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Abstract

Background: Blood-brain barrier (BBB) permeability can be assessed quantitatively

using advanced imaging analysis.

Hypothesis/Objectives: Quantification and characterization of blood-brain barrier

dysfunction (BBBD) patterns in dogs with brain tumors can provide useful information

about tumor biology and assist in distinguishing between gliomas and meningiomas.

Animals: Seventy-eight hospitalized dogs with brain tumors and 12 control dogs

without brain tumors.

Methods: In a 2-arm study, images from a prospective dynamic contrast-enhanced

(DCE; n = 15) and a retrospective archived magnetic resonance imaging study

(n = 63) were analyzed by DCE and subtraction enhancement analysis (SEA) to quan-

tify BBB permeability in affected dogs relative to control dogs (n = 6 in each arm).

For the SEA method, 2 ranges of postcontrast intensity differences, that is, high

(HR) and low (LR), were evaluated as possible representations of 2 classes of BBB

leakage. BBB score was calculated for each dog and was associated with clinical char-

acteristics and tumor location and class. Permeability maps were generated, using the

slope values (DCE) or intensity difference (SEA) of each voxel, and analyzed.

Results: Distinctive patterns and distributions of BBBD were identified for intra- and

extra-axial tumors. At a cutoff of 0.1, LR/HR BBB score ratio yielded a sensitivity of

80% and specificity of 100% in differentiating gliomas from meningiomas.

Conclusions and Clinical Importance: Blood-brain barrier dysfunction quantification

using advanced imaging analyses has the potential to be used for assessment of brain

tumor characteristics and behavior and, particularly, to help differentiating gliomas

from meningiomas.

Abbreviations: BBB, blood-brain barrier; BBBD, blood-brain barrier dysfunction; CNS, central nervous system; CSF, cerebrospinal fluid; DCE-MRI, dynamic contrast-enhanced MRI; IAUGC, initial

area under the gadolinium curve; SEA, subtraction enhancement analysis.
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1 | INTRODUCTION

Intracranial neoplasia is common in dogs, with older age and body

weight of above 15 kg being risk factors for the occurrence of menin-

giomas and a prevalence of 4.5% in dogs undergoing postmortem

examination.1 The most common primary brain tumor in dogs is

meningioma, which represents 50% of all diagnosed tumors, followed

by gliomas, representing 30% to 40%.1-3 Each of these tumor classes

has unique biological characteristics and behavior, which influence

prognosis and treatment options.4,5 Thus, identifying tumor class is

essential for appropriate treatment planning and management. How-

ever, identification is not always possible, even when high-field mag-

netic resonance imaging (MRI) is available.6

Magnetic resonance imaging features associated with meningio-

mas include broad-based attachment to the meninges, meningeal tail,

distinct tumor margins, and uniform contrast enhancement in

T1-weighted sequences. In addition, peritumoral edema is present in

>90% of the cases.6,7 A study of 40 dogs reported 85% accuracy of

correctly identified meningiomas by MRI.6 Gliomas originate within

the brain parenchyma and are the most common intra-axial tumors in

dogs.1 They are poorly to well marginated, with or without contrast

enhancement on T1-weighted images. A ring-enhancing pattern

around nonenhancing abnormal tissue is often associated with glio-

mas.6,8-10 The accuracy of MRI in correctly identifying gliomas in dogs

is 73%.6 In addition to tumor class, identification of the tumor bed, an

affected peritumoral region marking the tumor margins, is essential

for surgical planning and prognosis.4,11,12

In the last 2 decades, blood-brain barrier dysfunction (BBBD)

has been implicated in the pathophysiology of a multitude of neuro-

logical diseases, including primary and secondary brain neoplasia, in

humans and experimental animals.13-21 The 2 basic mechanisms of

BBB breakdown are transcytosis and paracellular which differ in per-

meability characteristics as well as time and onset after the

insult.22,23 Moreover, in cases of brain neoplasia, tumor progression

is highly associated with abnormal angiogenesis. In gliomas in

humans, disease progression of low-grade to high-grade glioma

(WHO grade II-IV) is characterized by increased vascularization asso-

ciated with BBB disturbances. Blood-brain barrier alterations are

most prominent in glioblastoma multiforme (WHO IV, GBM), the

most malignant brain tumor that is associated with high morbidity

and poor median survival.24 These discoveries have driven techno-

logical advances in detection and quantification of BBBD in vivo.

