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Sophisticated imaging tools continue to provide information about the central
nervous system thatis novel. This has impacted the diagnosis of neurological diseases
in veterinary patients by allowing non-invasive in vivo diagnosis of diseases previously
not open to diagnosis or only diagnosed post mortem.

This eBook is a collection of papers submitted to the Research Topic “Neuroimaging
in Veterinary Science”. It contains review and research papers, case reports and an
accompanying editorial. It gives insight into the contributions diagnostic imaging
can make to the field of veterinary neurology.
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Editorial on the Research Topic
Neuroimaging in Veterinary Science

This collection of 15 papers focuses on the developments in Neuroimaging in Veterinary Science
over the last couple of years. It sheds light on aspects of current understanding and the role of
imaging in important neurological diseases affecting veterinary patients and their caregivers and
on areas of related research. Advances in neuroimaging have changed clinical neurology not only
by contributing to improved understanding of relevant pathophysiology, but also by describing
new diseases or new features of well-known diseases. This research topic places current work in
veterinary neuroimaging in the context of our current understanding of clinical signs and the
pathophysiology of diseases. It points a way toward future trends in the field.

There are many ways to look at the collection, depending on the specific background of the
reader. The papers are mainly concerned with MRI but comparison is made with CT with regard
to oncology imaging. The anatomical regions examined are as expected, brain and spinal cord
including the vertebral column, but also there is consideration of the changes in para-spinal muscle
groups in their response to intervertebral disc herniation. Neurological diseases are covered from
the clinical diagnosis, pathophysiology and imaging protocol points of view.

With regard to spinal cord diseases, the research review contribution by Rusbridge et al.
highlights research concerned with Chiari like malformation and syringomyelia, the role of
syringomyelia (SM) in symptomatic disease is discussed and criteria are suggested for SM
evaluation. The research paper by Kunze et al. describes the discrepancy between the grading of
intervertebral disc degeneration according to the particular MRI sequence chosen. It is a reminder
of the flexibility of MRI as an imaging tool, and that different sequences yield different, often non-
overlapping information with respect to the anatomy and pathology imaged. In an anatomical study
by Diiver et al. disk to vertebral body dimension ratios are reported and breed specific differences
emphasized. As a result, the understanding of breed specific diseases of the vertebral column can be
improved. Again with respect to intervertebral disc disease, the paper by Trampus et al. describes
alterations in MR signal from muscles in dogs with thoracolumbar disc disease; focal hyperintense
T2W signals are described in muscle at sites of intervertebral disc disease.

Diseases of the brain and cranial cavity feature strongly in this research collection. The review
paper by Rusbridge et al. considers MRI features suggestive of raised intracranial pressure in
patients with ventriculomegaly. It identifies important anatomical abnormalities such as rostral
displacement of the axis and atlas, and increased angulation of the odontoid process that should
be considered in the search for causes of cerebrospinal fluid flow disruption. It also suggests novel
MRI sequences to assist in the detection of adhesions and arachnoid webs in the subarachnoid
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space. Anatomical malformations are also considered in the
research reported by Lauda et al. In their paper the caudal fossa
ratio in normal dogs is compared with the same ratio in Eurasier
dogs with VLDLR (very low density lipoprotein receptor) -
associated genetic cerebellar hypoplasia. They report that a sub-
population of Eurasier dogs with this genetic defect show altered
ratios, but not all. This suggests two phenotypes for the single
genetic defect.

Physiology and pathophysiology of the brain and of
intracranial diseases, detected by MRI are considered by two
research papers. In the paper by Schmidt et al. perfusion
magnetic resonance imaging is used to demonstrate reduced
periventricular blood flow in dogs with ventriculomegaly. In the
research paper by Moioli et al. changes in the intensity of the
MR signal on T2 weighted fluid-attenuated inversion recovery
sequences are reported to be a function of the fraction of inspired
oxygen. As signal strength from CSF on these sequences is used
in the evaluation of pathology, the possibility of this physiological
cause of signal alteration is important.

Neoplasia, epilepsy and inflammatory brain disease also
feature in the collection. In the paper by Stadler et al. a
comparison is made between the accuracy of CT and MRI in
determining glioma type (astrocytoma or oligodendroma), and
glioma grade, high (WHO grade IIT or IV) or low (WHO grade
II). Both modalities showed similar diagnostic performance in
this clinical scenario, but the authors identified that both CT and
MRI have many facets, and that the addition of techniques such
as dynamic contrast—enhanced imaging in CT, or spectroscopy,
or diffusion weighted imaging in MR may allow improvement in
diagnostic performance.

Epilepsy is a common indication and a research focus for
neuroimaging. In the review paper by Bankstahl and Bankstahl
the current role of nuclear medicine in the veterinary epilepsy
patient is discussed and its future role in diagnosis and research
suggested. While PET and SPECT scanners are not commonly
available in the wider clinical veterinary community they are
not infrequently accessible in larger research settings. This paper
suggests that there is value in continued use of nuclear imaging
modalities in this patient group. The publication by Estey et al.
identified volumetric changes in dogs with idiopathic epilepsy.
With such studies it becomes evident that seizures have an
impact on the brain structure or that some cases with presumed
idiopathic epilepsy may have a structural cause for occurring
seizures that are only detectable by advanced MR imaging and
special analysis.

Inflammatory brain disease in the form of necrotizing
encephalitis in dogs is reviewed in the paper by Flegel. The
paper provides a helpful guide to MR imaging characteristic of
necrotizing encephalitis in dogs and suggests that breed-specific
imaging characteristics allow a clinical and imaging diagnosis
with a relatively high degree of certainty. Flegel summarizes
typical breed specific imaging features of the disease, such as

lesion distribution, signal intensity, contrast enhancement, and
gross changes of brain structure.

The collection also comprises papers illustrating the value of
individual case reports. The paper by De Decker et al. reports
imaging findings in a patient with tethered cord syndrome and
highlights the potential usefulness of comparing images of the
lumbosacral region obtained in neutral, flexed and extended
positions to demonstrate an expected displacement of the conus
medullaris. This so called dynamic lumbosacral MRI was of use
in the patient reported and its routine application is suggested
for further evaluation. The case report by Wang-Leandro et al.
shows a new clinical feature of an inflammatory disease of the
meninges leading to hyperacute hemorrhage. MRI features of
such an early stage of hemorrhage are rarely described because
of the time delay between occurrence of clinical signs and the
diagnostic workup in MRI.

New ways to extract and measure data from the complicated
medical imaging devices available to us is always of interest.
In the research paper by Stadler et al. protocols for dynamic
susceptibility contrast MRI of the canine brain are presented.
These protocols (similar but with differing contrast dose per
kg according to body weight) allow the creation of perfusion
maps of the canine brain. These will undoubtedly have relevance
for clinical veterinary neurology. Differences in size and shape
amongst veterinary patients also feature in the paper by
Pilegaard et al. which examines the influence of cranial shape
on the ratio of the volume of the lateral ventricles to that of
the cerebral cortex. It cautions that skull shape influences this
index of relative volumes and so the index can be seen as
breed dependent.

In setting up this Frontiers Research Topic we hoped
to receive input that covered a wide range of topics in
veterinary neuroimaging in the expectation that the resulting
collection of work would be source of reference, information
and inspiration. The collected work achieves this. It is the
work of many individuals and it highlights both how much
imaging has contributed and can be expected to contribute to
veterinary neuroscience.
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Clinical Application of Diagnostic
Imaging of Chiari-Like Malformation
and Syringomyelia

Clare Rusbridge "#*, Felicity Stringer' and Susan P. Knowler?
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University of Surrey, Guildford, United Kingdom

Chiari-like malformation (CM) and syringomyelia (SM) is a frequent diagnosis in
predisposed brachycephalic toy breeds since increased availability of MRI. However, the
relevance of that MRI diagnosis has been questioned as CM, defined as identification of
a cerebellar herniation, is ubiquitous in some breeds and SM can be asymptomatic. This
article reviews the current knowledge of neuroanatomical changes in symptomatic CM
and SM and diagnostic imaging modalities used for the clinical diagnosis of CM-pain
or myelopathy related to SM. Although often compared to Chiari type | malformation
in humans, canine CM-pain and SM is more comparable to complex craniosynostosis
syndromes (i.e., premature fusion of multiple skull sutures) characterized by a short skull
(cranial) base, rostrotentorial crowding with rostral forebrain flattening, small, and ventrally
orientated olfactory bulbs, displacement of the neural tissue to give increased height of
the cranium and further reduction of the functional caudotentorial space with hindbrain
herniation. MRI may further reveal changes suggesting raised intracranial pressure such
as loss of sulci definition in conjunction with ventriculomegaly. In addition to these
brachycephalic changes, dogs with SM are more likely to have craniocervical junction
abnormalities including rostral displacement of the axis and atlas with increased odontoid
angulation causing craniospinal junction deformation and medulla oblongata elevation.
Symptomatic SM is diagnosed on the basis of signs of myelopathy and presence of a
large syrinx that is consistent with the neuro-localization. The imaging protocol should
establish the longitudinal and transverse extent of the spinal cord involvement by the
syrinx. Phantom scratching and cervicotorticollis are associated with large mid-cervical
syringes that extend to the superficial dorsal horn. If the cause of CSF channel disruption
and syringomyelia is not revealed by anatomical MRI then other imaging modalities may
be appropriate with radiography or CT for any associated vertebral abnormalities.

Keywords: complex craniosynostosis syndrome, basilar invagination, COMS, Chiari type | malformation, cine MRI,
balanced steady-state free precession sequence, fluid signal-void sign, MRI protocol
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Diagnostic Imaging of Chiari-Like Malformation and Syringomyelia

INTRODUCTION

Chiari-like malformation (CM) is a complex skull and
craniocervical junction disorder associated with brachycephaly
with skull base shortening, low volume caudal fossa and
rostrotentorial, caudotentorial and craniospinal crowding. For
a detailed written and visual description of the morphogenesis
see the review by Knowler et al. (1). The condition has
been marred in controversy since the first description, not
least by what to call it (2). The eponymic term refers to
the first detailed pathological description by Hans Chiari
of an analogous human condition (3). The veterinary label,
chosen in a round table discussion (2, 4) was considered
less restrictive than an anatomical description (for example
hindbrain herniation or occipital hypoplasia), which may have

proved simplistic or inaccurate in the future. This prediction
was true, and over the last two decades our understanding of
the complex morphology has deepened and most realize that
this condition is more than a cerebellar foramen magnum
herniation. As a MRI description, CM should be considered
an umbrella term, as the bony and parenchymal changes
between and within individuals in each breed are different
but have a common tendency toward pain associated with
CM and the development of syringomyelia (SM). As such,
and with the common feature of being associated with
brachycephaly, it was recently proposed that the disorder
might be better described as a brachycephalic obstructive
cerebrospinal (CSF) channel syndrome (BOCCS) with
similarities to brachycephalic obstructive airway syndrome
(BOAS) (1).

TABLE 1 | Pathogenesis of Chiari-like malformation and syringomyelia: summary of the existing knowledge base— skull changes.

Anatomical feature

Study finding(s)

Possible implication

Brachycephaly

Occipital Crest

Frontal Sinus

Caudal cranial fossa volume

Occipital bone volume

Jugular foramina

Venous sinus volume

Brachiocephalic breeds have early closure of the spheno-occipital
synchondrosis. In CKCS closure is even earlier (49, 50)

CKCS have shorter cranium in relation to width compared to other
brachycephalic dog breeds (51).

Griffon Bruxellois with CM have shortened basicranium and
supraoccipital bone, with a compensatory lengthening of the
dorsal cranial vault, especially the parietal bone (52)

Association between increased cranial height and SM in CKCS,
Griffon Bruxellois and Affenpinscher (38, 40)

CKCS with broader and shorter skulls and increased rostro-cranial
doming are at increased risk of developing SM (53)

Association between acute angulation at spheno-occipital
synchondrosis (Sphenoid flexure) and SM (40)

Rostral forebrain flattening, short basioccipital bone associated
with CM pain

Increased risk of SM with increased proximity of dens to
basioccipital bone and/or increased airorhynchy with small more
ventrally rotated olfactory bulbs (39)

Association between reduced occipital crest and SM in CKCS,
Affenpinscher and Chihuahua (40)

Association between small frontal sinuses and SM in small breed
dogs (55)

CKCS with CM and SM have a shallower and smaller volume
caudal cranial fossa compared to CKCS with CM only and other
control breeds (56, 57)

CKCS have a strong relationship between hindbrain volume and
volume of the rostral part of the caudal cranial fossa and a weak
relationship between hindbrain volume and volume of the caudal
part of the caudal cranial fossa. In Labrador retrievers and other
small breed dogs this relationship is reversed (56, 58)

No difference in volume of the occipital bones between CKCS
(with and without SM) and French Bulldogs (59)

CKCS with CM and SM have narrowed jugular foramina in
comparison with CKCS with CM only (52, 60)

CKCS with CM and SM have reduced venous sinus volume in
comparison with CKCS with CM only (61)

Premature closure of the spheno-occipital synchondrosis will
result in a short cranial base (basicranium).

