL-SR

Phase 1 (slab at mid-C2; PLD 1025 ms)

Total gASL pASL-U pASL-B ASL-SR

All animals 94 41 8 45 47.7%

Normal MRI 56/94 22 7 27 44.9%

Pathological MRI 38/94 19 1 18 51.4%

Dogs 78 30 6 42 41.7%

Normal MRI 45/78 15 5 25 37.5%

Pathological MRI 33/78 15 1 17 46.9%

Cats 16 11 2 3 78.6%

Normal MRI 11/16 7 2 2 77.8%

Pathological MRI 5/16 4 0 1 80%

Note: The ASL-SRs have been calculated, after excluding animals with pASL-U pattern (see text for explanation), as follows: 100 � gASL/(gASL + pASL-B).

Abbreviations: ASL-SR, ASL success rate; gASL, good diagnostic quality ASL study; mid-C2, mid-length of the second cervical vertebra; pASL-B, poor

diagnostic quality ASL study with bilateral lack of signal; pASL-U, poor diagnostic quality ASL study with unilateral lack of signal; PLD, postlabeling delay.
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3.4 | Unilateral lack of brain perfusion signal:
pASL-U pattern

A pASL-U pattern was observed in 24/314 animals (7.6%) and in each

phase of the study.

In group FM, results of comparison of pASL-U animals (n = 16)

with gASL animals (n = 169) are presented in Supplemental

Table 2, provided in Supporting Information 6. These findings

indicate that a lateral/ventrolateral cervical microchip close to the

FM induced an ipsilateral unilateral failure of ASL. Consequently, in

the following results, all pASL-U animals have been excluded

because this pattern was considered to be artefactual, leading to a

resized population studied (phase 1, n = 86; phase 2, n = 126;

phase 3, n = 78).

3.5 | Positioning of the imaging slab

The impact of imaging slab position on ASL image quality was assessed

using univariate analysis by comparing group mid-C2 animals with group

FM animals after excluding pASL-U cases. Results are presented in Sup-

plemental Table 3 provided in Supporting Information 7. The ASL-SR was

significantly higher in group FM (82.8%, 169/204) than in group mid-C2

(47.7%, 41/86; P < .001). Group FM was 5.12 times more likely to have

good diagnostic quality ASL than group mid-C2 (OR, 5.12; 95% CI,

2.94-8.93; P < .001). In the population studied above, gASL animals and

pASL-B animals were compared for slab positioning and other variables

using multivariate analysis. Results are presented in Supplemental Table 4

provided in Supporting Information 8 and showed that FM position of the

slab was significantly more frequent in gASL animals (80%, 169/210) than

TABLE 5 Distribution of animals in
phase 2 (n = 133) according to ASL
pattern, species (dog or cat) and brain
MRI result (normal or pathological MRI),
and corresponding ASL-SR

Phase 2 (slab at FM; PLD 1025 ms)

Total gASL pASL-U pASL-B ASL-SR

All animals 133 107 7 19 84.9%

Normal MRI 81/133 67 4 10 87%

Pathological MRI 52/133 40 3 9 81.6%

Dogs 96 77 2 17 81.9%

Normal MRI 54/96 44 0 10 81.5%

Pathological MRI 42/96 33 2 7 82.5%

Cats 37 30 5 2 93.8%

Normal MRI 27/37 23 4 0 100%

Pathological MRI 10/37 7 1 2 77.8%

Note: The ASL-SRs have been calculated, after excluding animals with pASL-U pattern (see text for

explanation), as follows: 100 � gASL/(gASL + pASL-B).

Abbreviations: ASL-SR, ASL success rate; FM, foramen magnum; gASL, good diagnostic quality ASL

study; pASL-B, poor diagnostic quality ASL study with bilateral lack of signal; pASL-U, poor diagnostic

quality ASL study with unilateral lack of signal; PLD, postlabeling delay.