Recently developed MRI analysis algorithms allow clinical evaluation

of BBBD in both experimental animals and clinical cases.25-30

T1-weighted dynamic contrast-enhanced (DCE) perfusion MRI

(DCE-MRI), which allows quantitative assessment of tissue perfusion

over time and BBBD, has already been used in clinical practice to

image primary and secondary brain neoplasms and to differentiate

meningiomas from dural-based metastases in humans.31-34

Moreover, peritumoral edema surrounding atypical meningiomas have

distinct perfusion characteristics compared with benign meningiomas.34

In dogs, DCE-MRI enables the identification and quantification of brain

areas with BBBD in naturally occurring brain diseases.25 A less demand-

ing semiquantitative method that was suggested for detecting BBBD is

subtraction enhancement analysis (SEA),35 which compares enhance-

ment in each brain voxel in MR images obtained before and after intra-

venous contrast administration.

Here, we addressed the hypothesis that application of these

2 BBBD quantification methods can provide clinically useful infor-

mation on the behavior and class of brain tumors in dogs. For that,

we conducted a prospective study to quantify BBBD using DCE-MRI

data of extra-axial and intra-axial brain tumors, and a retrospective

SEA on MR images of histologically confirmed meningiomas and

gliomas.

2 | MATERIALS AND METHODS

2.1 | Animals and study design

This study had 2 arms (Figure 1). In the first arm, we analyzed

DCE-MRI data from dogs that participated in a prospective study

to assess BBB integrity in various neurological diseases. Dogs with

either intra-axial or extra-axial space-occupying lesion, which was

diagnosed as a brain tumor by both a radiologist (DP) and a board-

certified neurologist (MS), were included. The control group con-

tained 6 healthy shelter dogs admitted for neutering surgery. Inclu-

sion criteria for the control group, were normal physical and

neurological examination, normal CBC and chemistry profile, normal

cerebrospinal fluid (CSF) cytology, total protein, and no abnormali-

ties on MRI.

The second arm was a retrospective analytical cross-sectional

study conducted by archived MRI and medical record data from

the Koret School of Veterinary Medicine Teaching Hospital (KSVM-

VTH; group i), and from both the University of Veterinary Medi-

cine Hannover (UVM-H) and the Royal Veterinary College (RVC),

London (group ii). In group i, MRI records of all dogs admitted to

the hospital between 2014 and 2019 with neurological dysfunction

were reviewed. Only dogs diagnosed with a brain tumor were

included. Medical history, complete physical and neurological exam-

ination, CBC, serum biochemical profile, and CSF analysis results

were recorded. The control group included 6 dogs that underwent

head MRI for evaluation of extracranial diseases. In group ii, MRI

of dogs admitted to RVC and the UVM-H between 2001 and

2009 that were diagnosed with brain tumors after MRI evaluation

were reviewed. Only dogs in which the tumor class was later
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confirmed by histopathology to be either a glioma or meningioma

were included.

Brain tumors were diagnosed independently by a radiologist (CL) and

a neurologist (VH) based on clinical signs of focal space-occupying brain

lesion, which appeared as hyperintense lesions on T2-weighted

sequences with or without postcontrast T1-weighted sequences.

All procedures were approved by the institutional ethics commit-

tee (see Section 2.7).

2.2 | MRI protocols

2.2.1 | DCE prospective analytical cross-sectional
study

DCE-MRI protocol

Dynamic contrast-enhanced MRI (DCE-MRI) studies were performed

by a 0.35-Tesla magnet (Magentom C, Siemens Healthineers, Berlin,

F IGURE 1 Flow chart of the
study design showing the 2 arms
of the study, namely dynamic
contrast enhanced (DCE) and
subtraction enhancement
analysis (SEA).
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Germany). Dogs were under general anesthesia maintained with 1%

to 2% isoflurane and constant oxygen flow (100%, 2 L/h) after intuba-

tion. Seven transverse T1-weighted gradient recalled echo sequences

were obtained, 1 before and 6 immediately after contrast administra-

tion (TE: 6.75-7.3 ms, TR: 192-445 ms, flip angle: 90�, slice thickness:

3.5-4 mm, interslice gap: 3.85-4.4 mm, FOV: 13.5 � 13.5 cm to

18 � 18 cm, reconstruction matrix: 192 � 192).

SEA protocol

The obtained DCE images were evaluated a second time by the SEA

method. For that, 2 postcontrast time points, namely early (SEAearly,

5 minutes after contrast administration) and late (SEAlate, 30 minutes

after contrast administration), were used to calculate the increase in

tissue enhancement relative to baseline (precontrast) images. BBB

scores were calculated separately for each method and permeability

maps were generated.

