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Abstract

Background: Canine idiopathic epilepsy (IE) is the most common chronic neurological brain disease in dogs, yet it
can only be diagnosed by exclusion of all other potential causes. In people, epilepsy has been associated with a
reduction in brain volume. The objective was to estimate the volume of the forebrain (FB), subarachnoid space
(SAS) and lateral ventricles (LV) in dogs with IE compared to controls using Cavalieri’s principle. MRI scans of case
and control dogs were identified from two neurology referral hospital databases. Eight breeds with increased odds
of having IE were included: Golden Retriever, Labrador Retriever, Cocker Spaniel, Border terrier, German Shepherd
dog, Parson Jack Russell terrier, Boxer, and Border Collie. Five dogs of each breed with IE and up to five controls
were systematically and uniformly randomly sampled (SURS). The volume of the FB, SAS and LV were estimated
from MRI scans by one blinded observer using Cavalieri’s principle.

Results: One hundred-two dogs were identified; 56 were diagnosed with IE and 46 were controls. There was no
statistically significant difference in FB, SAS and LV volume between dogs with IE and controls. Dogs with a history
of status epilepticus had significantly larger FB than those without (p = 0.05). There was a border-line trend for LV
volume to increase with increasing length of seizure history in the IE group (p = 0.055).

Conclusion: The volumes of the FB, SAS and LV are not different between dogs with IE and controls, so IE remains
a diagnosis of exclusion with no specific neuroanatomical biomarkers identified. This is the first time FB and SAS
volume has been compared in dogs with IE. Unfortunately, we have shown that the results reporting significantly
larger FBs in dogs with status epilepticus and LV volume increase with length of seizure history were likely
confounded by breed and should be interpreted cautiously. Whilst these associations are interesting and clinically
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relevant, further investigation with breed-specific or larger, breed-diverse populations are required to permit strong
conclusions. The Cavalieri principle provided an effective estimation of FB, SAS and LV volumes on MRI, but may be
too time-intensive for use in clinical practice.

Keywords: Canine, Idiopathic epilepsy, Cavalieri principle, Design-based stereology, Brain volume, Forebrain,
Subarachnoid space, Lateral ventricles

Background
Idiopathic epilepsy (IE) is estimated to affect between
0.60–0.75% of the general canine population [1, 2]. Un-
like structural epilepsy or reactive seizures, where a
cause can be found with rigorous clinical investigations,
the diagnosis of IE remains one of exclusion [3]. Mag-
netic Resonance Imaging (MRI) forms part of the Tier 2
confidence level of diagnostic certainty of IE recommen-
dations made by the International Veterinary Epilepsy
Task Force (IVETF), and is a common diagnostic tool in
veterinary referral hospitals [3].
Research in people with epilepsy has uncovered a vast

range of differences in brain volume of different anatom-
ical structures compared to controls, such as the lateral
ventricles (LV), hippocampus and thalamus, amongst
others [4–13]. Increased volume or asymmetry of the LV
have been associated with psychiatric and neurological
conditions in people with epilepsy [12]. Interestingly, in
people with temporal lobe epilepsy and idiopathic gener-
alised epilepsy, significant brain atrophy has been re-
ported compared to healthy controls when measured an
average of 17.90 years after the onset of epilepsy, which
could be the result of repeated seizures over time [5].
Unfortunately, the cross-sectional nature of this study
may give rise to conclusions of causality resulting from
primary abnormalities or secondary changes..
Veterinary volumetric studies have started to outline

normal ranges for neuroanatomical structures of neuro-
logically normal patients using MRI [14], however, target
areas are still limited and additional studies are required
to broaden the data available. This is particularly chal-
lenging given the conformational diversity of the dog
[15], which is one of the most phenotypically diverse
species on earth especially for the shape of the skull and
cranial cavity [16]. In addition, automated voxel-based
2D morphometry techniques available in human medi-
cine have only recently emerged in veterinary medicine
[17, 18], meaning that in most instances copious time
and practice is essential to take such measurements [19].
Commonly used methods in veterinary medicine in-
clude: estimations based on area width, length and depth
[20, 21], volume rendering via slice-by-slice image seg-
mentation [22] and manual pixel selection [22].
Similarly to human studies [12], many veterinary stud-