TABLE 6 Distribution of animals in
phase 3 (n = 87) with PLD set at

1025 ms according to ASL pattern,
species (dog or cat) and brain MRI result
(normal or pathological MRI), and
corresponding ASL-SR

Phase 3 (slab at FM; PLD 1025 ms)

Total gASL pASL-U pASL-B ASL-SR

All animals 87 62 9 16 79.5%

Normal MRI 49/87 39 5 5 88.6%

Pathological MRI 38/87 23 4 11 67.6%

Dogs 74 56 3 15 78.9%

Normal MRI 39/74 34 1 4 89.5%

Pathological MRI 35/74 22 2 11 66.7%

Cats 13 6 6 1 85.7%a

Normal MRI 10/13 5 4 1 83.3%a

Pathological MRI 3/13 1 2 0 100%a

Note: The ASL-SRs have been calculated, after excluding animals with pASL-U pattern (see text for

explanation), as follows: 100 � gASL/(gASL + pASL-B).

Abbreviations: ASL-SR, ASL success rate; FM, foramen magnum; gASL, good diagnostic quality ASL

study; pASL-B, poor diagnostic quality ASL study with bilateral lack of signal; pASL-U, poor diagnostic

quality ASL study with unilateral lack of signal; PLD, postlabeling delay.
aResults considered irrelevant considering the small number of cats being enrolled.
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in pASL-B animals (43.8%, 35/80; OR, 1.46; 95% CI, 1.30-1.64;

P < .001). No significant difference was found between the 2 groups

in sex ratio (OR, 1.00; 95% CI, 0.91-1.11; P = .9), pulse rate (OR,

1.00; 95% CI, 1.00-1.00; P = .3), ETCO2 (OR, 1.00; 95% CI, 1.00-

1.01; P = .7), use of dexmedetomidine (OR, 0.92; 95% CI, 0.83-

1.02; P = .12), and presence of a lesion on standard brain MRI (OR,

0.99; 95% CI, 0.89-1.10; P = .8).

3.6 | Influence of PLD on ASL-SR in dogs with
normal brain MRI

In phase 3, after excluding pASL-U dogs, 38 dogs had normal brain

MRI with an average ASL-SR of 94% (Tables 6 to 8). The highest

ASL-SR was obtained using a PLD of 1525 ms (97.4%, 37/38). This

ASL-SR was not significantly higher than the ASL-SR obtained using

a PLD of 1025 ms (89.5%, 34/38; P = .36) or 2025 ms (94.7%,

36/38; P = 1).

3.7 | Influence of PLD on ASL-SR in dogs with
pathological brain MRI

In phase 3, after excluding pASL-U dogs, 33 dogs had pathological

brain MRI. The highest ASL-SR was obtained using a PLD of 1525 and

2025 ms (81.8%, 27/33; Tables 7 and 8). These results were not sig-

nificantly different than the ASL-SR obtained using a PLD of 1025 ms

(66.7%, 22/33; P = .56; Table 6).

TABLE 7 Distribution of animals in
phase 3 (n = 87) with PLD set at
1525 ms according to ASL pattern,
species (dog or cat) and brain MRI result
(normal or pathological MRI), and
corresponding ASL-SR

Phase 3 (slab at FM; PLD 1525 ms)

Total gASL pASL-U pASL-B ASL-SR

All animals 87 71 9 7 91%

Normal MRI 49/87 43 5 1 97.7%

Pathological MRI 38/87 28 4 6 82.4%

Dogs 74 64 3 7 90.1%

Normal MRI 39/74 37 1 1 97.4%

Pathological MRI 35/74 27 2 6 81.8%

Cats 13 7 6 0 100%a

Normal MRI 10/13 6 4 0 100%a

Pathological MRI 3/13 1 2 0 100%a

Note: The ASL-SRs have been calculated, after excluding animals with pASL-U pattern (see text for

explanation), as follows: 100 � gASL/(gASL + pASL-B).

Abbreviations: ASL-SR, ASL success rate; FM, foramen magnum; gASL, good diagnostic quality ASL

study; pASL-B, poor diagnostic quality ASL study with bilateral lack of signal; pASL-U, poor diagnostic

quality ASL study with unilateral lack of signal; PLD, postlabeling delay.
aResults considered irrelevant considering the small number of cats being enrolled.