2.2.2 | MRI protocol for retrospective analytical
cross-sectional SEA study

Group i

For SEA, T1-weighted spin echo sequences in the transverse plane

acquired before and after the injection of contrast agent were used

(TE: 21 ms, TR: 642-916 ms, flip angle: 90�, slice thickness: 3.5-4 mm,

interslice gap: 3.85-4.4 mm, FOV: 13.5 � 13.5 cm–18 � 18 cm,

reconstruction matrix: 256 � 256–384 � 384).

Group ii

MRI studies were performed by 1.5-Tesla magnet (Gyroscan NT

intera, Philips, Eindhoven, Netherlands). Precontrast and postcontrast

T1-weighted spin echo sequences in the transverse plane were used

(TE: 11-15 ms, TR: 457-719 ms, flip angle: 90�, slice thickness:

3.5-5.0 mm, interslice gap: 2.7-4.5 mm, FOV: 13.5 � 13.5

cm-18 � 18 cm, reconstruction matrix: 160 � 160-512 � 512).

2.3 | Image analysis and quantification of BBBD
score

The investigators analyzing the images were blinded to the diagnosis.

For BBB quantification, image preprocessing included extracting the

whole brain volume by a semi-automatic algorithm and a user who sam-

pled white and gray matter intensity values in the T1-weighted spin echo

image. Brain mask was created and extracted automatically by the algo-

rithm. Images were then registered by in-house MATLAB functions to

align each postcontrast image to the corresponding precontrast image.

2.3.1 | DCE-MRI analysis

Images of postcontrast T1-weighted gradient echo scans (T1 GE

+ C_1-6) were analyzed as previously reported.25 A signal s(t) was

fitted to a linear curve such that s(t) = A � t + B, where the slope

(A) is the rate of wash-in or wash-out of the contrast agent from the

brain parenchyma and (B) is the intercept value, that is, the pick con-

trast value in t = 0 after contrast administration.

Blood-brain barrier permeability map was generated for the

whole brain and represented the slope values of each voxel. In addi-

tion, the DCE images were used for early and late SEA, as described in

the next paragraph.

2.3.2 | SEA image analysis

For SEA, the difference in signal intensity between precontrast and

postcontrast scans, presented as percentage from the precontrast value,

was calculated for each voxel. This variable was termed the percentage

of intensity difference (PID). The mean PID value calculated in each dog

for a 2 cm2 area of the temporal muscle, representing a tissue with no

blood-tissue barrier, served as a reference value. Positive voxels, repre-

senting permeability, were determined by 2 ranges. Low range (LR) was

defined as the range between mean PID of the temporal muscle and the

mean plus 1 SD, whereas high range (HR) was defined as equal to or

greater than the mean PID of the temporal muscle plus 1 SD.

Blood-brain barrier score was calculated for both DCE and SEA in

3 steps. First, all positive brain voxels were detected as described above.

Second, a region-growing procedure was applied to each positive voxel

involving repeatedly connecting neighboring voxels. Small noisy clusters

(ie, less than 4 neighboring voxels) were removed by morphological fil-

tering procedure. Lastly, BBB score was assigned to each dog by calcu-

lating the percentage of positive voxels in their brain images.

Blood-brain barrier score was similarly calculated for all control

dogs. The means BBB score calculated for the 6 control dogs plus

2 SDs was set as a threshold for normal BBB (NBBB). Dogs with BBB

score above this threshold were considered as suffering from BBBD.

Analysis was performed by in-house MATLAB scripts (MATLAB

2018b, The MathWorks, Inc., Natick, Massachusetts).

2.3.3 | Additional image analyses

Aftr the imaging diagnosis, dogs from group i were allocated to 1 of

2 groups: intra-axial or extra-axial tumors. Tumor volume was esti-

mated by measuring the maximal length of the lesion in axial and cor-

onal postcontrast MRI images. If the 2 measurements were identical,

tumor shape was considered a sphere, whereas if 1 diameter was

larger the tumor was considered as cylindrical. The volume of each

tumor was calculated accordingly.

2.4 | Evaluation of MMP9 activity levels by
zymography

Zymography was performed on 21 serum samples, including 15 from

dogs with brain tumor and 6 from control dogs. The samples were
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centrifuged at 14 000 rcf for 2 minutes at 4�C, incubated for