ies to date have focused on the volume or asymmetry of

the lateral ventricles (LV) and have largely reported ei-
ther no difference in total LV volume or left-right asym-
metry in dogs with IE compared to controls [21, 23–27].
One veterinary study [28] found evidence of hippocam-
pal atrophy in dogs with IE compared to controls whilst
another found reduced grey matter volume in research
beagles with and without spontaneous IE [17]. Most
studies tentatively assume that these changes are inci-
dental rather than evidence of pathology related to IE.
Certainly, a hinderance in veterinary medicine is the
expensive specialist software and time required for a
clinician or researcher to individually map and estimate
the volume of the anatomical structures of interest. Re-
search in this area could be advanced by the discovery of
a practical and time-saving alternative technique.
The objective of this study was to assess the practical-

ity and ease of a design-based stereological method for
volume estimation, the Cavalieri principle, and its use to
estimate and compare the volume of the FB, SAS and
LV in dogs with IE compared to controls. We hypothe-
sise that the volume of the FB, SAS and LV will be dif-
ferent in dogs with IE compared to controls. We also
hypothesise that these volumes will be associated with
other clinical variables in the sub-population of dogs
with IE, particularly with seizure history. Additionally,
we will compare sub-groups of dogs with IE to compare
volume of FB, SAS and LV in dogs with IE who experi-
ence cluster seizures (CS) and status epilepticus (SE) to
dogs with IE who do not.

Results
One hundred-two dogs were identified; 56 were diag-
nosed with IE per the criteria above and 46 acted as con-
trols. Forty-nine dogs were seen at Fitzpatrick Referrals
Orthopaedics & Neurology, UK (48.04%; 26 cases and 23
controls), and 53 dogs were seen at the Queen Mother
Hospital for Animals, UK (51.96%; 30 cases and 23 con-
trols). This consisted of 37 Labrador Retrievers (36.27%),
15 Golden Retrievers (14.71%), 15 German Shepherds
(14.71%), 15 Border Collies (14.71%), 13 Cocker Spaniels
(12.75%), three Border terriers (2.94%), three Boxers
(2.94%), and one Parsons Jack Russell terrier (0.98%).
Table 1 reports the clinical diagnosis of control dogs.
Neither age nor body weight were significantly different
between dogs with IE and controls (Table 2). Mean MRI
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slice thickness was 3.79 mm (SD = 0.41) and mean slice
interval was 22.58% (0.86 mm) (SD = 0.06) of the slice
thickness.
All dogs with IE had a clinically normal inter-ictal

neurological examination, haematology and biochemistry
and an unremarkable brain on MRI. In addition to this,
tests to give further confidence in diagnosis were done
for 50 of the IE dogs (89.29%); 26 dogs also had both
cerebrospinal fluid (CSF) and Bile Acid Stimulation Test
(BAST) (46.43%), 20 dogs had CSF analysis (35.71%),
and four dogs had BAST (7.14%). Two dogs had mildly
elevated protein levels in their CSF, potentially associ-
ated with a recent seizure.

Dogs with IE had a mean inter-ictal period of 31.16
days (SD = 34.21) and, prior to the MRI scan, last had a
seizure a mean of 16.46 days ago (SD = 16.61). At the
time of MRI scan 27 dogs (51.79%) were drug-naïve, 20
(35.71%) were receiving one anti-epileptic drug (AED),
eight (14.29%) were receiving two AEDs and one dog
(1.79%) was receiving three AEDs.

Inter-observer agreement
Throughout training and the pilot study, measurements
were taken in cm3 and retrospectively converted to
mm3. The intra-class coefficient was 0.948, 0.936 and
0.977 for the FB, LV and SAS, respectively. Agreement

Table 1 Clinical diagnosis of control group dogs

Breed Diagnosis (frequency)

Golden Retriever Anxiety attacks (2), Benign resting tremor (2), Degenerative spinal cord disorder (2), Foreign body-associated abscess in the mas-
ticatory muscle (2), Idiopathic facial and vestibular neuritis (2)

Border Collie Immune-mediated CNS inflammatory disease (2), Myelodysplasia (2), Retro-bulbar/rostral mandibular abscess (2), Behavioural dis-
order (2)

Border Terrier T12–13 high-velocity low volume disc (2), facial pain (2)