TABLE 8 Distribution of animals in
phase 3 (n = 87) with PLD set at
2025 ms according to ASL pattern,
species (dog or cat) and brain MRI result
(normal versus pathological MRI), and
corresponding ASL-SR

Phase 3 (slab at FM; PLD 2025 ms)

Total gASL pASL-U pASL-B ASL-SR

All animals 87 70 9 8 89.7%

Normal MRI 49/87 42 5 2 95.5%

Pathological MRI 38/87 28 4 6 82.4%

Dogs 74 63 3 8 88.7%

Normal MRI 39/74 36 1 2 94.7%

Pathological MRI 35/74 27 2 6 81.8%

Cats 13 7 6 0 100%a

Normal MRI 10/13 6 4 0 100%a

Pathological MRI 3/13 1 2 0 100%a

Note: The ASL-SRs have been calculated, after excluding animals with pASL-U pattern (see text for

explanation), as follows: 100 � gASL/(gASL + pASL-B).

Abbreviations: ASL-SR, ASL success rate; FM, foramen magnum; gASL, good diagnostic quality ASL

study; pASL-B, poor diagnostic quality ASL study with bilateral lack of signal; pASL-U, poor diagnostic

quality ASL study with unilateral lack of signal; PLD, postlabeling delay.
aResults considered irrelevant considering the small number of cats being enrolled.
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3.8 | Influence of body weight and age on optimal
PLD in dogs with normal brain MRI

In phase 3, 37 dogs had normal brain MRI and a gASL pattern

with at least 1 of the 3 tested PLDs. Optimal PLD was 1025 ms

in 13/37 (35.1%) dogs with a median body weight of 8 kg

(IQR, 5-18; 1.2-32), 1525 ms in 17/37 (45.9%) with a median

weight of 21 kg (IQR, 14-32; 6.1-39), and 2025 ms in 7/37 (19%)

with a median weight of 29 kg (IQR, 25.5-31.5; 21-44; Figure 3).

The difference in weight distribution was significant between

1025 and 1525 ms (P = .01) and between 1025 and 2025 ms

(P = .01), suggesting that weight is a crucial factor for

optimizing PLD.

Median age relative to optimal PLD was 4 years (IQR, 2-7) at

1025 ms, 8 years (IQR, 4-11) at 1525 ms, and 6 years (IQR, 4.5-7.75) at

2025 ms (Figure 4). The difference in age distribution was statistically

significant only between 1025 and 1525 ms (P = .03), suggesting that

age is not a critical factor for optimizing PLD.

3.9 | Influence of body weight and age on optimal
PLD in dogs with pathological brain MRI

In phase 3, 27 dogs had pathological brain MRI and a gASL pattern

with at least 1 of the 3 tested PLDs. Optimal PLD was 1025 ms in

7/27 dogs with a median body weight of 5 kg (IQR, 3.4-7),

1525 ms in 14/27 with a median weight of 12.8 kg (IQR, 12-21.5),

and 2025 ms in 6/27 with a median weight of 31.5 kg (IQR,

25.3-34.8; Figure 5). As in dogs with normal brain MRI, weight

appeared to be a critical factor for optimal PLD in dogs with

abnormal MRI.

Median age relative to optimal PLD was 5 years (IQR, 4.3-8.5) at

1025 ms, 8.5 years (IQR, 7.1-10.9) at 1525 ms, and 9.5 years (IQR,

9-11.5) at 2025 ms (Figure 6). As in dogs with normal brain MRI, age

did not appear as a critical factor for optimal PLD in dogs with abnor-

mal brain MRI.