20 minutes at room temperature, and preserved at �80�C. Protein

concentration was normalized according to total protein data. The

samples were diluted with loading buffer [0.5 M Tris (pH 7.6), 5%

sodium dodecyl sulfate (SDS), 20% glycerol, 0.03% bromophenol

blue], and electrophoretically separated on 10% SDS-PAGE gels copo-

lymerized with 1% gelatin. Gels were washed twice with renaturing

buffer (0.5 M Tris (pH 7.6), glycine, sterile diH2O) at 37�C to remove

SDS and then washed and incubated with a developing buffer (0.5 M

Tris (pH 7.6), 50 mM CaCl2, sterile diH2O) at 37�C for 16 hours. After

staining with Coomassie blue solution (0.1% Coomassie Brilliant Blue

R-250, 5% methanol, 10% acetic acid, sterile diH2O), the gels were

destained with solution including 5% methanol, glycerol, and 10%

acetic acid in water. When the gelatinolytic bands (MMP9) were visu-

alized, images were taken with an image analyzer (ImageQuant

LAS4000mini, Sweden). Blot intensity (92 kDa for MMP9) was quanti-

tatively determined by ImageJ software version 1.5a (National Insti-

tute of Health, Bethesda, Maryland).

2.5 | Histopathological confirmation of tumor class

Tumor class was determined histopathologically by a certified pathol-

ogist (WB) at the University of Veterinary Medicine Hanover,

Germany, and was available in the medical records of included cases.

2.6 | Statistical analysis

Magnetic resonance imaging data were analyzed by an author who

was blinded to the group affiliation of the dogs. The Shapiro-Wilk test

was used to assess distribution of continuous parameters. Two-

sample F-test for equal variances was used for quantitative compari-

sons. To compare quantitative variables between 2 independent

groups, the 2-sample t test and the nonparametric Mann-Whitney

test were used. Pearson's or Spearman's correlation tests were used,

as appropriate. Receiver operating characteristic (ROC) analysis was

performed to assess the predictive value of the BBB scores for tumor

class; result are presented as area under the curve (AUC) and 95%

confidence interval (CI). All tests were 1-tailed, and a P-value of .05 or

less was considered statistically significant. All statistical tests were

done by MATLAB scripts (MATLAB 2018b, The MathWorks, Inc.,

Natick, Massachusetts). Data are presented as mean ± SD.

2.7 | Ethical considerations

All tests performed, including MRI scans, were part of the clinical

workup. Additional analyses were done by the raw MRI data obtained

from the radiology archive of the institute. The addition of the

dynamic sequences for this study and its protocol, as well as the use

of healthy shelter dogs as controls, were approved by the Hebrew

University Veterinary Teaching Hospital Ethics Committee (approval

number KSVM-VTH/26_2016). Written informed consent was

obtained from all dog owners to allow prolonging the anesthesia time

for additional MRI sequences needed for the study.

3 | RESULTS

3.1 | Characteristics of study cohort and tumor
class

Fifteen dogs were included in the prospective DCE-MRI arm of the

study, of which 7 had extra-axial tumors and 8 had intra-axial tumors.

Male to female ratio was 5/2 in dogs with extra-axial tumors and 7/1

in dogs with intra-axial tumors. The median age of dogs with extra-

axial tumors was 9 years (range, 9-15 years) and of dogs with intra-

axial tumors it was 8 years (range, 2-12 years). Median body weight

was 30 (range, 9-48) kg for dogs with extra-axial tumors and 27.5

(range, 9-53) kg for dogs with intra-axial tumors. Estimated volume of

the tumors ranged between 0.07 and 22.5 cm3 (median, 1.76 cm3),

with no difference between extra- and intra-axial tumors.

The control group included 6 healthy dogs. Males to female ratio

of 2/1, median age was 4.5 years (range, 4.5-5) and median body

weight was 20.7 kg (range, 5-30 kg).

In group i of the retrospective SEA arm, 40 dogs met the inclusion

criteria, of which 18 had extra-axial tumors, and 22 had intra-axial

tumors. Male to female ratio was 8/10 for dogs with extra-axial

tumors and 10/12 for dogs with intra-axial tumors. The median age of

dogs with extra-axial tumors was 9.2 years (range, 4.7-18 years) and

of dogs with intra-axial tumors, it was 9 years (range, 4-17 years).

Median body weight of dogs with extra-axial tumors was 28 kg (range,

5-38 kg) and of dogs with intra-axial tumors, it was 21.0 kg (range,

5-48 kg). Median estimated tumor volume ranged between 0.09 and

8.5 cm3 (median, 2.14 cm3), with no difference between extra- and

intra-axial tumors.

In the control group (n = 6), male to female ratio was 5/1, median

age was 7 years (range, 5-10 years), and median body weight was

35.5 kg (range, 2-42 kg).

In group ii of the retrospective study, 23 dogs were included in

the histopathologically confirmed tumor class group, of which 13 were

diagnosed with meningioma and 10 with glioma. Male to female ratio

in dogs with meningioma was 6/7 and in dogs with glioma, it was 4/6.