Boxer Idiopathic facial nerve paralysis and peripheral vestibular syndrome (2), Pain response (2)

Cocker Spaniel Idiopathic facial paralysis (2), Idiopathic facial nerve paralysis and peripheral vestibular syndrome (2), Idiopathic Horner’s (2),
Idiopathic vestibular syndrome (2), Intermittent abnormal right thoracic limb proprioception (2), Episodic gait abnormality (2),
Toxin exposure (2), Atlanto-axial subluxation (2), Behavioural disorder (3), Cerebellar disease (2)

German Shepherd
Dog

Idiopathic Horner’s and congenital nasal dermoid sinus (2), Inflammatory polycranial neuropathy of infectious origin (2), Juvenile
degenerative myelopathy (2), Lumbosacral disease (3), Metronidazole toxicity (2)

Labrador Idiopathic head tremors (2), Idiopathic peripheral vestibular syndrome (2), Idiopathic trigeminal neuritis and Horner’s syndrome
(2), Idiopathic trigeminal neuropathy (2), Idiopathic vestibular syndrome (2), Intermittent cerebellar ataxia (2), Optic neuritis (2),
Metronidazole toxicity (2), Neuromuscular disease (2), Osteosarcoma spine and pelvic limb (2), Paroxysmal dyskinesia or
movement disorder (2), Wobblers (2), Abnormal behaviour (2), Collapse/vestibular episodes (2), Extraocular myositis (2),
Hypothyroidism (2)

Table 2 Descriptive data of idiopathic epilepsy and control group dogs

Idiopathic Epilepsy Control All

Age (months) 50.05 (SD = 19.32) 45.20 (SD = 25.72) 47.86 (SD = 22.45)

Body weight (kg) 29.41 (SD = 8.62) 27.69 (SD = 9.77) 28.72 (SD = 9.09)

Male 42 28 70

Entire 15 10 25

Neutered 27 18 45

Female 14 18 32

Entire 6 7 13

Neutered 8 11 19

Breed

Golden Retriever 10 5 15

Border Collie 11 4 15

Border Terrier 1 2 3

Boxer 1 2 3

Cocker Spaniel 2 11 13

German Shepherd 9 6 15

Labrador Retriever 21 16 37

Parson’s Jack Russell Terrier 1 0 1
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was considered excellent for all three anatomic areas. A
mean of 70.80, 70.20 and 85.80 points were counted
within each region of interest for the FB, LV and SAS,
respectively. This highlighted the need for a denser grid
to ensure at least 200 points were counted per region of
interest [29].

Effect of IE
Analyses included 37 randomly selected Labradors,
Golden Retrievers, German Shepherd Dogs and Border
Collies; 17 with IE and 20 controls. Mean FB volume for
dogs with IE was 68,714.38mm3 (CV = 13.90; CE = 0.01)
and 72,270.13mm3 (CV = 13.07; CE = 0.01) for controls.
Mean SAS volume for dogs with IE was 10,491.44mm3

(CV = 27.19; CE = 0.04) and 10,756.49mm3 (CV = 25.39;
CE = 0.02) for controls. Mean LV volume for dogs with
IE was 3677.65mm3 (CV = 82.46; CE = 0.09) and
3319.53mm3 (CV = 71.70; CE = 0.05) for controls. There
was no statistically significant difference in FB (p =
0.218), SAS (p = 0.828) and LV (p = 0.869) volume be-
tween dogs with IE and controls (Fig. 1). A mean of
3291, 473 and 162 points were counted for each brain
region, FB, SAS and LV, respectively.

Effect of time since IE onset and LV volume
Time since onset of IE was available for 20 dogs. Mean
time since onset of IE was 371.50 days (SD = 418.99
days). There was a trend towards LV volume increasing
with the length of seizure history (r = 0.435, p = 0.055)
(Fig. 2).