3.10 | Optimal PLD in dogs according to body
weight

In all dogs of phase 3 excluding pASL-U dogs, multivariate analysis

for the different PLDs in 3 groups of weight (<7 , 6-39, and >38 kg)

showed that dogs weighing <7 kg (11/64) were significantly associ-

ated with an optimal PLD of 1025 ms (OR, 1.77; 95% CI, 1.37-2.29;

P < .001), dogs weighing between 6 and 39 kg (53/64) were signifi-

cantly associated with an optimal PLD of 1525 ms (OR, 1.58; 95%

CI, 1.16-2.15; P = .005), and dogs weighing >38 kg (3/64) were sig-

nificantly associated with an optimal PLD of 2025 ms (OR, 2.38;

95% CI, 1.39-4.09; P = .003).

F IGURE 3 Box plot showing

weight distribution relative to optimal
PLD in 37 dogs with normal brain MRI.
Optimal postlabeling delay (PLD) was
determined in dogs of phase 3 that had
normal brain magnetic resonance
imaging (MRI) and gASL pattern with at
least 1 of the PLDs tested
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F IGURE 4 Box plot showing age
distribution relative to optimal PLD
in 37 dogs with normal brain MRI.
Optimal postlabeling delay (PLD)
was determined in dogs of phase 3
that had a normal brain magnetic
resonance imaging (MRI) and a gASL
pattern with at least 1 of the PLDs
tested

F IGURE 5 Box plot showing
weight distribution relative to optimal
PLD in 27 dogs with pathological brain
MRI. Optimal postlabeling delay (PLD)
was determined in dogs of phase
3 that had pathological brain magnetic
resonance imaging (MRI) and gASL
pattern with at least 1 of the PLDs
tested
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3.11 | Poor quality ASL studies (pASL-B pattern)
in dogs

In phase 3, 7 dogs showed a pASL-B pattern with each of the 3 tested

PLDs, giving an ASL failure rate of 9.9% (7/71; Figure 2). All 7 dogs had

high signal intensity in ECA branches, indicating proper tagging, and

6/7 had pathological brain MRI. The 7 dogs were compared with the

64 dogs of phase 3 that showed a gASL pattern with at least 1 PLD,

using univariate and multivariate analyses. Results are presented in

Supplemental Table 5 provided in Supporting Information 9. In both

univariate and multivariate analyses, no significant difference was

found between group pASL-B (7 dogs) and group gASL (64 dogs) for

sex ratio (OR, 0.98; 95% CI, 0.84-1.14; P = .8), weight (OR, 1.00; 95%

CI, 0.99-1.0; P = .2), dexmedetomidine use rate (OR, 1.07; 95% CI,

0.92-1.25; P = .4), ETCO2 (OR, 1.01; 95% CI, 1.00-1.01; P = .2), and

pulse rate (OR, 1.00; 95% CI, 1.00-1.00; P = .9). In univariate analysis,

dogs in group pASL-B were significantly older than dogs in group gASL

(median age, 11 years; IQR, 10.5-13.5 and 7.3 years; IQR, 4-9.3;

P = .02). This result was confirmed by multivariate analysis (OR, 1.03;

95% CI, 1.01-1.05; P = .01).

In group pASL-B, final or presumed diagnoses included tumor (5/7),

cerebellar ischemic stroke (1/7), and meningoencephalitis (1/7). The

5 tumors were thalamic glioma (n = 1), ventricular tumor (n = 3), and

meningioma (n = 1). Four dogs in group pASL-B had a clinical evaluation

compatible with intracranial hypertension and showed the following MRI

findings: space-occupying lesion (4/4), mass effect (4/4), compression of

an interventricular foramen (4/4), and brain herniation (1/4).

3.12 | Cerebral blood flow results in dogs with
normal brain MRI

In phase 3, the 37 dogs with normal brain MRI that were selected for

quantifying cortical CBF and thalamic CBF had a median age of 6 years

(IQR, 3-9), median weight of 19 kg (IQR, 8-31), and sex ratio of 0.85 (M/F,

17/20). Table 9 presents the CBF results obtained in these dogs for each

PLD and for the optimal PLD. Median optimal CBF was 114 mL/100 g/

min (IQR, 94-132) in the cortex and 95 mL/100 g/min (IQR, 82-113) in

the thalamic nuclei.