Dogs with meningioma were significantly older, with a median age of

10 years (range, 8-12 years) as compared to 7.5 years (range,

6-10 years) for dogs with glioma (P < .01, Mann-Whitney U Test).

Median body weight of dogs with meningioma was 25 kg (range,

6-40 kg) and of dogs with glioma it was 24 kg (range, 6-40 kg).

3.2 | Prospective study arm: Calculation of BBB
score by DCE, SEAearly, and SEAlate

A summary of BBB scores calculated by each of the described

methods is given in Table 1. DCE-MRI analysis of the 6 control dogs
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yielded a score threshold of 22.19% for NBBB. Using this threshold,

only 3 dogs with tumors, 2 with extra-axial and 1 with intra-axial, had

higher percentages of positive voxels and were therefore considered

as having BBBD.

For SEA on DCE images, high (HR) and low range (LR) for perme-

able voxels were calculated as previously described, and thresholds of

NBBB were based on the HR and LR BBB scores of the control group.

These thresholds were set at 2.6% and 2.0% positive voxels, respec-

tively, for the HR SEAearly and at 2.6% and 4.2%, respectively, for

SEAlate (n = 6). For dogs with brain tumor, SEAlate BBB score was sig-

nificantly higher than SEAearly score when both HR and LR were used

(P = .002 and .002, respectively, paired t test). No such difference

was detected in the control dogs (P = .35 and .23, respectively, paired

t test; Figure 2).

Ten dogs with tumors (10/15) were identified with BBBD when

the HR for SEAearly was used, including 7/7 dogs with extra-axial

tumors and 3/8 dogs with intra-axial tumors. When using HR for

SEAlate, BBBD was detected in 11/15 dogs, including again all 7 dogs

with extra-axial tumors and 3/8 dogs with intra-axial tumors. When

using the LR for SEAearly, none of the dogs with extra-axial tumors

and only 1/8 dogs with intra-axial tumor were identified as having

BBBD. When using the LR for SEAlate, 3/7 dogs with extra-axial

tumors and 1/8 dogs with intra-axial tumors were identified

with BBBD.

The BBB scores calculated for dogs with extra-axial tumors were

significantly higher than the scores of dogs with intra-axial tumors

when using both SEAearly and SEAlate in combination with the HR

(P = .024 and .024, respectively, Mann-Whitney U Test).

3.2.1 | Permeability maps evaluation

Dynamic contrast-enhanced image-based permeability maps

revealed a consistent prominent feature in 6/7 dogs with extra-

TABLE 1 BBB scores calculated by
DCE and SEA methods

DCE SEAearly HR SEAlate HR SEAearly LR SEAlate LR

Extra-axial 18.9 (7.3-44.6) 10.5 (2.7-19.3) 10.4 (6.9-24.1) 1.4 (0.5-1.9) 2.9 (1.5-5.3)

Intra-axial 16.1 (8.7-32.1) 2.1 (0.2-12.6) 3.0 (0.5-13.1) 1.3 (0.1-2.3) 2.4 (0.1-7.1)

Control 16.1 (6.1-25.0) 0.8 (0.2-2.5) 0.8 (0.1-2.5) 0.9 (0.5-1.9) 1.2 (0.3-3.6)

SEA HR SEA LR SEA HR/LR

Extra-axial 2.8 (0.2-7.2) 2.0 (0.7-5.3) 0.7 (0.2-4.5)

Intra-axial 1.4 (0.1-10.2) 2.5 (0.4-6.8) 1.4 (0.2-26)

Control 0.2 (0-0.3) 0.5 (0.3-1.15) —

SEA HR SEA LR SEA HR/LR

Meningioma 2.4 (0.6-6.0) 0.09 (0.01-0.24) 0.02 (0-0.08)

Glioma 2.85 (0.2-14.0) 0.5 (0.02-1.04) 0.13 (0.05-1)

Note: BBB score calculated as percentage of positive (dysfunctional BBB) voxels, from the whole brain, in

parentheses are the range of values.

Abbreviations: DCE, dynamic contrast enhanced; HR, high range; LR, low range; SEA, subtraction

enhancement analysis.

(A)

(B)

F IGURE 2 Color-coded
permeability maps of a canine
glioma calculated using SEA at

2 time points following contrast
administration and using either
high (HR, red) or low (LR, green)
thresholds for BBBD. Note the
expansion of permeable voxels in
the late SEA maps (B, white
arrows) as compared to the early
SEA maps (A).
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axial tumors. Regions of positive voxels identified by SEA-HR

(Figure 3E, red) overlapped with regions of high values in the inter-

cept maps (Figure 3F) and with negative slopes in the DCE maps

(Figure 4G, blue). An opposite trend was observed for intra-axial

tumors, where more positive slope voxels were found in regions

containing positive voxels in the SEA-based maps, indicating more

parenchymal leakage rather than an excess of permeable blood

vessels (Figure 3).