Basiocranial shortening results in compensatory changes in the
rostral cranial fossa which results in a head shape with
rostrocaudal doming and is broad in relationship to the length
(reduced cephalic index)

May be associated with premature closure of spheno-occipital
synchondrosis. This angulation occurs in rodent models where the
spheno-occipital synchondrosis is damaged (1, 54)

CM pain is associated with increased brachycephaly

There are two SM phenotypes: one typified by extreme
brachycephalism and one by craniospinal junction deformation

Suggests insufficiency of the supraocciptal bones and possibly the
intraparietal bone

Suggests that SM may be related to rostrotentorial skull changes
rather than being confined to a hind skull abnormality.

Smaller caudal cranial fossa volume predisposes caudal cranial
fossa overcrowding

Small breed dogs and Labrador retrievers compensate for
variations in hindbrain volume by modifying growth of the occipital
skull. In the CKCS, increased cerebellar size is not accommodated
by increased occipital bone development and the tentorium
cerebelli compensates by developing / remodeling in a rostral
direction

Does not support theory of occipital bone hypoplasia

Venous narrowing at the jugular foramina associated with reduced
skull base can lead to elevated venous pressure and impaired CSF
absorption

Reduced venous sinus volume could result in intracranial
hypertension and impaired CSF absorption
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The analogous disease in humans was considered to be Chiari
type I malformation, defined traditionally as a MRI finding of
caudal displacement of the cerebellar tonsils inferior to the plane
of the foramen magnum by at least 3 mm. However, like the
canine disease, this description is problematic especially as there
can be symptomatic disease and SM with smaller herniation
(termed Chiari type 0). In an attempt to categorize the variations
in humans there are now seven recognized types: 0, 1, 1.5, 2,
3, 3.5, and 4 (3-6). However, the distinction between types is
challenging especially when the etiology is multifactorial and
increasingly there is a call in human medicine that cerebellar
tonsil herniation/Chiari malformation should be considered a
radiographic sign and the focus of the diagnostic investigation
should be to determine the cause of that herniation for example
shallow posterior fossa (7), craniosynostosis (8), inherited
disorders of connective tissue (9), spinal cord tethering (10),
intracranial hypertension (11), or intracranial hypotension (12).

CM is one of the most common causes of SM in the
dog which is characterized by the development of cavities in
the spinal cord containing a fluid similar to CSF (13, 14)
however SM can develop after any obstruction to CSF channels
and has been reported in a variety of disorders ranging from
acquired cerebellar herniation secondary to intracranial masses
(15-18) to spinal arachnoid diverticulum (19, 20) and spinal
cord tethering (21). The terminology of SM is equally confused,
with some veterinary papers referring to syringohydromyelia or
hydrosyringomyelia. These historical terms have been mostly
discarded in human medicine (4). Equally confusing is if and
when the term hydromyelia is applied. The term syringomyelia
was first used by Charles-Prosper Ollivier d’ Angers (1796-1845)

deriving the term from the Greek “syringe” meaning tube or
pipe, and “myelio” referring to the spinal marrow (22, 23). The
term hydroamyelus was coined by Schiippel in 1865 to describe a
dilatation of the central canal (24). In 1875, and after describing
spinal cord cavities apparently separate from the central canal
and surrounded by gliosis, Simon proposed that hydromyelia
be used to describe central canal dilation and distension and
that the term syringomyelia be reserved to describe cavities and
cystic conditions independent of the central canal (25, 26). In
1876, Leyden concluded that hydromyelia and SM were identical
conditions (26, 27) but Kahler and Pick made the observation
that a hydromyelia is lined by ependyma whereas glial cells form
the wall of SM cavities and recommended keeping a distinction
between hydromyelia and SM (26, 28). However, it is difficult
to distinguish between hydromyelia and SM, by radiological,
clinical, or pathological means and consequently some used
the combined terms syringohydromyelia or hydrosyringomyelia,
to describe a cavity which is partially lined by ependymal but
which also extends into the spinal cord substance (29). Thus,
some clinicians argue that the term syringomyelia should only
apply to a glia lined cavity separate from the central canal, that
hydromyelia be reserved for central canal dilation, still lined by
ependyma and that the term syringohydromyelia is correct for
a cavity involving a dilated central canal that is partially lined
by ependyma. However, post mortem and experimental studies
have suggested that the ependyma is disrupted following only
minor central canal dilatation and that all syringomyelic cavities
are connected to the central canal at some level of the spinal
cord (4, 30-32) therefore nowadays the simpler and original
term syringomyelia is used by the majority (4). In veterinary

TABLE 2 | Pathogenesis of Chiari-like malformation and syringomyelia: summary of the existing knowledge base— craniocervical junction and cervical changes.

Anatomical feature

Study finding(s)

Possible implication

Proximity of atlas to skull
(atlanto-occipital overlapping)

Odontoid peg impingement of ventral
subarachnoid space/neural tissue

Proximity of dens to atlas

Dorsal impingement subarachnoid
space/spinal cord (atlantoaxial bands)
at C1-C2

Width of spinal canal

Atlantoaxial subluxation
Size of C2 spinous process
Angulation at C2-C3

SM risk increases with decreased distance between atlas and
occipital bones (39, 62-64)

Greater distance between atlas and basioccipital bone is
protective against SM (39)

CKCS with SM have shorter distance between the
spheno-occipital synchondrosis and atlas (40)

Commonly seen in association with CM (40, 56, 65)

Greater distance between atlas and odontoid peg is protective
against SM (40)

Odontoid peg is more acutely angled, contributing to craniospinal
disproportion, medullary elevation and cervical flexure (40)

SM risk increases with decreased distance between odontoid peg
and atlas in Affenpincher (40)

Commonly seen in association with CM and more prominent in
extended than flexed positions (56, 62, 63, 65, 66)

Increased width of spinal canal at C2-C3 and C3 in CKCS with
SM (67)

Occasional comorbidity with CM (68)

Significantly smaller in CKCSs than in non-CKCS breeds (68)
No correlation (67)

Reduced distance between the skull and the cervical
vertebrae increases risk of SM

Contributes to overcrowding and conformation change
of craniospinal junction with loss of cisterna magnum

Significance undetermined

Questionable clinical significance

No significant association with SM
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medicine a central canal dilatation is defined as a dilatation
and distension of the spinal cord with a transverse diameter
<2mm (33).

Identifying a cerebellar herniation and SM on MRI is relatively
straightforward and has been defined by the British Veterinary
Association and UK Kennel Club with a Health Scheme for
breeding dogs based on a grading system for CM, SM, and
the maximum transverse diameter of the syrinx if present (33).
However, the grading for CM is simplistic and only based on the
degree of cerebellar herniation. The diagnosis of symptomatic
CM and SM can be challenging in some breeds such as the
Cavalier King Charles spaniel (CKCS) because CM, as defined by
the BVA/KC Health Scheme is ubiquitous, and SM is prevalent
but may be asymptomatic (34, 35). Increasingly it has become
apparent that CM alone, like the analogous human condition,
can have significant impact on welfare and quality of life
(36, 37). Previously we used a MRI morphometric mapping
approach to define CM pain and symptomatic SM in the CKCS,
Griffon Bruxellois, Chihuahua, and Affenpincher (38-40) and

these traits were linked to genomic regions (41, 42). However,
translating this research technique to the clinic is challenging
as it involves time consuming measurements and there is
no objective measure of disease presence/ risk to offspring.
Consequently development of a machine learning approach and
computer analysis is recommended but development of this
will take considerable resources (43, 44). This article serves to
review the current knowledge base and provide guidelines to the
clinician for the diagnostic imaging of CM-pain and symptomatic
SM.

CURRENT UNDERSTANDING OF THE
MORPHOLOGICAL CHANGES IN CANINE
CM AND SM

Many studies, mostly in the CKCS or Griffon Bruxellois, have
assessed features of skull and cervical vertebral morphology in
relationship to the presence or absence of SM. Not all studies had

TABLE 3 | Pathogenesis of Chiari-like malformation and syringomyelia: summary of the existing knowledge base—neuroparenchymal changes.

Anatomical feature Study finding(s)

Possible implication

Parenchymal (brain) volume

Cerebellar volume

Cerebellar herniation

Cerebellar pulsation

Position of cerebellum relative to
occipital lobe

Medullary elevation (medullary kinking)

Caudal medulla (obex) position

CSF flow

Ventricle dimensions

The absolute and relative volume of the CKCS skull is similar to
other brachycephalic toy dog breeds but CKCS have a greater
volume of parenchyma within the caudal cranial fossa (69) and
CKCS with early onset SM have a larger volume of parenchyma
within a smaller caudal cranial fossa compared to older CKCS with
CM only (57, 61, 70)

CKCS have relatively increased cerebellar volume compared to
other control breeds and this is associated with development of
SM (71)

Typically present but size does not predict SM (62, 72, 73)

Positive association with the size of foramen magnum and size of
cerebellar herniation (62)

The length of the cerebellar herniation increases with time. The
size of the foramen magnum also increases (74, 75)

CKCS with CM and SM have significantly greater pulsation of the
cerebellum compared to CKCS with CM only and other control
breeds (76)

Rostrotententorial craniocerebral disproportion results in the
occipital lobes being displaced caudally so that cerebellum is
invaginated under the occipital lobes (40).

Higher medullary kinking index is associated with clinical signs in
CKCS and Chihuahuas (47, 79)

Association between more caudal brainstem positions and
presence of SM (79)

Higher peak CSF flow velocity at the foramen magnum with a
lower CSF flow velocity at C2—-C3 predicts SM (80)

Turbulence at the foramen magnum and at the C2-C3 disc
significantly associated with SM (80)

Presence CSF signal-void sign in mesencephalic aqueduct on
T2W is associated with SM and increased ventricular size (81)

In CKCS ventricle dimensions are positively correlated with syrinx
width (57)

Are not correlated with seizures (nor is caudal cranial fossa
overcrowding) (82)

Mismatch in skull and brain volume is associated with
development of SM.

Caudal cranial fossa overcrowding is associated with
development of SM

Obstruction of CSF channels though the foramen
magnum contributes to the pathogenesis of SM but
there must also be other predisposing factors.
Overcrowding of the caudal cranial fossa causes
supraoccipital bone resorption (occipital dysplasia) and
widening of the foramen magnum over time.

Abnormal cerebellar pulsation could lead to a mismatch
in the timing of the arterial and CSF pulse waves
predisposing SM (77, 78)

Overcrowding in both cranial and caudal fossa affects
position of cerebellum

Dogs with higher medullary elevation / kinking are more
likely to have clinical signs

Caudal displacement of the obex may increase risk of
SM

SM is associated with alterations in the CSF velocity
profile

Evidence that SM is related to CSF channel obstruction

Epilepsy and CM in CKCS should be considered
unrelated

Frontiers in Veterinary Science | www.frontiersin.org 10

November 2018 | Volume 5 | Article 280


https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

Rusbridge et al.

Diagnostic Imaging of Chiari-Like Malformation and Syringomyelia

good control groups, especially the earlier ones. As SM occurs
secondary to CM and is more likely in older dogs (34, 35, 45, 46),
it is important that the SM-clear cohort consists of dogs MRI
scanned when older and typically aged 4 years or more. Equally it
is important to accurately phenotype symptomatic dogs which
can be challenging as the most common clinical sign is pain
which is subjective and in the dog overly reliant on owner
reporting (39, 47, 48).

Table 1 summarizes the existing knowledge in relationship
to the skull, Table 2 the craniocervical junction and cervical
changes, Table 3 the neuro-parenchymal changes and Table 4 the
syrinx changes.

SUMMARY OF EXISTING KNOWLEDGE OF
THE MORPHOLOGICAL CHANGES IN
CANINE CM AND SM

The key feature of canine CM is craniosynostosis of particularly
the spheno-occipital synchondrosis. However, premature closure
of the spheno-occipital and intersphenoidal synchondrosis define
the canine brachycephalic skull (1, 49) and CM does not occur
in all brachycephalic dogs. Therefore, CM is a more complex
disorder and likely involves other premature suture closure
(especially the lamboid) or other causes of insufficient cranium.
The skull insufficiency results in rostrotentorial crowding which
further reduces the functional caudotentorial space and causes
hindbrain herniation. It is complicated by craniocervical junction
deformation including change in angulation of the dens and
increased proximity of the atlas to the skull and loss of
the cisterna magna. Loss of the cisterna magna or other
alteration in the CSF volume will affect the compliance of
the CNS (90). In addition some predisposed breeds such as
the CKCS have comparatively big brains (69, 71, 91). The

pathogenesis of SM associated with CM is undetermined but
is predisposed by two phenotypes (or combination); the first
by extreme brachycephaly and the second by craniocervical
junction deformation (39). This may be influenced by poor
venous drainage, intracranial hypertension, changes in CNS
compliance and conformational features of the spinal canal.
Although CM is considered a naturally occurring model of adult
Chiari type 1 malformation it is much closer to the hindbrain
herniation seen with complex craniosynostosis such as Crouzon’s
syndrome (92).