Cluster seizures
Twenty-one dogs were reported to have experienced CS,
the remaining 37 were IE-controls (i.e. dogs diagnosed
with IE with no history of CS) (Table 3). Five CS dogs
and 5 IE-controls were randomly selected including Lab-
radors, Golden Retrievers, German Shepherd Dogs and
Border Collies. There were no significant differences be-
tween age or body weight for CS dogs and IE-controls.
Mean FB volume was 68,747.88mm3 (CV = 14.44, CE =
0.10) for dogs with CS and 70,933.32mm3 (CV = 16.00,
CE = 0.01) for IE-controls. Mean LV volume was

2465.69mm3 (CV = 33.39, CE = 0.05) for dogs with CS
and 2546.86mm3 (CV = 19.16, CE = 0.05) for IE-controls.
Mean SAS volume was 10,714.21mm3 (CV = 51.87, CE =
0.02) for dogs with CS and 9146.33mm3 (CV = 34.23,
CE = 0.02) for IE-controls. There was no significant dif-
ference in FB (p = 0.754), SAS (p = 0.598) or LV (p =
0.854) volume between groups.

Status Epilepticus
Nine dogs were reported to have experienced SE, the
remaining 49 were IE-controls (i.e. dogs diagnosed with
IE with no history of SE). Descriptive data can be found
in Table 4. Five SE dogs and 5 IE-controls were ran-
domly selected including; Labradors, Golden Retrievers,
German Shepherd Dogs and Border Collies. There were
no significant differences between age or body weight
for SE dogs and IE-controls. Mean FB volume was 72,
345.62mm3 (CV = 7.91, CE = 0.01) for dogs with SE and
61,307.26mm3 (CV = 17.62, CE = 0.01) for IE-controls.
Mean LV volume was 5062.18mm3 (CV = 85.40, CE =
0.04) for dogs with SE and 3508.40mm3 (CV = 92.87,
CE = 0.04) for IE-controls. Mean SAS volume was 11,
071.22mm3 (CV = 26.77, CE = 0.01) for dogs with SE and
10,197.66mm3 (CV = 55.83, CE = 0.02) for IE-controls.
The FB volume of SE dogs was significantly larger than
controls (p = 0.047) (Fig. 3). There was no significant dif-
ference in SAS (p = 0.527) or LV (p = 0.527) volume be-
tween groups.

Discussion
To the author’s knowledge this is the first study to use
Cavalieri’s stereological principle to estimate brain vol-
ume in dogs with IE. In this study, no differences in FB,
SAS and LV volume were found between dogs with IE
and controls. Associations between clinical history and
brain volume were found within the IE group but, as will
be discussed further below, these results require further
research to substantiate.

Effect of IE on FB, SAS and LV volume
This study found no statistically significant differences in
FB, SAS and LV volume in dogs with IE compared to

Fig. 1 Boxplot graphs for volumes of the forebrain a, subarachnoid space b and lateral ventricles c for control dogs (grey) and dogs with
Idiopathic Epilepsy (striped)
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Fig. 2 Scatterplot graph shows the relationship between volume of the lateral ventricles and the number of days since onset of
idiopathic epilepsy

Table 3 Descriptive data for cluster seizure and idiopathic
epilepsy control group dogs

Cluster Seizure Idiopathic Epilepsy
Control

Age (months) 46.37 (SD = 17.16) 52.28 (SD = 19.75)

Body weight (kg) 30.12 (SD = 7.69) 28.98 (SD = 8.93)

Male 16 (76.19%) 27 (72.97%)

Entire 6 10

Neutered 10 17

Female 5 (23.81%) 10 (27.03%)

Entire 2 4

Neutered 3 6

Breed

Golden Retriever 5 6

Border Collie 6 4

Border Terrier 0 1

Boxer 0 1

Cocker Spaniel 0 2

German Shepherd 6 4

Labrador Retriever 4 17

Parson’s Jack Russell Terrier 0 1

Table 4 Descriptive data for status epilepticus and idiopathic
epilepsy control group dogs

Status
Epilepticus

Idiopathic Epilepsy
Control

Age (months) 51.63 (SD = 12.68) 50.00 (SD = 19.92)

Body weight (kg) 33.01 (SD = 8.95) 28.76 (SD = 8.95)

Male 9 (100.00%) 34 (69.39%)

Entire 6 10

Neutered 3 24

Female 0 (0.00%) 15 (30.61%)