3.3 | Retrospective study arm: SEA analysis

3.3.1 | Group i: Extra-axial vs intra-axial tumors

Blood-brain barrier scores for dogs in group i of the retrospective SEA

arm of the study (n = 40, 18 with extra-axial and 22 with intra-axial

tumors) are summarized in Table 1. Blood-brain barrier dysfunction

thresholds based on High and low ranges, as calculated in control

dogs (n = 6), were found to be 0.31% and 1.29%, respectively. When

the HR was used, 16/18 (88%) dogs with extra-axial and 20/22 (90%)

of dogs with intra-axial tumors were identified with BBBD. When the

LR was used, BBBD was detected only in 12/18 (66%) dogs with

extra-axial and 16/22 (73%) dogs with intra-axial tumors. The

differences in the occurrence of BBBD between dogs with extra-axial

and intra-axial tumors were not significant.

The distribution of HR-positive voxels was mainly within the core

of the tumors, whereas LR-positive voxels were found in the periph-

ery of the tumors or diffused throughout the brain parenchyma

(Figure 4). Interestingly, a trend toward higher LR/HR ratio (ie, the

ratio between BBB scores obtained using the 2 ranges) was found for

intra-axial tumors, as compared to extra-axial tumors (P = 0.1).

When using the HR, tumor size was found to be correlated with

BBB score in dogs with extra-axial tumors, but not in dogs with intra-

axial tumors (r = .81 vs r = .33, Pearson correlation respectively). No

correlation between tumor size and BBB score was identified when

using the LR.

3.3.2 | Group ii: Meningiomas vs gliomas

Blood-brain barrier scores of dogs in group ii of the retrospective

study arm, where tumor class was histologically identified, are pre-

sented in Table 1. LR-BBB score and LR/HR ratio were significantly

higher in gliomas than in meningiomas, with a median score of 0.51%

(range, 0.02%-1.04%) for gliomas and 0.09% for meningiomas (range,

0.006%-0.24%) in the LR (P < .01, Mann-Whitney test). The median

(A)

(B)

(C)

(D)

(E)

(F)

(G)

(H)

F IGURE 3 SEA and DCE permeability maps of meningioma and glioma. (A) SEAearly permeability map of a dog diagnosed with glioma
showing HR-positive voxels (red) and LR positive voxels (green). (B) DCE intercept map showing relative low values in the tumor region. (C) DCE
permeability map showing slope values of the tumor region. Note the high slope values in the region identified by SEAearly. (D) Distribution of
slope values of HR + LR positive voxels, showing a ratio higher than one between positive and negative slopes. (E) SEAearly permeability map of
a dog diagnosed with meningioma showing HR-positive voxels (red) and LR positive voxels (green). (F) DCE intercept map showing relative high
values in the tumor region. (G) DCE permeability map showing slope values of the tumor region. Note the negative slope values in most of the
region identified by SEAearly. (H) Distribution of slope values of HR + LR positive voxels showing a positive/negative ratio lower than one.
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LR/HR ratio was 0.13 (range, 0.05-1.00) for gliomas and 0.02 (range,

0.002-0.075) for meningiomas (P < .01, Mann-Whitney test). A sensi-

tivity of 80% and specificity of 100% were calculated for the ability of

the SEA LR/HR ratio to distinguish between meningiomas and gliomas

(AUC, 0.95 [CI, 0.87-1], cutoff point, 0.10, P < .01; Figure 5). HT BBB

score alone did not differ significantly between the 2 tumor classes,

with a median of 2.43% for meningiomas (range, 0.57%-6.00%) and

2.85% for gliomas (range, 0.16%-14.04%).

3.4 | MMP9 serum levels and their association
with BBBD detection

In the serum of dogs with brain tumors, the median MMP9 activity

level was 503 a.u. (range, 91-2956 a.u), as compared to 257 a.u.

(range, 45-527 a.u) in the control group; however, this difference was

not significant (P = .14, Mann-Whitney test). Furthermore, no signifi-

cant differences were found in serum levels of MMP9 when compar-

ing between dogs with extra-axial vs intra-axial tumors using any of

the BBB score quantification methods.

4 | DISCUSSION

In this study, 2 advanced imaging analysis methods were used for

semiquantification of BBB dysfunction in dogs with brain tumors.