DIAGNOSTIC IMAGING OF CM AND SM
Radiographs

Radiographs are not recommended for the investigation of
CM and SM. However, if they have been obtained, for
example by the general practitioner in the work-up for
cervical pain, then there may be features that are suggestive
of CM and SM such as flattened supraoccipital bone and
close proximity of the atlas to the skull (Figures1, 2). In
the instance of severe SM there may be widening of the
cervical spinal canal and remodeling and scalloping of the
vertebrae due to increased intraspinal pressure (93) (Figure 2).
Dynamic (flexion and extension) atlantoaxial radiographs
may be indicted to assess stability of the atlantoaxial joint
especially if a foramen magnum decompression is planned
(Figure 3).

Ultrasound

In veterinary medicine ultrasound does not feature in
management of CM and SM as it does in human medicine,
where 3D ultrasound it is used intraoperatively to tailor a
foramen magnum decompression and optimize re-establishment
of CSF flow (94, 95). Ultrasonography of the atlanto-occipital

TABLE 4 | Pathogenesis of Chiari-like malformation and syringomyelia: summary of the existing knowledge base— syrinx features.

Anatomical feature Study finding(s)

Possible implication

Syrinx presence

If a syrinx is detected in a assymptomatic dog having MRI

Early development of syringomyelia is more likely to be associated

Site of syrinx

Syrinx size and symmetry

screening prior to breeding then there is a higher change that this
dog may develop clincial signs of CMSM later in life compared to a
dog without a visible syrinx (83) However dogs with no clinical
signs at the age of 6 are more likely to remain asymptomatic (45)
In CKCS, SM tends to develop first within the C2-C4, T2-T4, and
T12-L2 spinal-cord segments (77, 84, 85).

Axial stress increases in the cranial cervical and cervico-thoracic
regions where the spinal cord has most curvature (86)

In CKCS 76% of dogs with a syrinx at C1-C4 also had a syrinx in
the C5-T1 and T2-L2 regions and 49% had a syrinx in the L3-L7
region (85)

Pain is positively correlated with SM transverse width and
symmetry on the vertical axis (32, 87)

Phantom (fictive) scratching is associated with a mid-cervical
spinal cord segment syringe with extension to the superficial
dorsal horn (88)

Dogs with a wide syrinx and dorsal gray column damage are also
more likely to have cervicothoracic scoliosis (87)

with clinical signs even if the dogs is initialy assymptomatic

SM development may be associated with subarachnoid space
narrowing and/or change in the angulation of the vertebral canal
Increased axial stress at the site of spinal curvature may explain
the syrinx distribution in the CKCS

In CKCS MRI imaging of the cranial cervical region only has high
sensitivity for detection of SM however the extent of the disease
may be underestimated

Dogs with a wider asymmetrical SM more likely to experience pain

Phantom (fictive) scratching is associated with damage to the
mid-cervical superficial dorsal horn

Gray column damage can result in an imbalance of proprioceptive
information and cervical dystonia (89)
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Normal Australian Terrier

FIGURE 1 | Lateral skull and cranial cervical spinal radiographs in a Griffon
Bruxellois with MRI confirmed severe CM and SM (A), a normal Griffon
Bruxellois (B), and an Australian terrier (C). The head is in extension as the
space between the dorsal atlas and the occiput increases with flexion. A red
arrow is placed between the occiput and the dorsal tubercle of the atlas for
each dog. The atlas is considerably closer to the skull in the SM affected dog.

junction has been described, proving it is possible to discern the
cerebellar herniation (96). Hypothetically, ultrasound guidance
could prove a useful aid for placement of a shunt into a syrinx or
ventricle via a laminectomy or craniectomy.

FIGURE 2 | Lateral skull and cranial cervical spinal radiographs of a 6 year old
female Griffon Bruxellois presented with tetraparesis and following MRI
diagnosed with symptomatic CM and SM. The skull has rostro-cranial doming
and a “copper beaten” appearance due to convolutional markings relating to
the gyri and presumed raised intracranial pressure. The supraoccipital bone is
flattened (blue arrow) and the occipital crest is small (red arrow). A large
cervical syrinx has resulting in widening of the cervical spinal canal with
thinning and scalloping of the vertebrae (yellow arrow). A MRI confirmed CM,
SM, and ventriculomegaly. The maximum width of the syrinx in the cervical
spinal cord in a transverse section at the level of C2 was 8 mm.

Computed Tomography (CT)

CT should be performed if a vertebral malformation is
suspected in association with SM especially if implanted surgical
fixation is likely and to facilitate planning of this procedure
(Figure 3). Most descriptions of CT in the investigation of
CM and SM have been to answer a research hypothesis
or question (51, 59, 60, 63, 97). Although CT has limited
value in assessing CM and SM other than confirming a
cerebellar herniation (98) and defining craniocervical junction
abnormalities (63), hypothetically it could play a future
role in health screening pedigree dogs assuming accurate
morphometric analysis/machine learning can be translated from
MRI studies and especially if risk of future disease could be
predicted (99).

Myelography

Myelography and CT myelography can be used to investigate
SM secondary to arachnoid diverticulae and webs/bands (100,
101) and CT myelography is the procedure of choice in the
investigation of idiopathic SM if anatomical or cine MRI
techniques are not available or have not revealed the cause of
the CSF channel obstruction (102, 103). In veterinary medicine
the most common application of CT myelography is when
MRI is inappropriate because of metal implants and the owner
wants to pursue further surgical management. An arachnoid
web/band is indicated by a (often dorsal) flow block indicating
CSF obstruction in combination with displacement or change in
spinal cord caliber (Figure 4). An arachnoid diverticulae is a CSF
containing space, lined by arachnoid mater which communicates
with the subarachnoid space via a narrow “neck” enlarging via
a one-way valve effect. With myelography the diverticulae will
fill with contrast (101, 103, 104). Intrathecal contrast medium
injections are more challenging when the spinal subarachnoid
space is narrowed as a consequence of SM and should be
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FIGURE 3 | Diagnostic imaging from a 5 year female CKCS presented with lethargy, ataxia, cervicotorticollis, and phantom scratching and following MRI diagnosed
with symptomatic CM and SM. (A) T2-weighted mid-sagittal MRI of the brain and cranial cervical spinal cord. (B) T2- weighted mid sagittal MRI of the hindbrain and
spine from C1 to T10. (C) Lateral skull and cervical spinal radiograph flexed at the atlantoaxial joint. (D) Lateral skull and cervical spinal radiograph extended at the
atlantoaxial joint. (E) CT reformatted in the sagittal plane of the skull and cervical spine. MRI imaging (A,B) confirmed CM and SM with a large mid cervical SM
involving the superficial dorsal horn thus explaining the cervicotorticollis and phantom scratching (insert). MRI also suggested atlantoaxial instability with spinal cord
compression by the odontoid peg. Atlantoaxial instability was confirmed by a dynamic radiographic study (C,D). The CT was obtained for pre-surgical planning. The
dorsal displacement of the odontoid peg (asterisk) and dorsal opening (arrow) between the atlas and axis can be appreciated (Siemens Magnetom Symphony, A Tim
System, 1.5T, Erlangen, Germany; Toshiba Aquilion Prime 160 slice, Otawara, Japan).

=

undertaken by an experienced operator. CT myelography is not
indicated in the investigation of SM secondary to CM.

Magnetic Resonance Imaging (MRI)

MRI is undoubtedly the modality of choice to investigate CM
and/or SM. On making a diagnosis of CM/SM there are six aims
for the clinician.

1) To assess and document the anatomical changes (Figure 5,
Supplementary Figure 1).

To determine the cause of the SM. SM is an acquired disease
which occurs secondary to CSF channel disruption therefore
the aim of MRI is to determine the site of that obstruction.
Typically disruption at the craniocervical junction due to
CM results in syrinx development in the cranial cervical
region (85).

To determine the full extent of disease, for example the caudal
extent of the syrinx in the event of holocord SM (85).
Eliminate other potential causes of the clinical presentation
and neurological localization, for example intervertebral disc
disease as an alternative explanation for spinal pain.

Assess whether the radiological findings are consistent
with the neurological localization and severity, for example
forebrain signs such as seizures or cranial nerve deficits such
as facial nerve paralysis cannot be explained by SM which is a
spinal cord disease.

To determine if other diagnostic modalities are
recommended, for example CT to characterize bony

2)

3)

4)

5)

6)

abnormalities that might need surgical stabilization and
therefore planning.

MRI PROTOCOLS TO INVESTIGATE CM
AND SM

Diagnostic MRI evaluation of CM and SM should include
imaging of brain and spinal cord in at least two orientations
and include protocols to produce static T1-weighted and T2-
weighted sequences (102). Sagittal and transverse imaging of the
brain including the craniocervical junction is essential to evaluate
the rostrotentorial and caudotentorial overcrowding, CSF spaces
and any compromise of the craniospinal junction. Spinal
MRI establishes the presence, maximum width on transverse
images, dorsal horn involvement and longitudinal extent of
the syrinx/presyrinx (Table 5 and Supplementary Table 1). It is
recommended that at the time of scanning that the microchip
or tattoo number (confirmed by the veterinary surgeon) is
included on the DICOM images in addition to the Kennel Club
registration number if the dog is registered. This is to permit
submission to an official CMSM health scheme should the owner
request it (33).

Protocols will vary between low and high field machines
because of the difference in anatomical definition. T2-weighted
sequences will be preferred for high field machines and T1-
weighted sequences for low field machines. However, at least
one region of the spinal cord, typically a sagittal sequence of
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FIGURE 4 | Use of CT myelography to investigate arachnoid adhesions in in a 10 year old female Pug dog presented with signs of a thoracic myelopathy and that had
previous surgical management for spinal arachnoid diverticulum and vertebral instability. Six months previous this dog had previously been managed surgically for a
spinal arachnoid diverticulum (red arrow) with associated spinal cord edema/presyrinx (yellow arrow) at the level of T9/T10. She had been presented originally with a 2
year progressive history of myelopathy and the arachnoid diverticulum was considered associated with vertebral instability. Surgical management included
marsupialization of the arachnoid diverticulum and spinal stabilization with Interface Pins (IMEX Veterinary Inc, Long View Texas) and Simplex-tobramycin bone cement
(Howmedica, Limerick, Ireland). After an initial improvement the dog deteriorated and the metal implant precluded repeat MRI. CT myelography was performed from a
lumbar injection. There is a reduced flow of contrast cranially (green arrow) and block to flow of the contrast material on the left side (blue arrow) and transverse
images suggest adhesions between the spinal cord tissue and laminectomy site confirmed at surgery (pink arrow). (A) T2-weighted mid-sagittal MRI of the spinal cord
from T6 to L1. There is a focal area of spinal cord edema (presyrinx) at the level of T9/T10 (red arrow). (B) Transverse 3D-CISS image at the level of T9/T10. There is a
focal dilatation of the subarachnoid space at T9/T10 (yellow arrow). (C) Dorsal 3D-CISS image at the level of T7 to T13 demonstrating spinal cord edema (presyrinx) at
the level of T9/T10 (red arrow) and suspected arachnoid diverticulum cranial to it (yellow arrow). (D) Midsagittal computed tomographic myelography from T6 to L2;

there is reduced flow of iodinated contrast material cranial to T9 (green arrow). (E) transverse computed tomographic myelopathy at the level of T9. There is an
adhesion between the spinal cord and laminectomy site (pink arrow). (F) Dorsal computed tomographic myelography from T6 to L2; there is a block of iodinated
contrast material cranial to T9 (blue arrow) (Siemens Magnetom Symphony, A Tim System, 1.5T, Erlangen, Germany; Toshiba Aquilion Prime 160 slice, Otawara,
Japan). Image acknowledgment Dr Anna Tauro and Dr Colin Driver, Fitzpatrick Referrals.

the cervical region, that includes both T1 and T2-weighting
is essential to determine that the signal characteristics of the
fluid filled cavity is identical to CSF and to eliminate other
causes of hyperintensity on T2-weighted images for example
edema associated with meningoencephalomyelitis of unknown
origin. As a general rule, measurements of the width of
CSF spaces are considered more accurate on T1-weighted
images, however T2 weighted images are more sensitive to
the presence of excessive fluid within the neural tissue and in
particular presyrinx (presyringomyelia) which may eventually
form a syrinx (102, 105). Limited “low cost” imaging of
CM or SM with a 3-sequence protocol of the hindbrain and
cranial cervical spinal cord is offered by some institutions
for dog breeders that wish to screen their breeding stock
(33, 106), however this minimal protocol does not provide
information about the brain or syrinx involvement of the
thoracic and lumbar regions and is not recommended for
the dog presented to a veterinarian for a diagnostic work of
suspected CM or SM. Factors that influence the ability to

make an accurate assessment of CM and SM are detailed in
Table 6.