3.13 | Cerebral blood flow results in cats with
normal brain MRI

Because of too few cats enrolled during phase 3, optimal PLD and optimal

CBF were considered irrelevant in cats and are not presented here. Cortical

and thalamicCBFwerequantified in the28cats of groupFMthat hadnormal

brainMRI using a PLD of 1025 ms. These cats had amedian age of 8.5 years

(IQR, 4-12), median weight of 4.7 kg (IQR, 4-5), and sex ratio of 1.2 (M/F,

15/13). Table 10 presents the cortical and thalamic CBF results obtained in

F IGURE 6 Box plot showing
age distribution relative to
optimal PLD in 27 dogs with
pathological brain MRI. Optimal
postlabeling delay (PLD) was
determined in dogs of phase 3
that had pathological brain
magnetic resonance imaging
(MRI) and gASL pattern with at

least 1 of the PLDs tested
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these cats. Median CBF was 113 mL/100 g/min in the cerebral cortex (IQR,

94-150) and114 mL/100 g/min (IQR94-141) in the thalamic nuclei.

4 | DISCUSSION

4.1 | Overall success rate of ASL in dogs and cats

In dogs, the highest ASL-SR was obtained by selecting a PLD of

1525 ms and an FM imaging slab position in both normal and patho-

logical brain MRI dogs, and was 97.4% (37/38) and 81.8% (27/33),

respectively (Tables 4-8). In cats, the highest relevant ASL-SR was

obtained by selecting a PLD of 1025 ms and an FM imaging slab posi-

tion in both normal and pathological brain MRI cats, and was 96.6%

(28/29) and 80% (8/10), respectively (Tables 4-8). These findings sub-

stantiate the feasibility of brain ASL-MRI in dogs and cats at 1.5 T and

the ability of ASL to evaluate cerebral perfusion.

4.2 | Labeling failure artifact

A pASL-U pattern always was associated with a signal defect in the

ipsilateral ECA branches and represents a labeling failure artifact

related to a cervical microchip with a lateral/ventrolateral position and

a chip-to-FM distance <6 cm. A detailed discussion of the results,

including the influence of species on the appearance of this artifact, is

provided in Supporting Information 10.

4.3 | Optimal positioning of the imaging slab

The imaging slab position was an important quality factor of

ASL as indicated by the significant near doubling of the ASL-SR

(82.4% vs 47.7%) when the caudal border of the imaging slab

was placed caudal to the cerebellum (FM position) rather than over

the mid-length of the 2nd cervical vertebra (mid-C2 position;

Supplemental Table 3 provided in Supporting information 7).

Additionally, multivariate analysis showed that the FM position

was significantly more frequent in gASL animals (80%, 169/210)

than in pASL-B animals (43.8%, 35/80). These findings confirmed

the crucial role of slab position in ASL success and lead to the

recommendation of the FM position for implementing ASL-MRI

in dogs and cats (Supplemental Table 4 provided in Supporting

information 8). The PLD gives the labeled blood time to travel

from the labeling site to the target imaging region, this time

being referred to as the arterial transit time (ATT).29 If the ATT is

longer than the PLD, brain perfusion signal can be weak because

labeled blood has not yet reached the brain capillary bed when

ASL images are acquired, leading to an underestimation of

CBF.29,30,38 The dramatic increase in the ASL-SR is most likely

because of a decrease in ATT when the labeling plane was dis-

placed cranially from the mid-C2 position to the FM position. In

humans, a method using anatomical landmarks consisting of the

placement of the labeling plane just below the inferior border

of the cerebellum ensures labeling of the posterior cerebral

circulation.7,8

TABLE 10 Cerebral blood flow (mL/100 g/min) measured in the cerebral cortex (gray matter) and thalamic nuclei (gray matter), in 28 cats
with normal standard brain MRI, with PLD set at 1025 ms

Anatomical region PLD n CBF median (IQR) CBF mean (SD) CBF range

Cortex 1025 ms 28 113 (94-150) 123 (42.1) 63-214

Thalamus 1025 ms 28 114 (94-141) 117 (33.5) 67-201

Note: CBF was measured in cats enrolled during phases 2 and 3 (FM slab position) that showed gASL pattern (good quality ASL) with PLD set at 1025 ms.