Both methods identified BBB leakage in brain areas affected by both

gliomas and meningiomas, highlighting a difference in the nature of

the BBB dysfunction between the vascular core of the tumor and the

surrounding peritumoral tissue. Importantly, the observed differences

F IGURE 4 Detection of
blood-brain barrier dysfunction in
dogs with tumors. (A-C)
Representation of an intra-axial
tumor in a dog. A, Precontrast
images; B, postcontrast images; C,
positive voxels within the HR
(red) or LR (green) range are
superimposed on postcontrast

T1-weighted images. Note the
focal pattern in the center of the
lesion in red (HR) and the
surrounding parenchyma
highlighted in green (LR). (D-F)
Representation of an extra-axial
tumor in a dog. D, Precontrast
images; E, postcontrast images; F,
positive voxels of the HR (red) or
LR (green) ranges are
superimposed on postcontrast T1
weighted images. Note the
reduction in perilesional
permeable voxels in green (LR) as
compared to the intra-axial tumor.
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in the extent and distribution of BBB dysfunction between gliomas

and meningiomas could be used to help differentiate between the

2 most common classes of brain tumors.

The DCE-MRI modality, which has been described for more than

a decade in humans, experimental animals, and, more recently, in dogs

is not yet implemented in the routine clinical setup.25-30 A major limi-

tation of DCE-MRI is the complex imaging requirements, which

include initiation of the dynamic sequence before the intravenous

contrast injection, followed by repeated scanning. These result in

lower spatial resolution and prolongation of anesthesia time, espe-

cially in dogs. DCE-MRI detects the accumulation of contrast material

in the tissue over time, thereby indicating BBB dysfunction.25-27 By

applying algorithms such as ours to this MRI modality, we and others

were able to detect areas of BBBD in subgroups of patients present-

ing with a variety of neurodegenerative and neuropathological disor-

ders, including brain tumors.25-27

By comparison, the pre-post subtraction enhanced analysis (SEA)

is a less demanding semi-quantitative method, in which the mean per-

centage of contrast-enhanced voxels is used to calculate the BBBD

score.26,27 In this method, the postcontrast images are taken within

minutes of the IV injection of contrast medium. Thus, the rapid pas-

sage of tracer in the arterial phase, which occurs within seconds of

the injection and is important mainly for assessment of cerebral blood

flow, is overlooked. The fraction of contrast material that lingers in

the tissue might provide better evaluation of BBB integrity.30

In this study, DCE-MRI-based analysis detected BBBD in only

20% of dogs with tumors, as compared to 66% detection using early

SEA and 74% using late SEA. These rates are still lower than could be

expected given the known biology and increased blood supply of

tumors.36 Increased sensitivity of BBBD detection was achieved when

the images used for the analysis were late postcontrast sequence,

allowing more time for the contrast medium to slowly leak through

abnormal BBB and accumulate in the tissue. Given the small number

of dogs in the control group, it could be that the threshold set to

determine BBBD in the DCE-MRI group was high and, consequently,

some dogs with dysfunctional barrier were not detected as such. Of

these 15 dogs with brain tumors, 40% exhibited serum MMP9 activity

that was higher than in control dogs. This proportion is in agreement

with published information regarding the use of MMP9 as a biomarker

for BBBD in dogs with brain tumors.37 Therefore, the use of our pro-

posed algorithm might be considered as a preferred method for

detecting BBBD in dogs with brain tumors.

In the retrospective arm of the study, we performed SEA on

archived MRI data from dogs diagnosed with extra-axial or intra-axial

tumors (KSVM-TH) and from dogs with extracranial diseases that

served as control. With an aim to differentiate between the various

mechanisms of BBB leakage in cases of brain tumor such as the tumor

distorted blood vessels, transcytosis, and paracellular leakage, we

assessed 2 ranges of permeable voxels definition. The higher range

used was less abundant in the control dogs, which resulted in a much

higher BBBD detection rate of 90% among the 40 dogs with brain

tumors. Using the low range, positive voxels were detected in more

control dogs, leading to only 70% detection in dogs with brain tumors.

These findings indicate that the high-range SEA is the most sensitive

method for the identification of BBBD in dogs with brain tumors. The

difference between the results obtained using the 2 ranges might sug-

gest the presence of at least 2 separate mechanisms of BBB leakage.

The first might involve passage through the tumor's distorted vascula-

ture, which lacks some elements of the BBB18,21 allowing, for exam-

ple, intense and unified tumor enhancement in meningioma. The

second and more subtle mechanism might involve transcellular trans-

port, which is also slower.38 This might explain the significantly higher

BBB score calculated when the DCE-based SEAlate was used, as com-

pared to SEAearly.