T2 Fluid-attenuated inversion recovery (FLAIR) imaging
of the brain is a sequence which uses an inversion pulse
and long echo time to suppress normal CSF signal on a
heavily T2-weighted image. Pathology is suggested by high
signal against background of normal signal from the brain
and low or zero signal from the CSF (119). A FLAIR is
not an essential part of CMSM protocol but is indicated
in the assessment of acute hydrocephalus to demonstrate
periventricular interstitial edema and to aid identification of any
causative or associated lesion (120). FLAIR sequences are also
indicated if meningoencephalomyelitis is suspected (121).

Paramagnetic contrast enhancement may be indicated
especially if (i) there is evidence of a mass; (ii) if the cause of the
CSF channel obstruction is not apparent; (iii) there is a presyrinx
and need to eliminate other causes of spinal cord edema. Spinal
intramedullary tumors may be cystic and it is important to
distinguish these from SM (122, 123).
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Olfactory bulbs

Size? Well-defined? Orientated rostrally?

Affected dogs are more likely to have small, ventrally orientated olfactory bulbs.

Rostral forebrain

Rounded or flattened appearance rostrally?

Affected dogs. especially with CM pain, are more likely to have a flattened
forebrain at the cribiform plate and frontal sinus.

‘Whole brain conformation

If a close fitting box was drawn around the midsagittal brain,

CM-pain is characterised by brachycephaly with a short skull base and a
compensatory increase of height in the occipital region. As a result the “box” that

i 9
o [ R e wonld approsimate the brain f closer o a. square cuboidt®
v
2 Cerebellum rounded?
- Affected dogs have a cerebellum that may be flattened / indented by the
@ | Cerebellar shape and position |On a mid-sagittal view, is only the cerebellum rostral to the ital bones and/or lantal ligament. Alt ively/additionally it
’5 4% ventricle and primary fissure under the occipital lobes? |12 be titted and invaginated under the occipital lobes.
Q
=z Hemniation caudal to the level of the ventral edge of th
Cerebellar herniation S of] can S of e veitaledge o e Ubiquitous in some breeds such as the CKCS.
supraoccipital bone?
- Herniation of medulla oblongata caudal to the level of the
Medn.llargz' pos.mnn' and ventral edge of the supraoccipital bone? ) . ) . )
craniospinal junction 3 — More severe craniocervical conformational changes increase risk of SM.
£ . C; inal junction el d/kinked through the
vical junction and over the dens?
o o Convolutions of gyri well defined by high contrast CSF on  [Narrowing of the sulci ly with ventricul ly suggests ot ion of
< Eatae ke T2W images? the CSF pathways and raised intracranial pressure.
Lateral ventricles Dilated? Is the corpus callosum elevated and/or thinned? | Affected dogs often have dilatation of the entire ventricular system and associated
R ventrcle andly clam i K K i cisterns. The corpus callosum is often thinned and elevated and the tectum may be
7] B . Dilated? Is intrathalamic adhesion normal size? thinner and at an abnormal angle affected by dilatation of the quadrageminal
(] istern. By contrast the intrathalamic adhesi rmal
O | Quadrageminal cistern _|Dilated? Is tectum position and thickness normal? e i
o
7 Mesencephalic aqueduct  |Dilated?
L duced outflow through the lateral apertures.
0 ” Fourth veatricle a sht (aormal) or triangular (dilated) in tednced oulow teough the fatcral spertures
(6] Fourth ventricle
shape?
Cisterna magna and spinal Reduced? Reduced cisterna magnum and spinal subarachnoid space will affect the ability to
subarachnoid space ces buffer the systolic pulse and the compliance of the central nervous system.
id flow void Fluid flow voidin p e S.uggest puliah'le o,r turbulent ﬂ:?w which n.lay be associated with progressive
disease (hyc alous or syrinx
Affected dogs appear to have a midface insufficiency with an absent / miniscule
Stop and frontal sinus Obvious stop? Frontal sinus evident? frontal sinus with a well-defined stop and a forehead that is a layer of skin, bone
then brain.
b::s:::l:al l)'as:nfip;:sg')henfn'd, Short appearance? Affected dogs have a short cranial base.
g In affected dogs the supraoccipital bone may be rostral to a vertical line drawn
(7] S o hone Midline portion present? Appear curved caudal to a vertical |though the inion of the occipital crest. It often appears flatter. The bone is thin and
-2 TR line drawn though the infon of the occipital crest? the midline portion may be missing (occipital dysplasia). With extensive occipital
> dysplasia the cerebellum may have a more rounded shape.
c
0 Occipital crest Reduced? Affected dogs often have a reduced occipital crest.
o
,on a nndsagttal — Wh‘?n fhe l?eadnls o ex‘e‘?s.lm’ v A line drawn between the inion of the occipital crest and the rostral atlas should be
Atlas is the rostral tip of the atlas in relationship to the inion of the
20 angled caudally.
occipital crest?
Odontoid d axi On a midsagittal image, when the head is in extension, what |In the normal dog there is a slight curvature of craniospinal juncton over the dens.
S is the angulation of the dens to a basioccipital bone? In affected dogs there is increased angulation (cervical flexure).
- This 1 ind into the bellum is the classic feature of CM
c Occipitoatlantal ligament /  [On a midline sagittal image, is this ligament horizontal although many confuse this with the ventral supraoccipital bone because both are
()
E membrane (normal) or is it vertical and indenting the cerebellar vermis? |hypoi . The ligament is at lly vertical because of the close proximity of
© the atlas to the skull and a short supraoccipital bone.
o0
-
= Atlantoaxial bands Dorsal impingement of the subarachnoid space at C1/C2? |Noted but significance not known.
The presyrinx is a potentially reversible myelopathy that may preced development
Presyrinx Is there edema (presyrinx)? of a syrinx. It is characterised by spinal cord oedema and enlargement with no
cavitation.
Has the outline of spinal cord expanded? | An expanded syrinx suggests active filling and therefore more risk of progressive
disease. By contrast a syrinx that is circular on transverse images and elliptical on
Symmetrical on sagital images ? sagittal images with little or no change to outline of the spinal cord is more likely to
- be asymptomatic.
8
o On transverse images, what is maximum diameter of the Symptomatic disease is more likely with a syrinx diameter of 4mm or more
© syrinx in the cervical, thoracic and thoracolumbar regions? |(CKCS).
(=
‘S Syrinx = ; s :
) Does the syrinx location fit with the neurolocalisation (region [Phantom hing is d with ext to the superficial dorsal horn in the
of spinal cord and within spinal cord)? C3-C6 spinal cord segments ponding to C2-C5 b
Cervig icollis / scoliosis are associated with extension of the syrinx into the
superficial dorsal hom ipsilateral to the phantom scratching side and /or
Is there dorsal horn involvement? contralateral to the head tilt. Paresis and proprioceptive deficits are associated with
large syringes in an appropriate region of the spinal cord.
Lo there fud Bow void? Suggest pulsatile or turbulent flow (slosh effect) and increase risk of syrinx

expansion.

FIGURE 5 | Suggested interpretation of MRI for diagnosis of CM pain and symptomatic SM—the authors’ method. With the exception of the basic scoring by the
CMSM health scheme (33), there is no objective measure for the diagnosis of CM pain. The diagnosis is made by exclusion and the weight of clinical and MRI
evidence. Not all dogs will have all the features. The diagnosis of symptomatic SM is more objective reflecting the size and neuro-localization. For the supporting
scientific justification see Tables 1-4 however this method is also based on the authors own observations and interpretations of which the reader should take account.
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TABLE 5 | Diagnostic imaging protocols for investigation of CM and SM.

Area Sequence Assessment of
ESSENTIAL PROTOCOL
Brain and craniocervical junction - TW2 (high field) or T1W (low field) sagittal and - Conformation brain and craniocervical junction
transverse - CSF spaces
- Maximum slice thickness 4 mm - Other differential diagnoses
Cervical vertebral column - TW2 and T1W sagittal - Presence of SM, central canal dilation, spinal cord edema

body of C2
- Maximum slice thickness 4 mm

Thoracic vertebral column -

present. Maximum slice thickness 4 mm

ADDITIONAL OR ALTERNATIVE SEQUENCES
Brain and craniocervical -
junction sequence (MPRAGE)

Maximum slice thickness Tmm.

Maximum slice thickness 4 mm

Lumbar and lumbosacral
vertebral column

present. Maximum slice thickness 4 mm
Area of suspected mass and /or -
spinal cord edema of unknown
aetiology
Vertebral column

Paramagnetic contrast

(HASTE)

Area of suspected arachnoid
web/band/dilatation (bSSFP)

MRI flow studies (Cine MRI)

CT myelography

TW2 (high field) or T1W (low field) transverse with the

block perpendicular to the spinal cord though the maximum
width of the syrinx if SM is present, or as a block centred on
C3 and extending from at least mid-point of the vertebral -

TW2 (high field) or T1W (low field) sagittal with or -
without transverse with the block perpendicular to the -
spinal cord though the maximum width of the syrinx if SM is

Three-dimensional, T1-weighted, gradient-echo

Fluid-attenuated inversion recovery (FLAIR)
TW2 (high field) or T1W (low field) sagittal with or

without transverse with the block perpendicular to the
spinal cord though the maximum width of the syrinx if SM is

Half-Fourier acquisition single-shot turbo spin-echo

Balanced steady-state free precession sequences

(presyrinx)

Measurement of maximum transverse width SM
Spinal cord dorsal horn involvement by SM
CSF spaces including cisterna magna

- Other differential diagnoses

Presence of SM or central canal dilation
Measurement of maximum transverse width SM
Spinal cord dorsal horn involvement by SM
Subarachnoid space

Other differential diagnoses

Used by the authors as an alternative to T1W spin echo sagittal
and transverse

To assess potential periventricular hyperintensive lesions for
example with acute hydrocephalous or inflammatory disease

If neurolocalization suggests and/or SM extends caudally to
lumbar spinal cord and to investigate spinal cord tethering by
the filum terminale if suspected

- Cystic intramedullary tumours
- Other differential diagnoses

Used to some to make a more rapid assessment of the
subarachnoid space

Recommended (high field)/essential (low field) to assess CSF
space if arachnoid web suspected

Phase contrast cine MRI

|dentify region of flow abnormalities/obstruction
Prognostication

Cine bSSFP

Define the arachnoid webs or bands

If bSSFP and/or Cine MRI has not identified or not possible
because of metal implants and if owner/veterinarian wishes to
pursue possible surgical management

T1W—T1-weighted, TW2—T2 weighted. It is recommended that at the time of scanning that the microchip or tattoo number (confirmed by the veterinary surgeon) is included on the
DICOM images in addition to the Kennel Club registration number if the dog is registered. This is to permit submission to an official CMSM health scheme should the owner request

(33). The parameters for a 1.5 T machine are detailed in Supplementary Table 1.

If the cause of CSF channel disruption is not apparent, then
balanced steady-state free precession sequences (bSSFP) such
as FIESTA (Fast Imaging Employing Steady-state Acquisition)
or 3D-CISS (Three-Dimensional Constructive Interference in
steady state) should be employed to improve detection of
arachnoid webs and diverticulae (109, 124). These are a three
dimensional gradient echo sequence that produces high contrast
between the CSF and structures within the subarachnoid space.
They have less flow void artifact associated with turbulent
CSF and allow higher detection rates of arachnoid webs and
other adhesions (102, 125) (Figure 6) and for low field MRI
where obtaining good signal-to-noise and spatial resolution is a
challenge, it is recommended that a bSSFP sequence be included

in any protocol that evaluates the CSF channels (or disruption
of) (109). Half-Fourier acquisition single-shot turbo spin-echo
(HASTE) sequences are heavily T2W sequences that produced
a myelographic effect and can be obtained in a very short time.
They are also described as being useful to detect arachnoid
diverticulae (126). However, the trade-oft for such short imaging
times is lower spatial resolution and T2 blurring artifact.

MRI flow studies are an integral part of the diagnostic
work up of CM and SM in human patients (14, 102) and
for review of the clinical application for SM, arachnoid webs
and the subarachnoid space see Li et al. (104). Standard MRI
sequences of the brain and spinal cord assume that the tissue
is static with movement only occurring in blood vessels and
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TABLE 6 | Factors that influence the ability of make an accurate assessment of CM and SM on MRI.