Abbreviations: CBF, cerebral blood flow; n, number of cats; PLD, postlabeling delay.

TABLE 9 Cerebral blood flow
(mL/100 g/min) measured in the cerebral
cortex (gray matter) and thalamic nuclei
(gray matter), in 37 dogs with normal
standard brain MRI

Anatomical region PLD n CBF median (IQR) CBF mean (SD) CBF range

Cortex 1025 ms 34 97 (70-128) 105 (43.1) 44-217

1525 ms 37 112 (89-129) 114 (45.6) 52-252

2025 ms 36 103 (86-126) 107 (40.1) 46-247

Optimal PLD 37 114 (94-132) 124 (48) 52-252

Thalamus 1025 ms 34 103 (86-122) 103 (30.1) 40-169

1525 ms 37 99 (86-108) 94 (25) 47-165

2025 ms 36 80 (69-91) 78 (17) 36-111

Optimal PLD 37 95 (82-113) 101 (30) 47-165

Note: CBF was measured in dogs enrolled during phase 3 (FM slab position) that showed gASL pattern

(good quality ASL) with at least 1 of the PLDs tested.

Abbreviations: CBF, cerebral blood flow; n, number of dogs; PLD, postlabeling delay.
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4.4 | Optimal PLD in dogs and recommended PLD
in cats

In humans, PLD is 1 of the most important parameters for the ASL perfu-

sion technique.7,30 Its value directly determines the accuracy of the quan-

tified CBF and should be adapted to the patient's conditions.13,31,39,40

A significant increase in weight was observed with increasing opti-

mal PLD in dogs with or without a brain MRI lesion, suggesting that the

heavier the dog, the higher the optimal PLD value. In humans, the opti-

mal PLD is highly dependent on the presumed blood velocity.8,15,30 The

younger the individual, the faster the blood flow, and an increase in the

PLD value is recommended with increasing age of the patients.29,38,40

The increase in optimal PLD value with increasing weight in dogs could

translate into a negative correlation between blood velocity and size or

conformation with a lower arterial blood velocity and longer ATT in

larger dogs and a higher flow velocity and shorter ATT in smaller dogs.

The multivariate analysis performed in phase 3 dogs showed a

significant association between weight <7 kg and an optimal PLD of

1025 ms, weight between 6 and 39 kg and an optimal PLD

of 1525 ms, and weight >38 kg and an optimal PLD of 2025 ms.

Between 6 and 39 kg, overlaps of the weight ranges for the 3 optimal

PLDs were observed (Figures 3 and 5). These overlaps may reflect the

influence of additional variables recognized as factors influencing ATT

in humans, including blood T1 relaxation (tracer half-life), cardiac out-

put, and proximal vessel occlusion.7,15,30,31 Within the limits of these

results, the best agreement is to recommend a PLD of 1025 ms in

dogs weighing <7 kg, a PLD of 2025 ms in dogs weighing >38 kg, and

a PLD of 1525 ms for dogs between these weights. Considering that

size, conformation, and weight in cats are much less variable than in

dogs and that cats commonly weigh less than 7 kg, our findings in

dogs suggest that 1025 ms could be a reasonable PLD to recommend

in cats. This recommendation is reinforced by the ASL-SR obtained

in cats with normal brain MRI at a PLD of 1025 ms (96.6%, 28/29).

In our study, age did not clearly emerge as a variable influencing

optimal PLD in dogs. In humans, the well-documented positive correla-

tion between age and PLD is illustrated by the progressive increase in

PLD from 1025 ms in children to 3025 ms in elderly people.19-26,38-42

Our findings suggest that age might not influence arterial blood velocity

and ATT in dogs as it does in humans. The absence of documented

spontaneous carotid atherosclerosis in dogs, in contrast to humans,

might be a factor limiting the influence of age on ATT.