Comparison between the DCE to the SEA permeability maps

shows that both positive and negative slopes are present on DCE

maps in areas detected as permeable voxels by SEA method. Further-

more, in both methods, different intercept values of the slopes were

identified for extra- vs intra-axial tumors. The extra-axial tumor pre-

sented a ratio greater than 1, meaning more negative slopes combined

with high intercept values, which can be explained by the vascularity

of these tumors, where faster accumulation and clearance of contrast

medium is expected. Conversely, intra-axial tumors presented a ratio

of less than 1, meaning more positive slopes combined with low inter-

cept values. This might be explained by the tendency of tumor and

BBB to allow gradual leakage of contrast, leading to its accumulation

in the brain parenchyma.

Our results show that HR-positive voxels were prevalent at the

center of the lesion, whereas LR-positive voxels populated the periph-

ery of the lesion, which was likely the tumor bed. Histological and

immunohistochemical studies are needed to further evaluate the mor-

phological and biochemical differences between these 2 regions, as

well as their clinical relevance. Nevertheless, this difference in distri-

bution further supports the notion that there is more than 1 mecha-

nism of BBB dysfunction.

Using HR, BBBD was detected in dogs with rather robust leakage,

such as in cases of hypervascularization, blood vessel abnormalities,

and congestion,35 even when the overall number of positive voxels

was small. The LR, on the other hand, limits the values of positive vox-

els to the range between the mean PID of the temporal muscle and

the mean plus 1 SD and, hence, detects only voxels with mild

enhancement. Therefore, a higher percentage of positive voxels are

detected in the brains of healthy dogs. Consequently, using the LR is

expected to provide less sensitivity but more specificity for subtle

leakage through the BBB, rather than to more robust blood vessel

abnormalities.

Another difference between the ranges was seen when we ana-

lyzed tumor size, which was correlated to the BBB score when using

the HR but not when using the LR. Moreover, a correlation coefficient

of 0.81 was found between BBB score and tumor size in extra-axial

tumors, where most of the blood supply is provided by meningeal ves-

sels, which lack BBB altogether.29

Other studies examined the behavior of contrast medium during

the first 5 minutes after administration in cases of a canine tumor.39

The initial area under the gadolinium curve (IAUGC) in these cases

reflected the immediate arrival of contrast medium to the tissue
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including blood flow, vascular permeability, and the fraction of inter-

stitial space. When DCE is used to study hemodynamics in brain

tumors, a promising correlation is seen between the relative cerebral

blood volume and both histopathological grade of the tumor and the

degree of neovascularization.39 These measurements are done at the

immediate phase after contrast administration, when the contrast

material is still within the tumor's abnormally tortuous and dilated

blood vessels. In our study, the first postcontrast sequence for SEA

was obtained 3.5 to 5 minutes after contrast administration. Hence, it

is more likely to represent the accumulation of contrast material in

the interstitial space, either because of BBB dysfunction, or because

of the newly formed and distorted blood vessels within the tumor.31

Regarding tumor class, the ratio between BBB scores calculated

by LR and HR was significantly higher in gliomas than in meningiomas.

Furthermore, this ratio distinguished between the 2 tumor classes

with a sensitivity of 80% and a specificity of 100%. Different patterns

of postcontrast enhancement were used to distinguish glioma from

meningioma.40 Our algorithm, as was demonstrated on 23 dogs with

histologically confirmed tumor class, might further help differentiating

these tumors using a routine MRI protocol. Moreover, identifying the

extent and possibly class of BBB permeability within and around the

tumor might prove to be essential for assessing prognosis and

response to treatment in dogs with gliomas.22,39

The main limitations in our study were the lack of histological

confirmation of tumor class in the prospective, dynamic arm of the

study. Furthermore, using a higher field MRI of 1.5 T for the DCE-MRI

analysis could possibly improve the resolution and therefore the iden-

tification of permeable voxels.

In conclusion, the advanced image analysis methods presented

here can serve both clinicians and researchers as additional tools for

characterization and quantification of BBBD in dogs with brain

tumors. Whereas DCE-MRI provides additional information about

tumor biology, the SEA method detected BBBD in 90% of the dogs.

The SEA LT/HT ratio can be used in a clinical setting as an additional

tool for differentiating between gliomas and meningiomas. Whereas

each method has its advantages and limitations, both were shown to

add essential information on the extent and characteristics of BBB

leakage in dogs with brain tumors. This information might improve the

clinical evaluation of intracranial neoplasia, thereby assisting in diag-

nosis as well as in surgery planning. When the role of BBBD in the

pathogenesis of canine CNS diseases is better understood, this tool

could help identify the former as a possible target for therapy.
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