Type

Example

Notes

Protocol

Magnetic field strength

Operator factors

Interpreter factors

Patient factors

Motion related artifacts

Slice thickness

Sequence

Low field vs. high field

Inexperience/lack of training

Diligence

Inexperience/lack of training

Skull and air interface

Small brain and narrow spinal
cord

Positioning

Microchips, orthopedic implants

and shrapnel

General anesthetic

Neural tissue

Intrasyringeal fluid flow void

Intraventricular CSF pulsation
artifact

In the sagittal plane thinner slices (3 mm or less) are preferred to achieve 2-3 sections through the spinal
canal and more chance of lesion detection. Thicker slice thickness may miss a small intramedullary
lesion in an dog with a spinal cord diameter ranging between 4.1 and 10.3 mm (depending on site
imaged and size of animal) (107, 108). However, MRI machines of 1 Tesla or less cannot provide thin
slices with sufficient signal-to-noise ratio. Using a balanced steady state feed precession sequence
(bSSFP) in addition to a conventional gradient echo and spin echo sequences may help overcome this
challenge (109).

Protocols that achieve both T1W and T2W weighting are required to be confident in detecting a fluid filled
cavity within the spinal cord and conformational changes with CM.

Anatomical imaging of the entire brain is recommended and full extent of the syrinx should be determined
Transverse images perpendicular to the spinal cord though the syrinx are required to assess the
transverse width and extent of spinal cord involvement.

Signal-to-noise ratio and spatial resolution is improved when imaging with higher magnetic field-strength
which allows shorter imaging times for a given resolution and/or higher resolution for a given imaging
time. In addition, higher signal-to-noise ratio allows better resolution with smaller voxel size and thinner
slice thickness (110).

In veterinary medicine it is possible to operate a MRI service without any Specialist qualification. By
contrast an experience MRI technician has undertaken a 3-4 year radiography degree plus additional
post-graduate MRI training.

Out with other reasons for decreasing imaging time (economic/duration of anesthesia), operator
inclination is a factor for example image quality can be improved by increasing the number of averages
(NEX/NSA) which will subsequently increase the acquisition time.

Failure to recognize significant lesions or over-interpretation of other features for example attributing SM to
epilepsy, facial nerve paralysis, fly catching and other brain disorders or interpreting a generalized pruritus
as due to SM.

In humans it is reported more likely that a cervical syrinx is missed with techniques for whole spine sagittal
scanning with focused lumbar spinal MRI where the physician is biased from the history for a lumbar lesion
(111).

Conversely, asymptomatic localized widening of the central canal may be observed in both humans and
dogs (34, 112).

May cause susceptibility artifacts, especially on gradient echo sequences.

Slice thickness should be proportional to the brain volume to achieve images with diagnostic quality i.e.,
animals with smaller brain volume require thinner slices. In a low field MRI this may be challenging and a
bSSFP sequence is recommended.

Assessment for CM is normally obtained with the head in extension as reproducibility is easier and
anesthesia is safer as the airway may be compromised in the flexed position (33). However, cerebellar
herniation and CSF space between the cerebellum and brainstem are significantly increased in the flexed
position (113).

Ferromagnetic materials cause susceptibility artifacts which may compromise interpretation especially
identity microchips for studies of the cervical spine. In low field MRI a T1W turbospin echo sequence is
recommended (114) and for high field MRI, spin echo sequences have smaller artifacts than gradient
echo sequences (115). Titanium or oxidized zirconium implants have less susceptibly artifact than
cobalt-chromium alloy implants (116)

Increased time under general anesthesia may increase risk to patient and cost thus limiting length of any
MRI protocol.

Standard MRI sequences are optimized for good spatial and contrast resolution, however this results in
blurring of moving structures which compromises the ability to detect fine structures such as arachnoid
webs and other adhesions, septations in the syrinx or appreciate dynamic compression (104). It may
also blur the edges of a syrinx cavity.

Pulsatile or turbulent motion of fluid within the syrinx produces low signal on T2W images because of an
absence of activated protons in that region (117)

Intraventricular hyperintensity on FLAIR imaging which result in false—negative/positive interpretations of
ventricular pathology and is a particular problem for FLAIR performed on low field MRI (118). The most
common cause is pulsatile movement and un-inverted CSF flowing into the slice between the pulses
(119). It can also occur because of inadequate inversion of CSF magnetization at the edge of the
transmitted coil or because of increased CSF protein or oxygen (breathing 100% oxygen) which shortens
T1 (119).
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FIGURE 6 | Use of bSSFP (3D CISS) to identify a spinal cord adhesion in an 18 month old male Pug dog presented with signs of cervical myelopathy. This dog had
previously been managed surgically for a spinal arachnoid diverticulum at the level of C2/C3 (age 5 months). (A) T2-weighted mid-sagittal MRI of the hind brain and
cervical spinal cord (B) mid-sagittal 3D-CISS image at the level of C2-C4. There is a syrinx between C3 and C7 (asterisk). The 3D-CISS image highlights the likely
cause of this syrinx as an adhesion between the spinal cord and laminectomy site (arrow) (Siemens Magnetom Symphony, A Tim System, 1.5T, Erlangen, Germany).
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FIGURE 7 | Phase contrast cine MRI of the brain and cervical spinal cord in normal (A) and a CMSM affected CKCS (B). Left systole, right diastole. Compared to
normal (A), the SM affected (B) has little caudal flow in the dorsal cervical subarachnoid space (yellow arrows) and by contrast high velocity flow in the ventral cervical
subarachnoid space (red arrows). There is pulsatile flow in the syrinx at the level of C2/C3 (asterisk) and fluid entering the medulla parenchyma (green arrows)
(Siemens Symphony Tim system, 1.5T, Enlangen Germany).

CSF and the aim is to achieve higher spatial and contrast  (104). Phase contrast cine MRI is used to localize CSF channel
resolution typically at the expense of temporal resolution. This  obstruction, to demonstrate improvement (or lack thereof) post
results in motion-related blurring of non-static structures (104).  operatively and also has a role in prognostication. Syrinx fluid
Cine MRI uses cardiac gating using electrocardiogram or pulse =~ movement, as detected by phase contrast cine MRI, is associated
oximetry. Phase-contrast cine MRI (Figure 7) measures pulsatile ~ with progressive neurological signs whereas lack of syrinx fluid
CSF motion influenced by the cardiac cycle and can measure  movement is associated with no or stable neurological signs
both CSF and syrinx fluid velocities in a defined area of interest (102, 128). However, it does not allow visualization of arachnoid
(102, 127). By contrast cine bSSFP allows appreciation of the = membranes and so in humans, and for investigation of idiopathic
movement of the central nervous system and structures within ~ SM, Phase contrast cine MRI is used to localize the area of flow
the subarachnoid space. The data for a single slice is acquired ~ abnormalities/obstruction and cine bSSFP is used to define the
multiple times over the cardiac cycle with each single image  arachnoid webs or bands (104).

corresponding to single point in that cycle (termed a cardiac In veterinary medicine, phase contrast cine MRI has been used
phase). All the images are then viewed sequentially as a cine loop  to investigate CSF flow (80) and cine bSSFP used to investigate
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Normal

CM-pain affected «
B

FIGURE 8 | Morphometric changes in CMSM. Mid-sagittal T2-weighted brain MRI of three CKCS: normal (A), CM-pain affected (B), and SM-affected (C). The left
column compares the CSF spaces. There is effacement of the cranial subarachnoid spaces evidenced by reduced definition of the sulci filled with high signal CSF in
affected dogs (B,C). A Red asterisk highlights the cruciate sulcus for comparison. In addition there is ventriculomegaly with dilatation of the lateral ventricle (purple
asterisk), third ventricle and quadrigeminal cistern (green asterisk) and fourth ventricle (aqua asterisk). The right column compares the neuro-anatomical changes and
also the direction in which the neuroparenchyma has been deformed and crowded by the bony restrictions. Compared to the normal CKCS (A), the affected CKCS
(B,C) are more brachycephalic with shortening of the basicranium and prephenoid bone (orange shading) with reduced and more ventrally orientated olfactory bulbs
(green shading). The rostral forebrain is flattened in (B,C) and the rostrotentorial neuroparenchyma is displaced dorsocaudally giving increased height to the cranium
particularly in (B). This reduces the functional caudotentorial space contributing to the hindbrain herniation. The atlas is closer to the skull and supraocciptal bone is
flattened, particularly in (C), the SM-affected dog which also has a reduction of the occipital crest (orange asterisk). In addition to the brachycephaly, the SM affected
dog has further compromise of the craniocervical junction by a cervical flexure and acute angulation of the odontoid peg resulting in kinking/ elevation of the
craniospinal junction. The syrinx is indicated by the dark blue asterisk (Siemens Magnetom Symphony, A Tim System, 1.5 T, Erlangen, Germany).

cerebellar movement (76) (Table3) but its application as a DIAGNOSIS OF CM-PAIN
diagnostic tool has yet to be realized.
To make a diagnosis of symptomatic CM and or SM the ~ CM-pain is a difficult diagnosis because the clinical signs are

diagnostic imaging should be related to the clinical history and non-specific and/or have alternative explanations but should
examination findings. be considered in a predisposed breed presenting with a signs
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FIGURE 9 | Progression of SM. Diagnostic Imaging of a female CKCS at 8 months old (A,B) and 3 years old (C,D). The CKCS was originally presented with signs of
pain. When represented at 3 years of age, the signs of pain were no longer controlled by medication and she had mild thoracic limb hypermetria, tetraparesis, and
pelvic limb ataxia. T2-weighted mid-sagittal MRI of the brain and cranial cervical spinal cord in a CM and SM affected CKCS (A) 8 months, (C) 3 years old
T2-weighted mid-sagittal MRI of the vertebral column from T7 to Cy1 (B) 8 months, (D) 3 years old. (A,B) Imaging indicated risk of progressive SM with loss of the
cranial subarachnoid space and effacement of the cranial sulci (blue asterisks), fluid signal-void sign within the syrinx suggesting pulsatile or turbulent flow (green
arrow) and a pre-syrinx (oedema) and central canal dilatation in the caudal thoracic spinal cord (red arrow). (C,D) The syrinx has progressed to holocord SM (red
asterisk). Although conclusions cannot be drawn without pressure measurements, it is interesting that MRI signs that can suggest elevated intra-cranial pressure (129)
and fluid surging and pulsation within the syrinx (117) are diminished with an appreciably greater cranial subarachnoid space indicated by high signal CSF within the
sulci (blue asterisks) and less fluid signal-void sign within the syrinx (Siemens Magnetom Symphony, A Tim System, 1.5T, Erlangen, Germany).

suggesting pain such as; a history of vocalization described
as without obvious trigger, when shifting position when
recumbent and when being lifted under the sternum to a height;
spinal pain; head and ear rubbing or scratching; refusal or
difficulty jumping or doing stairs; exercise intolerance/reduced
activity; sleep disruption; or behavioral change described
as becoming more anxious, aggressive, or withdrawn (48).
Morphometric studies found CM pain was associated with
increasing brachycephaly with shortening of the skull base
with rostrotentorial overcrowding resulting in rostral flattening
of the forebrain, reduction and ventral displacement of the
olfactory bulbs and increased height of the cranium, especially
in the occipital region (39). There may be changes suggesting
obstruction of CSF channels including reduction in the cranial
and spinal subarachnoid space in addition to ventriculomegaly
of all ventricles and cisterns except the cisterna magna which
is often reduced (Figure 7). The craniocervical changes are less
pronounced than in SM affected dogs and indeed this feature
is hypothesized to protect this cohort from developing SM (39).
Ultimately the diagnosis must be made by ruling out other causes
of pain in combination with consistent clinical and MRI findings.
A guide is suggested in Figures 5, 8.

DIAGNOSIS OF SYMPTOMATIC SM

The diagnosis of SM implies a fluid filled cavity related to
disturbance of CSF flow, spinal cord tethering or intramedullary
tumor; it is not an appropriate description for myelomalacia

or cystic lesions (14). SM can be asymptomatic (34) and when
interpreting MRI, an assessment should be made as to whether
the location and severity of the syrinx would account for the
signs. Signs of an “active” and filling syrinx include fluid signal-
void sign within the syrinx cavity indicating pulsatile or turbulent
flow, hypothesized to be a cause of syrinx propagation (117)
(Figure 9).

In addition an active and filling syrinx is expansive within
the spinal cord and generally has an asymmetrical shape on
transverse images. By contrast a quiescent syrinx is centrally
located, elliptical on sagittal images and symmetrical, usually
circular on transverse images and results in little or no change
to the outline of the spinal cord (87, 130). Symptomatic SM
results in a myelopathy and therefore is suggested by sensory
and motor signs that localize to the level of the spinal cord
affected by the syrinx. However, gait disturbances may be
surprisingly mild even with extensive SM. The dog in Figure 9
was presented with a mild pelvic limb ataxia, thoracic limb
hypermetria and tetraparesis and was considered by the owner
to have a normal exercise tolerance. If the clinical signs are
disproportionate to the extent of the syrinx, other differentials
should be explored for example degenerative myelopathy related
to superoxide dismutase-1 mutation as a cause of pelvic limb
paresis (48, 131). The maximum width of the syrinx on transverse
images should be assessed; myelopathic signs in CKCS are
associated with a syrinx transverse width of 4mm or more
whereas phantom scratching and cervicotorticollis/scoliosis are
associated with extension of the syrinx into the superficial
dorsal horn ipsilateral to the phantom scratching side and/or
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contralateral to the head tilt (48, 87). Phantom scratching is
associated with extension to the superficial dorsal horn ipsilateral
to the scratching side in the C3-C6 spinal cord segments
(corresponding to C2-C5 vertebrae) (88). A guide is suggested
in Figures 5, 8.