Entire 0 6

Neutered 0 9

Breed

Golden Retriever 1 10

Border Collie 0 11

Border Terrier 0 1

Boxer 0 1

Cocker Spaniel 0 2

German Shepherd 1 9

Labrador Retriever 7 14

Parson’s Jack Russell Terrier 0 1
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controls. Whilst many studies have focused on LV vol-
ume, we believe this is the first study to report FB and
SAS volumes in dogs with IE compared to controls. Un-
fortunately, “negative” results such as these can be easily
dismissed, but these results further support the need for
a rigorous diagnosis of exclusion for dogs with IE, given
that there are still no diagnostic biomarkers specific to
IE. Furthermore, volumetric studies are important in
veterinary medicine to establish a database of “normal”
volumes for various breeds and disorders.
Most volumetric studies in dogs with IE compared to

controls focus on total LV volume (as in this study) or
on left/right LV asymmetry [13, 21, 24, 27, 28] reporting
mixed findings. This study contributes to this existing
body of research, perhaps strengthening the conclusion
that there is no difference between total LV volume in
dogs with IE compared to controls. Similarly, volumetric
studies in people with epilepsy have reported various

additional structural abnormalities [4–9, 11, 13], though
a unanimous hypothesis on the cause of these changes
has not been reached.
Historical veterinary studies [20, 25, 30] have sug-

gested normalising the volume of the LV to the overall
brain volume, especially when comparing different
breeds. Using the data acquired in this study we
expressed FB volume as a relative value and expressed
LV volume as a percentage of FB volume, but results did
not change the conclusion already made. Importantly,
the body weights of dogs included in this study were not
significantly different between IE and control groups, as
Schmidt, et al. [31] have shown that brain volume is sig-
nificantly affected by body weight in dogs. Though, it is
worth mentioning that body condition score was not
taken into account by either Schmidt, et al. [31] or the
present study.
Pilegaard, et al. [32] found that breeds with a wide

(laterolateral) but shallow (rostrocaudal) skull shape had
a smaller cortical volume to ventricular volume ratio.
Similarly, Bakici, et al. (2019) [33] used the Cavalieri
method to compare brain fraction volumes, including
lateral ventricles, of brachycephalic and mesocephalic
breed types and found no significant difference, although
the aforementioned authors’ findings should be inter-
preted with caution because, in stereology, volume frac-
tions are normally limited and sometimes inconclusive
and cannot be directly compared with more accurate
global volumes as the ones we estimated in our study.
Of the eight breeds included in this study, all are meso-
cephalic aside the Boxer, which was not measured due
to low numbers. Therefore, the skull type of the dogs in-
cluded is unlikely to have skewed the data as all dogs
were a similar size and skull shape. Additional analysis
to confirm this assumption by comparing FB, SAS and

Fig. 3 Boxplot graph shows the volume of the forebrain for control dogs with Idiopathic Epilepsy (grey) and dogs with Idiopathic Epilepsy who
experience status epilepticus (striped)

Fig. 4 Example MRI brain image analysed in this paper highlighting
the pixellation and subjective white to black colour gradient. White
arrows highlight some cross-points where potentially difficult and
subjective decisions were made
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LV volume for Border Collies, Labradors, German Shep-
herd Dogs and Golden Retrievers with IE to controls
separately by breed showed no significant differences in
volumes for the FB, SAS or LV in any of the breeds,
which further supports the negative findings reported.

Effect of time since the onset of IE
The time since the onset of IE was moderately-positively
correlated to volume of the LV, but this finding was only
a statistical trend. Figure 2 suggests this result is
largely driven by two dogs, a Labrador Retriever and
Golden Retriever, with large LVs where onset of IE
was more than 1000 days prior to MRI. To assess
this, a multivariate analysis of variance (MANOVA)
was carried out, which showed no significant interac-
tions between breed, LV volumes and time since seiz-
ure onset. Given the dataset was small, the dataset
was copied once to double it. This second analysis
with the doubled dataset showed a significant rela-
tionship between breed, LV volume and time since
seizure onset (p = 0.005), of which the significant con-
tributing interaction was breed and LV volume (p =
0.001). In this instance breed explained 34.8% of the
LV volume difference. A follow-up one-way ANOVA
showed Golden Retrievers to have significantly larger
LV volumes than Border Collies and German Shep-
herd Dogs. Based on these rudimentary results, the
authors would suggest careful selection and control of
dog breed in the further longitudinal analysis of LV
volume in dogs with IE recommended above. Though
tempting to include many different dog breeds in a
study to broaden the application of findings, the large
conformational diversity of dogs may prohibit this by
introducing avoidable variability.
A relationship between these variables in dogs with IE