4.5 | Arterial spin labeling failure

In 7/71 dogs (9.9%), the quality of ASL images was poor despite optimal

imaging slab positioning (FM position), absence of labeling failure (signal

present in the ECA branches), and use of 3 different PLDs. In 4 dogs, MRI

anomalies and clinical evaluation were compatible with intracranial hyper-

tension. The absence of ASL brain perfusion signal in these dogs could be

explained by their condition because intracranial hypertension may com-

promise CBF and alter brain perfusion because of cerebrospinal fluid flow

disturbances and secondary brain edema.43-45 In the remaining dogs

(3/7), brain lesions were unlikely to cause intracranial hypertension. These

3 dogs were the oldest of group pASL-B (between 12 and 16 years). The

7 pASL-B dogs were significantly older than the 64 control g-ASL dogs in

both univariate and multivariate analyses (Supplemented Table 5 provided

in Supporting information 9). These findings are consistent with the nega-

tive relationship found between age and brain perfusion in dogs that most

likely reflects a decrease in number, size, and function of neurons as a

normal aging process.46

4.6 | Quantitative measurements of CBF in dogs
and cats with a normal brain MRI

In our study, absolute CBF was quantitatively measured in dogs and

cats using ASL-MRI at 1.5 T. Compared to dynamic susceptibility con-

trast-MRI in dogs,34,35 ASL-MRI provided a quantitative measurement

of CBF more easily (single drawing per ROI), more rapidly (no arterial

input function required, no repeated ROI drawings over time), and

noninvasively (no IV injection of an exogenous agent).

In 37 dogs with normal brain MRI, the median optimal CBF was

114 mL/100 g/min (IQR, 94-132) in the cortex and 95 mL/100 g/min

(IQR, 82-113) in the thalamic nuclei (Table 9).

In 28 cats with normal brain MRI, the median CBF obtained with

PLD set at 1025 ms was 113 mL/100 g/min in the cerebral cortex

(IQR, 94-150) and 114 mL/100 g/min (IQR, 94-141) in the thalamic

nuclei (Table 10). To our knowledge, these results are the first quanti-

tative measurements of CBF published in cats in a clinical setting.

4.7 | Limitations

Our study had several limitations. The fixed time frame for data col-

lection (16 months) with the prospective study design resulted in a

very small number of cats in phase 3 (n = 7, after removal of cats dis-

playing a microchip-related artifact) which precluded identification of

optimal PLD in this species.

A variable influence of anesthesia on ASL quality and CBF was

prevented by using the same anesthesia protocol in all 314 animals

(induction with propofol and maintenance with isoflurane and oxy-

gen). However, premedication, based on the individual's physical sta-

tus, varied among animals. In humans, several studies have concluded

that premedication had no effect on the regional distribution of

CBF.47-50 We therefore hypothesized that premedication would have

minimal impact on ASL quality and CBF.

One of the main limitations of our study was the high number of

analyses that were performed and the absence of any a priori correc-

tion for multiple analyses and inflated type 1 error. We tried to com-

pensate for this weakness by performing multivariate analyses.

The last relevant limitation relates to the main inclusion criteria,

which implied that selected animals were suspected of having a neu-

rological disorder and could not be regarded as healthy although they

had a normal standard brain MRI. A prospective study conducted on

healthy dogs and cats would be valuable to confirm our results.
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5 | CONCLUSION

Our prospective study is the first large-scale survey on brain perfu-

sion ASL-MRI in dogs and cats demonstrating that ASL can be

implemented at 1.5 Tesla with a relevant success rate in these

species. A labeling failure artifact related to the cervical microchip

can be observed. Recommendations for implementing ASL include

(a) positioning of the imaging slab at the level of FM and

(b) selection of the following PLDs: 1025 ms in all cats and in dogs

<7 kg, 1525 ms in dogs between 7 and 38 kg, and 2025 ms in dogs

>38 kg. Resting CBF measurements using ASL-MRI can be obtained

easily within a few minutes in dogs and cats. Associated with ana-

tomical and diffusion-weighted MRI sequences, ASL could be of

critical importance in the diagnosis of many neurological disorders in

dogs and cats and could be included in routine brain MRI protocols.
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