CONCLUSION

Diagnosis of CM-pain is made by appropriate clinical signs
in addition to MRI brain findings of a brachycephaly with
rostrotentorial crowding including rostral flattening, olfactory
bulb reduction and rotation, increased height of the cranium
with reduction of the functional caudotentorial space and
hindbrain herniation. There may also be changes suggesting
raised intracranial pressure such as loss of sulci definition with
ventriculomegaly. The cisterna magna is reduced. In addition
to these brachycephalic changes, dogs with SM are more likely
to have craniocervical junction abnormalities including rostral
displacement of the axis and atlas with increased odontoid
angulation causing craniospinal deformation and medullary
oblongata elevation. Symptomatic SM is diagnosed on the basis
of signs of myelopathy and presence of a large syrinx that is
consistent with the neuro-localization. The imaging protocol
should establish the longitudinal and transverse extent of the
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In the current study the hypothesis should be proven that T1 weighted Fast Field
Echo (FFE) sequence is a useful method to visualize intervertebral disc degeneration,
respectively changes of the expected disc appearance. Medical records of 208 dogs
were reviewed and images of 781 intervertebral discs were evaluated by two blinded
examiners using a modified Pfirrmann classification system in two MRI sequences: FFE
and Turbo-Spin-Echo T2-weighted sequence (T2W). The patients were allocated to
three categories based on body conformation: (1) brachycephalic and chondrodystrophic
breeds, (2) non-chondrodystrophic and non-brachycephalic breeds with a body weight
of < 25kg, and (3) non-chondrodystrophic and non-brachycephalic breeds with a
body weight greater or equal 25kg. In brachycephalic and chondrodystrophic dogs
340 intervertebral discs were evaluated, the majority of them presented a mild change
of the normal disc structure, 53% in the FFE sequence and 41% in T2W images.
High discrepancies were observed between mild and moderate degeneration: in the
FFE-sequence 15% (n = 50) of the discs had signs of mild degeneration, whereas in
T2W the same discs were graded as moderately degenerated. In non-chondrodystrophic
and non-brachycephalic breeds under 25kg body weight 320 intervertebral discs
were assessed. In the FFE-sequence 52% (n = 166) of the intervertebral discs were
judged as having a mild degeneration. In contrast, these same discs were graded as
healthy discs (22%), mildly degenerated (33%), moderately degenerated (37%), and
severely degenerated (8%) in T2W. In non-chondrodystrophic and non-brachycephalic
breeds greater or equal 25kg 121 intervertebral discs were assessed. The grading
was equal in 43%, but differed in one grade (47%) and in two grades (10%) between
the two sequences. In both sequences intervertebral disc herniations were equally
well-diagnosed. The Kappa coefficient revealed a high discrepancy between the two
MRI-sequences. In conclusion, FFE cannot replace the well-established T2W sequence
for grading disc degeneration.

Keywords: intervertebral disc degeneration, Pfirrmann grading system, FFE-sequence, dog, MRI
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Intervertebral Disc MRI

INTRODUCTION

Degeneration of the intervertebral disc occurs during
physiological aging processes and pathological events (1, 2).
Chondroid metaplasia leads to intervertebral disc degeneration
in chondrodystrophic breeds early in life (1). In addition, in some
brachycephalic breeds, such as french bulldogs, pug dogs, and
boxers, morphological changes affecting the vertebral column
(spondylosis deformans, thoracical vertebral malformations)
are predisposing to intervertebral disc degeneration (3-5).
Magnetic resonance imaging (MRI) is currently the gold
standard technique to investigate intervertebral disc disease
(1, 6, 7). Commonly, for the diagnostic work-up in patients with
intervertebral disc herniation and spinal cord compression T2
weighted images (T2W) are evaluated in dorsal, sagittal and
transversal planes (8). Currently, T2W images are additionally
used to evaluate disc degeneration and can be viewed as gold
standard for this evaluation. Further sequences such as pre-
and post-contrast T1-weighted (T1W) images, gradient echo
sequence or short tau inversion recovery (STIR) are applied to
better delineate disc diseases or to rule out paraspinal soft-tissue
pathology (9, 10). In T2W images different structures of healthy
discs can be distinguished, such as the hyperintense nucleus
pulposus surrounded by the annulus fibrosus that is isointense
to adjacent muscle tissue (11). Degeneration of the intervertebral
disc is a complex, multifactorial process characterized by a
decreased signal intensity of the nucleus pulposus and an
indistinct border between nucleus pulposus and annulus fibrosus
(12, 13). Pfirrmann et al. established 2001 a five stepped grading
system focusing on characteristic changes in the structure of
the disc on sagittal T2 weighted images (14). Bergknut et al.
evaluated and adapted this system for the canine species (15).
The gradient echo sequence is another possibility to visualize
the morphology of the intervertebral disc with an enhanced T1
or T2* contrast (8). In the literature different terms for gradient
echo sequences are mentioned, such as Fast Field Echo (FFE) or
Fast Low Angle Short (FLASH) (16). In T1 weighted FFE images,
the sequence used in the current study, the intervertebral disc
has a homogenous signal intensity isointense to adjacent muscle
tissue. In contrast, the vertebral body displays a signal intensity,
which is hypointense in comparison to cerebrospinal fluid (8, 17-
19). In the present study the hypothesis should be proven that
the FFE sequence is a useful method to visualize intervertebral
disc degeneration or changes of the expected disc appearance
and could give additional information to conventional T2W
images, the proposed gold standard. Additionally, we wanted to
prove, that both sequences are capable to detect disc herniation.
To verify these hypotheses, more than 700 single intervertebral
discs were evaluated by two blinded examiners.

MATERIALS AND METHODS

Ethics Statement

The study was conducted following the guidelines of the
University of Veterinary Medicine Hannover with written
consent of the dog owners and approved by the thesis committee
of the University.

Case Selection

Medical records of 208 dogs presented between 2010 and
2012 at the Dept. of Small Animal Medicine and Surgery,
University of Veterinary Medicine Hannover, with different
neurological disorders were retrospectively reviewed. Dogs
were included, when radiographs and MR images of the
vertebral column were available. According to their body
conformation the patients were allocated to three categories.
Category 1 included brachycephalic and chondrodystrophic
breeds. Category 2 comprised non-chondrodystrophic and non-
brachycephalic breeds with a body weight < 25 kg and category
3 encompassed non-chondrodystrophic and non-brachycephalic
breeds with a body weight equal or greater 25kg. Breeds were
classified as chondrodystrophic or brachycephalic according to
the description of Parker et al. (20) and Bannasch et al. (21)

Magnetic Resonance Imaging

MRI was performed using a 3-Tesla MRI scanner (Philips
Achieva, Eindhoven, The Netherlands). The intervertebral
discs were evaluated in the transverse plane using a modified
Pfirrmann classification system in Turbo-Spin-Echo T2-
weighted sequence (T2W) (TR = 3100ms, TE = 120 ms, flip
angle = 90°) and a grading system designed by the authors in
T1 weighted FFE-sequence images (FFE) (TR = 11ms, TE =
220 ms, flip angle = 8°). MR images were reviewed by two board-
certified neurologists (AT and VMS) blinded to signalement
and clinical data. Five grades of disc degeneration were used
to evaluate the appearance and potential degeneration of the
intervertebral discs (Figures 1, 2). Disc herniation was defined
as “6”, independent of the status of degenerative changes. In the
current study “6” does not reflect the degree of disc degeneration.

Statistics

Analyses were assessed with the statistical software SAS, version
9.2 (SAS Institute, Cary, NC, USA). For comparison of the two
MRI-sequences McNemar’s test was used and the simple and
weighted kappa coefficient established.

RESULTS

A total of 208 patients were examined. Eighty-three dogs were
assigned to category 1, 86 patients to category 2, and 39 patients
to category 3. In category 1, 63.9% (n = 53) were Dachshunds
and 19.3% (n = 16) French bulldogs. Further breeds in category
1 included Pug dogs (n = 4), Boxers (n = 3), Shi-Tzu (n = 3),
Havanese (n = 2), Sky terrier (n = 1) and Welsh corgi cardigan
(n = 1). The category 2 included 27 breeds, mainly Beagles (n
= 11), Jack Russell terriers (n = 10) and mixed breed dogs (n =
23). In category 3 a total of 17 breeds were presented, especially
German Shepherd dogs (n = 8), Labrador Retrievers (n = 7),
and mixed breed dogs (n = 9). 45 males (7 neutered) and 38
females (23 spayed) were included in category 1, 59 males (14
neutered) and 27 females (19 spayed) in category 2 and 25 males
(6 neutered) and 14 females (6 spayed) in category 3. Bodyweight
ranged from 3.9 to 29.8 kg (median 8.1kg) in category 1, from
2.6 to 24 kg (median 11kg) in category 2, and from 25 to 60 kg
(median 34 kg) in category 3. The youngest patients of the study
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FIGURE 1 | Grading system for T2W images modified after Pfirrmann et al. (14). Grade 1 and 2 included healthy intervertebral discs in dogs younger (grade 1) or older
than 12 months (grade 2). Nucleus pulposus is hyper- or isointense to cerebrospinal fluid with a clear distinction between nucleus pulposus and annulus fibrosus.
Grade 3 is characterized by mild degeneration affecting at the maximum one-third of the intervertebral disc with a iso- or hypointense nucleus pulposus and a visible
distinction between nucleus pulposus and annulus fibrosus. Moderate degeneration (grade 4) affected at the minimum one-third and at the maximum two-third of the
intervertebral disc, the distinction between nucleus pulposus and annulus fibrosus is blurred. In severe degeneration (grade 5) more than two-third of the intervertebral
disc is affected, the nucleus pulposus is hypointense, narrowing of the cerebrospinal fluid space is possible. Disc herniations are displayed under “6”.

FIGURE 2 | Grading system for T1W FFE-sequence (designed by KK and AT). Grade 1 and 2 included healthy intervertebral discs in dogs younger (grade 1) or older
than 12 months (grade 2). The disc displays a homogeneous structure and a signal intensity isointense to adjacent muscles (Mm trunci). Grade 3 is characterized by
mild degeneration affecting at the maximum one-third of the intervertebral disc with a hypointense nucleus pulposus. Moderate degeneration (grade 4) affected at the

minimum one-third and at the maximum two-third of the intervertebral disc (hypointense to surrounding tissue). In high grade degeneration (grade 5) more than
two-third of the intervertebral disc is affected and hypointense to the surrounding tissue. Disc herniations are displayed under “6”.

TABLE 1 | Results of kappa coefficient in three categories of dogs.

other categories was present. The higher score of the weighted
Kappa coefficient reflected the finding that the evaluation

Category 1 Category 2 Category 3 . . . . -
gor gory gory of morphologic disc appearance deviated in the majority by
Simple Kappa coefficient 0.5703 0.3844 02860 onegrade.
Weighted Kappa cosflicient 0.7779 0.6547 0.5996 In both sequences the same number of intervertebral disc

were < one 1 year old and the oldest patients were 14 years old.
The mean age of dogs suffering a disc extrusion was 5.73 years in
category 1, 6.67 years in category 2, and 7.44 years in category 3.

A total of 781 intervertebral discs was evaluated in T2W and
in T1 weighted FFE-sequence, which included 340 in category
1, 320 in category 2, and 121 in category 3 of dogs. 21 % (n
= 164) of the intervertebral discs were located between C2 and
T1, 44.7% (n = 349) between T1 and L1, and 34.3% (n = 268)
between L1 and the sacrum. AT and VMS evaluated together
the structure of the intervertebral discs using the described
grading system for MR images and were blinded regarding
signalement and clinical signs. Grades were ascertained after
achieving a consensus between the two examiners. Evaluating the
images using the described grading system statistically significant
differences were found between the two MRI sequences in all
three categories of dogs (p < 0.0001 in category 1 and 2, p = 0.001
in category 3). The results of the simple and weighted Kappa
coeflicient confirmed these results (Table 1).

The Kappa coefficient was chosen to demonstrate agreement
between evaluation of the different grades of intervertebral disc
degeneration by using the grading system for each sequence.
In category 1 of dogs the highest agreement compared to the

extrusions (“6”) was assessed.