is biologically plausible; in a study on rat models of SE
[34], it was found that LV volume increased over time.
However, in dogs with IE, Kuwabara, et al. [28] reported
no association between the hippocampi asymmetry ratio
and the time since onset of seizures.
It has previously been reported that LV dilatation is

positively correlated to increasing age in dogs [35–37]
and people [38] and, therefore, age could be a con-
founding variable, in addition to the breed factors
already discussed. Furthermore, Noh, et al. [39] have
recently shown brain atrophy in a group of dogs over
9 years of age with cognitive dysfunction and, there-
fore, the effect of age on this population must be
considered. The maximum age of dogs in this analysis
was 79 months (6 years and 7 months), which would
be considered middle-age. However, a previous study
investigating canine cognitive dysfunction (CCD) in
dogs with IE found onset of CCD-related clinical
signs to be earlier than expected [40]. Without the

support of MRI scans we cannot know if this is due
to structural changes, but it would be an excellent
route for further study. Dogs less than 6 months of
age were not included, per the lower limit in the
IVEFT guidelines for diagnosis of IE [3].
Though strong conclusions cannot be made, this study

suggests that LV volume change over time could be a
valuable future research hypothesis to test in a large vet-
erinary longitudinal MRI study.

Cluster seizures and status Epilepticus
Whilst it is likely that dogs with CS or SE have been in-
cluded in groups of dogs that have IE during volumetric
studies, to the authors’ knowledge they have never been
assessed as a separate entity. The FBs of dogs with SE
were found to be significantly larger than controls,
which was surprising and did not match clinical suspi-
cions held prior to the study. Further investigation
showed poor breed distribution in these two groups des-
pite systematic and uniform random sampling (SURS);
the SE group contained only Labradors and Golden Re-
trievers, whilst the control group only contained one of
these dog breeds. Additionally, an outlier in the control
group shows a Border Collie with a particularly small
forebrain. It is likely that breed distribution is a factor in
this result too and, therefore, we cannot confidently con-
clude that the FB is larger in dogs with IE who experi-
ence SE. Despite following standard methodology for
stereological studies with regards to group sizes, we rec-
ommend breed-specific or larger breed-diverse analysis
is carried out in future to identify significant trends
should they exist..
Despite our results not aligning with expectations and

likely breed-bias of our results, post-ictal changes in
brain structure following a seizure or SE have been re-
ported in people [41] and dogs [3]. In human medicine
it is known that prolonged seizure activity causes neur-
onal death [42], and Hocker, et al. [43] demonstrated
that cortical and subcortical atrophy occurs in people
who experience super-refractory SE (SE that recurs or
continues for more than 24 h despite the use of anaes-
thesia). Newey, et al. [44] reported one case where global
cerebral atrophy occurred progressively in a patient with
super-refractory SE.

Use of the Cavalieri principle
The Cavalieri principle was easy to use after a period of
training and practice to familiarise the observer with the
software, however, it was a time-consuming process with
each brain taking 60–90min to measure. The high dens-
ity of cross-point markers was necessary to account for
the relatively small volume of the LV so that a sufficient
number of points could be counted to ensure an accept-
able CE, meaning that thousands of cross-points were
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counted in larger areas such as the FB. If an observer
was only interested in one anatomical structure then the
density of the cross-points could be adjusted to account
for this, thus speeding up the process.
Two studies have detailed the accuracy of the Cavalieri

principle using MRI scans compared to the actual brain
post-mortem; Furlong, et al. [45] found poor agreement
between MRI and pathological volumetric analysis of the
cortical and subcortical volume and thickness of the
cerebral cortex in human brains post-mortem, and they
concluded that this was likely due to the poor reso-
lution provided by the 3 T MRI used. A similar study
[46] used the Cavalieri principle to compare pig brain
volumes on 3 T MRI under anaesthesia and on phys-
ical sections following immediate euthanasia. They
found no statistically significant differences between
estimation methods in all areas except the basal nu-
clei compartment. Whilst this is not considered an
appropriate statistical measure for agreement, the au-
thors reported mean differences of 3–5% for the total
brain volume, which are acceptable, but up to 9–11%
for the other compartments, indicating a less satisfac-
tory level of agreement than the t-tests suggest. Given
this evidence it could be that smaller and more subtly
defined areas measured using the Cavalieri principle
on MRI do not agree well with true physical sections
due to poor resolution of the anatomical structure
represented in the MRI or that a finer grid needs to
be used. The use of contrast solutions (e.g.

gadolinium) during MRI could be investigated as a
potential way to improve the resolution required for
the better visualisation of the anatomical area of
interest.
One challenge of using the Cavalieri principle with

digital images can be seen in Fig. 4. Due to the nature of
MRI images representing the average of a slice thickness,
potential for a partial volume effect, the use of a fine sat-
uration gradient of white, grey and black, and the need
to magnify an image for accuracy thus creating a very
pixelated image, means measurements can have a certain
degree of subjectivity.

Limitations
The presence of two dogs with mildly increased protein
in their CSF presumed due to recent seizure activity
could have biased the study. The IVEFT recommend re-
peating these tests 16 and six weeks later, respectively
[3], however, in veterinary medicine this is unlikely to
occur because care is privately funded. For further sup-
port of IE diagnosis follow-up clinical examination can
be repeated 1–3 years later to confirm no development
of interictal neurological deficits. Due to the referral
population of these dogs the mean days since seizure
was well under this recommendation.
The MRI scanners used in this study were 1.5 T, there-

fore, not comparable to 3 T and above scanners available
in human medicine. It is possible that with a 3 T scan-
ner, differences could be found or that longer scans on

Fig. 5 Transverse section of the brain seen in MRI: a plethora of markers can be used for the delineation of different brain anatomical structures.
The triangle (▲), circle (●) and star (★) demark the forebrain, subarachnoid space and lateral ventricles, respectively
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the 1.5 T scanners would be preferable for volumetric
analysis. A study comparing image quality, resolution
and contrast of MRI images of the canine brain taken on
a 3 T and 7 T MRI scanner found that both had their
preferred uses and that some structures were better
visualised on 3 T and some on 7 T [47]. The authors sus-
pected that the use of 7 T MRI could help in the explan-
ation of certain pathology in brain disorders such as
epilepsy, but access to these powerful magnets is very
limited in a veterinary clinical or research environment,
which inhibits further research in this area. T2 TRA se-
quences were chosen because they offered good tissue
contrast and were commonly used across patients with
epilepsy and controls, and across both hospital sites.
This decision has potential to affect the measurement
process and should be taken into consideration when
comparing to the findings of existing or future research.

Conclusions
This research contributes to our current understanding
of IE diagnosis in dogs, but also emphasises the need for
further work in both healthy and pathological canine
neuroanatomy, and the need for longitudinal investiga-
tion. No significant differences were found for FB, SAS
or LV volume between dogs with IE and controls and,
for now, IE remains a diagnosis of exclusion with no
specific neuroanatomical biomarkers identified. Strong
conclusions regarding association between LV volume
and time since seizure onset or FB, SAS and LV volume
in dogs with CS or SE compared to IE-controls cannot
be made. The authors would advise strong controls for
breed variation in future studies or active work on “nor-
mal ranges” for specific breeds so that these can be
accounted for. Finally, the Cavalieri principle was an
easy and effective estimation of FB, SAS and LV volumes
on MRI images and shows promise for future research
but may be too time-intensive for use in clinical
practice.

Materials and methods
MRI scans were identified from the databases of two
neurology referral hospitals with 1.5 T MRI scanners
with at least T2-weighted transverse imaging of the en-
tire brain, a common scan type in veterinary IE proto-
cols. Eight breeds of dog previously identified as being at
an increased odds of having IE compared to cross-
breeds were included: the Golden Retriever, Labrador
Retriever, Cocker Spaniel, Border terrier, German Shep-
herd dog, Parson Jack Russell terrier, Boxer, and Border
Collie [2]. One database was searched manually and the
other using VetCompass.1 Dogs with IE were required to
have at least a Tier I confidence level diagnosis [3] for

inclusion. Controls were identified from dogs found to
have an unremarkable brain on MRI (for reasons other
than seizures) and following thorough examination of
their clinical history. All dogs were assessed and diag-
nosed by a Diplomat of the European College of Veter-
inary Neurology (ECVN) or ECVN Resident. The term
“unremarkable brain on MRI” means that it is perceived
to be “normal” and that no anatomical brain abnormal-
ities could be detected – it is similar to the human med-
ical term, “MRI-negative”.
IE and control dogs of each breed were SURS from

the resulting population of dogs for volumetric ana-
lysis. Breeds with three or less dogs in either IE or
control groups were excluded from further analyses.
The volume of the FB, SAS and LV (total left and
right) were estimated by one blinded observer (FW)
using the Cavalieri principle on the T2-weighted
transverse brain MRI.