In category 1 of dogs a total of 340 intervertebral discs were
evaluated. The majority of the discs were judged to have mild
degeneration, 53% in the FFE-sequence and 41% in T2 weighted
images. A high discrepancy was observed between evaluating
mild or moderate grade degeneration. 15% (n = 50) of the discs
were considered to have mild degeneration in the FFE-sequence.
In T2 weighted images the same discs were assessed as moderate
grade degeneration. The mean value of the grading was 3.84
in the FFE-sequence and 4.04 in T2W for category 1 of dogs.
In T2 weighted images signs of disc degeneration were graded
on average higher than in the FFE-sequence. In total an exact
agreement between disc assessment in FFE and T2W sequences
was made in 240 discs (71%). The evaluation of ninety discs
(26%) differed in one grade and a partial agreement was achieved
(Figure 3). No agreement was seen in 10 discs (3%) and the
evaluation differed in more than one grade.

In category 2 of dogs the evaluation of the intervertebral
discs revealed a higher grading in T2W images. On average the
mean value of the grading was 3.78 in FFE-sequence and 4.09
in T2W images. The presence of mild degeneration was assessed
differently between the both sequences. 52 % (n = 166) of the
intervertebral discs showed signs of mild degeneration in the
FFE-sequence. In T2W images only 23% (n = 75) presented these
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FIGURE 3 | Results of grading system agreement for intervertebral discs between T1 weighted FFE-sequence and T2 weighted images in brachycephalic and

. 0
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FIGURE 4 | MRI of C5-C6 intervertebral disc, transverse plane, patient 88.

In the FFE-sequence a central area of decreased signal intensity in the
nucleus pulposus was present accounting for less than one-third of the
intervertebral disc and was evaluated as grade 3 (A). In T2W the intervertebral
disc was composed of a hyperintense nucleus pulposus and hypointense
annulus fibrosus and was judged to be a healthy disc from an adult dog,
grade 2 (B).

b

FIGURE 5 | MRI of the L1-L2 intervertebral disc, transverse plane, patient
111. In FEE-sequence the intervertebral disc had an inhomogeneous structure
with a central hypointense region which takes ~18% of the intervertebral disc
and was judged as “mild degeneration” (A). In T2W there was an unclear
distinction between nucleus pulposus and annulus fibrosus. The signal
intensity of the nucleus pulposus was hypointense to cerebrospinal fluid. The
disc was assessed to have “moderate degeneration” (B).

findings. Nine percent (n = 30) of the discs were graded “healthy”
in T2W images, but showed signs of mild degeneration in the
FFE-sequence (Figures 4A,B).

On the other hand, 19.1% (n = 61) of the intervertebral
discs were classified as having “mild degeneration” in the FFE-
sequence, whereas in T2W images signs of moderate grade
degeneration were visible (Figures 5A,B).

The evaluation of the intervertebral discs was identical in
52.2% (n = 168) in both sequences, a partial agreement was
achieved in 40.3% (n = 129) of the intervertebral discs (Figure 6).

In category 3 of dogs 121 intervertebral discs were evaluated.
The average grade was lower than in other dog breeds: 3.48 in
FFE-sequence and 3.87 in T2W. The assessement was equal in
43% (n = 52) of the intervertebral discs and differed in one grade
in 47% (n = 57) and in two grades in 10% (n = 12) of the
intervertebral discs. (Figures 7A,B, 8)

In addition, the capability of the two sequences to detect
disc herniation should be assessed as the second aim of
the study. Intervertebral disc herniations occurred in 22
intervertebral discs in category 1, 38 intervertebral discs
in category 2, and 17 intervertebral discs in category 3
of patients. In both sequences disc herniations could be
equally well-diagnosed.

DISCUSSION

Intervertebral disc degeneration is a common pathological
finding in dogs and can predispose dogs to disc extrusion (22).
However, not every intervertebral disc degeneration lead to
herniation, spinal cord compression and to neurological deficits
such as ataxia or paraparesis/paraplegia (22, 23). MRI (T2W
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FIGURE 6 | Results of grading system agreement for intervertebral discs between T1 weighted FFE-sequence and T2 weighted images in non-chondrodystrophic

6

FIGURE 7 | MRI, T13-L1 intervertebral disc, transverse plane, patient 175. In
FFE-sequence small hypointense areas were present leading to the
assumption of a low grade degeneration (A), whereas in T2W the
intervertebral disc displayed a complete signal loss without any possibility to
differentiate between nucleus pulposus and annulus fibrosus, grade 5 (B).

sequence) is considered to be the gold standard to identify
intervertebral disc degeneration in vivo (1, 6, 24). For the
classification of the extent of intervertebral disc degeneration
the Pfirrmann classification system was used and evaluated
for the dog by Bergknut et al. (15) In this classification
system, the intervertebral disc is evaluated in T2 weighted
images and this sequence can currently be considered as gold
standard. The normal nucleus pulposus appears hyperintense
in comparison to surrounding tissue and correlating to
proteoglycan concentrations (10, 14). Modic et al. (25) confirmed
that the decrease of the signal intensity in T2W correlates with
the progression of intervertebral disc degeneration. Kranenburg
et al. (6) could conclude that intervertebral disc degeneration
did not correlate with the severity of neurological signs. In
the current study, the Pfirrmann classification system for the
evaluation of intervertebral discs was used in T2 weighted
images with slight modifications. For the grades 3, 4, and 5 the

percentage of the extent of intervertebral disc degeneration was
added. In addition, the evaluation was performed in transverse
planes. This sequence was compared to a different technique,
the TIW FFE-sequence in order to evaluate the suitability of
this sequence in detecting structural disc changes. However,
the hypothesis could not be proven that the FFE sequence
is an equally useful method to visualize intervertebral disc
degeneration. In the current study, it could not be evaluated,
if these structural changes were indeed degenerative changes,
since histopathological examinations were not performed. In
comparison to T2W sequence the intervertebral disc displayed a
more homogeneous structure without clear distinction between
nucleus pulposus and annulus fibrosus in TIW FFE sequence
as already described (18, 19). Despite this more homogenous
structure grades 3, 4, and 5 could be well-defined and even
the percentage of potential structural changes of the disc could
be evaluated.

Statistically significant differences were found between both
MRI-sequences evaluating intervertebral disc degeneration,
respectively changes of the expected MRI appearance, whereas
intervertebral disc extrusions and protrusions were equally
diagnosed by the two sequences. The presence of mild
degeneration was diagnosed differently in both sequences. In
T1 weighted FFE-sequence mild degeneration was seen more
frequently than in T2W images, 53% of intervertebral discs in
the first category of dogs, 52% of the intervertebral discs in
the second category and 49% of the intervertebral discs in the
third category showed signs of mild degeneration. In contrast,
in T2 weighted images only 41% of the intervertebral discs in
category 1, 23% of the intervertebral discs in category 2, and
only 17% of the intervertebral discs in category 3 displayed
these signs. The evaluation of discs with mild degeneration in
the T1 weighted FFE-sequence ranged from a healthy disc to
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FIGURE 8 | Results of grading system agreement for intervertebral discs between T1 weighted FFE-sequence and T2 weighted images in non-chondrodystrophic

a severely degenerated disc in T2 weighted images: a healthy
disc in T2 weighted images was judged in 47% in category 1
of dogs, 77% in category 2, and in 55% in category 3 signs of
mild degeneration in the T1 weighted FFE-sequence, suggesting
that slight changes are only visible in the T1 weighted FFE-
sequence or that this sequence is more susceptible to artifacts.
To prove that the described morphological changes in the T1
weighted FFE-sequence is indeed a pathological finding studies
have to be performed in the future comparing MRI findings
and histopathology. Interestingly, when degenerative signs were
clearly visible in T2W images, signs of disc degeneration were
graded on average higher than in the T1 weighted FFE-sequence.
In addition, the FFE-sequence was vulnerable to susceptibility
artifacts because of the absence of the 180° refocusing pulse (8).
In conclusion, the present study demonstrated that T1 weighted
FFE sequence is not a precise alternative to T2W images and
the discrepancies between the two sequences have to be further
evaluated. The superiority or inferiority of T1 weighted FFE has
still to be proven to achieve an additional method to diagnose
intervertebral disc degeneration. In the current study, it was not
confirmed, that the described abnormal appearance of discs in
T1W FFE sequence is indeed a degenerative change. A limitation
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Objective: To establish sagittal area and length reference values and ratios between
apparently normal canine cervical vertebrae and intervertebral disks using magnetic
resonance imaging.

Sample: Retrospective evaluation of cervical vertebral column magnetic resonance
imaging studies of 44 dogs representing 5 different breeds (Labrador Retriever, n = 10;
French Bulldog, n = 10; Great Dane, n = 9; Chihuahua, n = 10; Dachshund, n = 5).

Procedures: Mid-sagittal measurements of vertebral body and disk areas were obtained
from C3 through C7 vertebrae and C2/C3 through C6/C7 intervertebral disks. Disk to
vertebra area ratios were calculated and compared among dog breeds. Additionally,
sagittal vertebral body and disk length measurements were obtained and disk to vertebra
length ratios calculated. Inter and intra observer variability was assessed.

Results: There were significant differences for disk to vertebral body area and length
ratios between evaluated dog breeds and cervical vertebral locations (p < 0.001). Mean
area ratio of Chihuahuas was significantly larger than all other breeds, while results from
Dachshunds were only significantly different than Chihuahuas and Labrador Retrievers.
Mean area ratios were statistically different between the cranial and caudal cervical
vertebral locations. Regarding length ratios, results from Chihuahuas were significantly
different than all breeds except Dachshunds. Mean length ratios were statistically
different between all cervical locations, except C2/C3 compared to C3/C4. Intra- and
interobserver variability was very good to excellent.

Conclusion and Clinical Relevance: There are significant differences in area and
length ratios between dog breeds. Differences also exist in area and length ratios between
the cranial and caudal cervical vertebral column. These differences may play a role in the
development of vertebral column diseases including intervertebral disk disease.

Keywords: canine, cervical vertebral column, morphometry, intervertebral disk, magnetic resonance imaging,
area, length, ratio
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IVD Vertebral Body Ratios MRI

INTRODUCTION

Morphometry, a quantitative analysis of the size and shape of
a form, has been used in human and animal studies to identify
relationships between specific anatomic structures and diseases
(1-6). The canine vertebral column has been morphometrically
evaluated using anatomic specimens (macerated vertebrae) and
imaging modalities, such as radiography, computed tomography
(CT) and magnetic resonance imaging (MRI) (7-12).

Common disorders of the canine cervical vertebral column
include intervertebral disk diseases (IVDD) and cervical
spondylomyelpathy (CSM) (13-17).

IVDD often affects chondrodystrophic dogs and is
characterized by degeneration of the intervertebral disk
with possible spinal cord compression by disk extrusion or
protrusion (14, 15). Approximately 15% of IVDD occurs in the
cervical vertebral column in dogs (18). CSM is a disease mainly
of large and giant breed dogs causing cervical myelopathy due
to progressive spinal cord compression (17). CSM has been
divided into two distinctly different types: osseous-associated
and disk-associated (OA-CSM and DA-CSM, respectively). Both
of these diseases have been evaluated morphometrically using
various imaging modalities (13, 19-24).

MRI analysis of cervical vertebral columns of Great Danes
demonstrated morphometric differences between OA-CSM
affected and non-affected dogs, including smaller intervertebral
disk widths, smaller vertebral canal areas and smaller spinal cord
areas (21). Regarding DA-CSM, morphometric MRI comparison
of affected and non-affected Doberman Pinchers showed smaller
spinal cord area, smaller vertebral canal height and more
square shaped vertebral bodies compared to their normal
counterparts (19, 20). Disk width was evaluated as a stand-alone
morphometric MRI measurement in dogs with and without DA-
CSM and was found to be positively associated with age but not
associated with the clinical status of the dog (22). In another
morphometric study using MRI, articular process conformation
was compared between Doberman Pinchers and Great Danes.
Dobermans were found to have more concave caudal articular
surfaces in caudal cervical locations, a morphometric difference
which was proposed to explain the high incidence of DA-CSM in
Dobermans (25).

There appears to only be one morphometric study evaluating
area measurements of vertebral bodies in animals (26). In this
study, vertebral canal and vertebral body area (among various
other measurements) was calculated using CT in a rat model
for human disease. We are unaware of studies reporting on the
use of area measurements of disk and vertebral body of cervical
vertebral columns in different dog breeds and different cervical
vertebral locations. Data regarding these ratios may be useful to
try to link conformation to the development of diseases, such as
IVDD and CSM.

Abbreviations: CT, computed tomography; IVDD, intervertebral disk disease;
IVD, intervertebral disk; MRI, magnetic resonance imaging; CSM, cervical
spondylomyelpathy; OA-CSM, osseous-associated cervical spondylomyelpathy;
DA-CSM, disk-associated cervical spondylomyelpathy; LR, Labrador retriever;
GD, Great Dane; FB, French bulldog; CH, Chihuahua; DH, Dachshund

The purpose of this study was to determine disk to
vertebral body ratios at different cervical vertebral locations
and in different dog breeds using mid-sagittal MRI images. We
hypothesized that (1) there would be a difference in area and
length ratios based on location within the cervical vertebral
column and (2) between different breeds of dogs.