Cavalieri’s principle
The Cavalieri principle is an unbiased and efficient
design-based stereological method used to accurately es-
timate the volume of three-dimensional structures using
a series of SURS representative two-dimensional slices
[48]. The Cavalieri principle uses a robust 3D stochastic
sampling procedure, which means that a sample size of
5–10 subjects can be used effectively to detect inter-
group differences [49, 50]. The estimated volume is cal-
culated as follows,

V̂ ¼ Apm
0
t
Xn

i¼1

Pi

" #

Where Ap is the area associated with a point, m′ is the
section evaluation interval, t is the mean section cut
thickness and Pi is the number of points counted on the
grid. The associated coefficient of error (CE) is calcu-
lated as follows,

CE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
TotalVar

p
Pn

i¼1Pi

Where TotalVar is the total variance of the estimated
volumes, n is the number of sections and Pi is the num-
ber of points counted on the grid. In this study all com-
parisons were made with a minimum group size of n = 5.

Estimation procedure
The stereological software StereoInvestigator2 was used
to produce all final estimations. A minimum of 10 slices
throughout a whole structure is recommended to de-
crease the CE and, therefore, MRI sequences with 20–29

1www.vetcompass.org 2Stereo Investigator, MBF BioScience
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and 30–39 slices were imported with a slice interval of 2
and 3, respectively. MRI slices were imported, and slice
thickness was manually entered into the programme per
the technical details of each scan. A 1.5mm2 point grid
was chosen so that the smallest area of interest (LV)
would contain a great enough number of points to
achieve a low CE. The area associated with each point
was informed by the software. The grid was superim-
posed over each slice at an angle randomly assigned by the
software. Starting at the most rostral slice, points within an
area of interest were highlighted using a different marker
for each of the three structures, as shown in Fig. 5. Cross-
points were counted when the top-right corner was within
the structure of interest, as pictured in Fig. 6.

Measurement reliability
A training period to ensure accurate identification of
desired anatomical structures and sufficient point grid
density was carried out, followed by a pilot study of
six dogs to check that the observer (FW, a Registered
Veterinary Nurse) took measurements as accurately as
a final-year ECVN Resident (AT). The training and
pilot study were carried out manually, without the as-
sistance of StereoInvestigator. An acetate page with a
1cm2 (for FB) and 2.5mm2 (for LV and SAS) cross-
point grid was printed and attached to a computer
screen displaying MRI slices at 1:1 magnification.
Points were counted, manually recorded and volumes
estimated. All other previously described methodology
was upheld.

Statistical analyses
The data that support the findings of this study are
openly available in Figshare at https://doi.org/10.5522/
04/12578264.
Patient data was recorded on Microsoft Excel3 and

exported to SPSS 234 to generate descriptive statistics.
Raw stereological data was exported from StereoInvesti-
gator to Microsoft Excel and exported to MiniTab 175

for inferential analyses. For the pilot study, mean vol-
umes and the confidence intervals were reported, and
for final measurements CE was used to express precision
of the estimate [50]. Mean and standard deviation (SD)
were reported for descriptive data regardless of data dis-
tribution and, for final volumetric data, the group mean
was given alongside the coefficient of variance (CV) and
the mean CE. CV represents the CE derived from the
methodology and the genetic CV derived from the in-
herent biological variability of the animals. Inter-rater
agreement was tested by calculating the intra-class coef-
ficient (ICC) with a two-way mixed effects model for ab-
solute agreement.
Data were tested for normality and homoscedasticity.

Independent Samples t-tests, Kruskal-Wallis tests and
Mood’s Median tests were used to compare groups, as
appropriate. Where significant differences were found,
Tukey’s Pairwise Comparisons were used for post-hoc
analyses. The relationships between two continuous vari-
ables were tested with Pearson’s product-moment cor-
relation. Statistical differences were considered
significant at p < 0.05.
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