MATERIALS AND METHODS

The medical record system of the Vetsuisse Faculty, University
of Bern, Switzerland, was searched for canine cervical vertebral
column MRI studies performed between 2009 and 2016 through
the Division of Clinical Radiology. Studies had to be obtained
with proper patient positioning, be of good quality and be
free of artifacts impairing evaluation of vertebral bodies and
intervertebral disks (IVD). Dogs had to be mature based on
physeal closure. Studies had to include the vertebral column
from C2 to T1 and sagittal T2 weighted images of this area
had to be available. Vertebrae C3 to C7 and intervertebral
disks C2/C3 through C6/C7 were evaluated but only vertebrae
and disks free of diseases, which would affect their imaging
appearance and shape, were measured. Disks with advanced
degeneration, protrusion or extrusion, or adjacent tissue changes
that influenced disk appearance were excluded. Deformed,
fractured or otherwise distorted vertebral bodies (i.e., due to
neoplasia) and vertebrae with new bone formation, such as
spondylosis deformans were also excluded. Intervertebral disks
were evaluated using Pfirrmann grades, an MRI based grading
system classifying intervertebral disks and stages of degeneration
(27). Briefly, Pfirrmann Grade 1 IVD is considered normal and
shows the nucleus pulposus as a bright white homogeneous
structure. Nucleus pulposus and annulus fibrosus can be clearly
distinguished and the IVD shows a normal size. Grade 2 describes
a nonhomogeneous structure of the IVD with clear distinguished
nucleus pulposus and annulus fibrosus and normal disk space.
The higher the Pfirrmann grade, the more IVD degeneration
is present, with a black disk, no distinction between annulus
fibrosus and nucleus pulposus, a hypointense signal, and a
collapsed disk space representing the highest grade (grade 5).
Only IVDs with a Pfirrmann grade of 2 or less were included in
this study.

Measurements

Patient positioning was standardized with dogs positioned
in dorsal recumbency with the head and neck extended
and thoracic limbs pulled caudally. Images were obtained
using a MRI with 1.0 Tesla field strength and fast spin-
echo T2-weighted sequence in sagittal plane with repetition
time 2,500-6,000ms, echo time 100ms, slice thickness 2.5-
4.0mm and gap 0.5mm depending on the size of the patient
(Philips Panorama HFO, Philips Medical Systems Nederland
B.V., Best, Netherlands). All measurements were performed
on midsagittal T2 weighted images of the vertebral column
section evaluated. Midsagittal plane was identified by help
of a concurrently displayed linked dorsal plane image using
an imaging software program (IMPAX EE R20.Ink, AGFA
HealthCare N.V., Belgium). Tools of the same program were used
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to outline vertebral bodies and IVDs and obtain area and length
measurements.

Area Measurements

Vertebral bodies (Figure 1A): A line was drawn along the outer
vertebral cortex of each vertebral body. In areas of poorly
defined cortical bone continuity, such as the mid-portion of the
dorsal cortex of the vertebral body (ventral aspect of vertebral
canal), a “best-fit” line was drawn to connect the two points
of visible cortex. Due to the inability to distinguish between
the hypointense cortical bone and annulus fibrosus along the
vertebral endplates, the middle distance of the hypointense area
between hyperintense medullary bone and nucleus pulposus
was chosen as the border between cortical bone and annulus
fibrosus.

Intervertebral disk (Figure 1B): A line was drawn around the
outer limit of the annulus fibrosus dorsally and ventrally. Along
the vertebral endplates, the previously described middle distance
line was used to outline the remainder of the IVD.

The area ratio was calculated between the IVD and the
vertebral body immediately caudal using the following equation:

. disk area
area ratio = ——
vertrebra area

Length Measurement

Vertebral bodies (Figure 1C): The length of the vertebral body
was measured from the midpoint of the cranial to the midpoint
of the caudal vertebral endplate. To define these endplate
midpoints, a line was drawn from the most prominent dorsal and
to ventral bone protuberances associated with each of the cranial
and caudal endplate. The midpoint of the line was determined. A
connecting line through the midpoint of each of these lines was
used to measure the length of the vertebral body, reaching from
the most cranial to caudal cortex.

Intervertebral disk (Figure 1D): A height measurement line
was drawn from the most dorsal to the most ventral aspect of
the IVD. At the midpoint of this line, a perpendicular second line
was drawn reaching from the cranial to caudal border of the IVD.

e —

P e o
 ———

\

.
C—

o
——

FIGURE 1 | (A) Example of the area measurement of a cervical vertebral body (red line) in a Labrador retriever. The star indicates the area in the middle of the dorsal
vertebral body where the cortex cannot be followed continuously and a line of best fit was drawn. (B) Example of the area measurement of a cervical intervertebral
disk (red line) in a Labrador Retriever. (C) Example of the length measurement of a cervical vertebral body in a Labrador retriever. The area outline was performed (thin
purple line), then lines were drawn along the cranial and caudal endplate from the furthest dorsal and ventral aspect of the area outline (vertical red lines). The
midpoints of these lines were determined and a connecting line through the midpoints was used to measure the length of the vertebral body, reaching from the most
cranial to caudal cortex. (D) Example of the length measurement of a cervical intervertebral disk in a Chihuahua. The area outline was performed (thin red line) and a
vertical line drawn from the most dorsal to ventral aspect. At the middle distance of this line, a second horizontal line was drawn at a right angle from cranial to caudal
area outline. This horizontal line was used for length measurement of the disk.
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This line represented the length of the IVD. The length ratio was
calculated using the following equation:

disk length

length ratio = vertrebra length

Intra- and Interobserver Variability
Measurements of all MRI studies were performed by one person
using the same computer station and screen settings. To assess
intraobserver variability, the same person repeated area and
length measurements of 2 randomly selected MRI studies from
each breed (except Dachshund) without access to previous
measurement data. The timing between the first and the second
measurement averaged 5 weeks.

To assess interobserver variability, these same 8 MRI
studies used for intraobserver variability were measured by two
other observers (board certified surgeon and a board certified
radiologist). These observers were blinded to all previously
obtained measurement data.

Statistical Analysis

Disk ratios were assessed for normality by calculating descriptive
statistics, plotting histograms, and performing the Anderson-
Darling test in commercial software (MINITAB Statistical
Software, Release 13.32, Minitab Inc, State College, Pennsylvania,
USA; NCSS 10 Statistical Software, Version 10.0.12, East
Kaysville, Utah, USA). Disk ratios were described using the
median and range due to the small sample size and an apparent
violation of the normality assumption. Correlation between
area and length ratios was assessed using Spearman’s rho. The
coefficient of variation was calculated to determine intra and
inter observer variation among repeated measurements. The
coefficient of variation is calculated as the standard deviation
divided by the mean of repeated ratio measurements. Using
the coefficient of variation, 0-5% was defined as “excellent,”
5-10% as “very good,” 10-15% as “good,” and 15-20% as
“acceptable.” Natural logarithm transformed disk ratio data
were analyzed using a mixed-effects linear regression model
to determine the effects of breed and disk space. A random
effect was included in the model for dog to account for the
repeated measurements and fixed effect terms were included
for breeds and disk space. Independent models were fit for
area and length ratios and post-hoc pairwise comparisons
were adjusted using Bonferroni correction of p-values. Mixed-
effects models were implemented in commercially available
software (IBM SPSS Statistics Version 23, International Business
Machines Corp., Armonk, NY, USA) and significance was set as
p < 0.05.

RESULTS

Between 2009 and 2016, 362 canine cervical vertebral column
MRIs were performed at the Vetsuisse Faculty, University of
Bern. Of the most common breeds represented, there were 50
cervical MRIs of French Bulldogs, 19 of Labrador Retrievers, 17
of Chihuahuas, 14 of Great Danes and 8 of Dachshunds. Studies
of cervical MRIs of 44 dogs were ultimately included (Table 1)

TABLE 1 | Weight and age of 44 dogs including Labrador Retriever (LR, n = 10),
Great Dane (GD, n = 9), French Bulldog (FB, n = 10), Chihuahua (CH, n = 10),
and Dachshund (DH, n = 5).

Weight (kg) Age (months)
Breed Mean SD Min. Max. Mean SD Min. Max.
LR 29.7 7.5 21.0 40.0 91.3 37.4 29 149
GD 69.8 9.0 60.0 85.0 40.8 20.9 15 75
FB 12.8 2.0 8.1 16.0 62.2 17.5 35 80
CH 2.6 1.1 1.5 53 51.3 26.9 20 90
DH 7.7 1.8 5.1 9.9 97.0 22.5 74 130

SD, standard deviation.

and represented five different dog breeds: Labrador retriever (LR,
n = 10), Great Dane (GD, n = 9), French bulldog (FB, n = 10),
Chihuahua (CH, n = 10), and Dachshund (DH, n = 5). Of these
dogs, there were 21 females (15 spayed, 6 intact) and 23 males
(15 intact, 8 neutered). The most common pathologies diagnosed
were IVDD, OA-CSM, and intracranial disease (Table 2). In 3
MRI studies, no causative pathology was identified.

Comparison of Breeds

There were significant differences for disk to vertebral body
area and length ratios between evaluated dog breeds and
cervical vertebral locations (Table 3). The mean area ratio of
Chihuahuas was significantly greater than all other evaluated
breeds (Labrador retrievers, Great Danes, French bulldogs, and
Dachshunds). Dachshunds also had significantly greater mean
area ratios compared to Labrador retrievers. The mean length
ratios of Chihuahuas were significantly greater than all other
breeds except Dachshunds.

Comparison of Location

Both area and length ratios were significantly different between
cranial and caudal cervical locations, with smaller ratios in the
cranial locations (Table 3).

Area Ratio Compared to Length Ratio

There was a strong correlation between area and length ratios
(rho = 0.821, p < 0.001; Figure 2). However, Chihuahuas and
French bulldogs tended to have higher area ratios compared to
Great Danes and Labrador retrievers that tended to have lower
ratios.

Repeatability

Intraobserver variability for area and length ratio was “excellent”
overall (Table 4). When evaluating single breeds and locations,
intraobserver variability was “very good” to “excellent;
respectively.

Interobserver variability was “very good” for area and length
ratio overall. When evaluating single breeds and locations,
interobserver variability was “very good” and “excellent,
respectively.
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TABLE 2 | Pathologies compatible with presenting clinical signs diagnosed on MRI.

Diseases affecting the region of
interest of the study

Diseases of other locations

Normal IVDD CSM Neoplasia Trauma Peripheral neuropathy Arachnoid cyst Syrinx Intra-cranial Atlantoaxial instability
n=3 n=19 n=8 n=1 n=1 n=1 n=1 n=1 n=7 n=2
LRn =10 1 5 0 1 1 1 0 0 1 0
GDn=9 1 0 8 0 0 0 0 0 0 0
FBn =10 1 8 0 0 0 0 0 1 0 0
CHn=10 0 2 0 0 0 0 1 0 5 2
DHn=5 0 4 0 0 0 0 0 0 1 0

TABLE 3 | Descriptive statistics and comparison of disk ratios based on breed
and cervical disk based on a linear mixed-effects model.

Measure Variable Level Disk ratio P-value
Mean Median (IQR)
Area ratio Breed <0.001
LR 0.2228  0.211(0.192, 0.250)
GD 022720 0.224 (0.201, 0.249)
FB 023920 0.252 (0.230, 0.282)
CH 0.349¢  0.341(0.313, 0.395)
DH 0.280°  0.287 (0.254, 0.310)
Location <0.001
C2/C3  0.240%  0.226 (0.200, 0.263)
C3/4 0.249%  0.240 (0.190, 0.307)
C4/5 0.273°  0.262 (0.206, 0.324)
C5/6 0.274P  0.260 (0.228, 0.308)
ce/r 0.288°  0.283 (0.240, 0.343)
Length ratio  Breed <0.001
LR 0.216%  0.218(0.182, 0.239)
GD 0.228%:0 0,222 (0.189, 0.260)
FB 0.2142 0.213 (0.175, 0.242)
CH 0.315°  0.308 (0.278, 0.358)
DH  0.279P°  0.291 (0.228, 0.336)
Location <0.001
C2/C3  0.206%  0.195(0.169, 0.229)
C3/4 0.2228  0.214 (0.175, 0.247)
C4/5 0.245°  0.233(0.203, 0.293)
C5/6 0.273°  0.258(0.242, 0.319)
ce/r 0.2949  0.282 (0.259, 0.329)

IQR, interquartile range. The small letters a—d represent statistical differences—same
letters indicate no difference, different letters indicate statistically significant difference.

DISCUSSION

Various imaging techniques have been used to morphometrically
evaluate the canine cervical vertebral column and compare
affected and non-affected dogs (19-23). To the authors
knowledge, this is the first study comparing mid-sagittal
intervertebral disk to vertebral body area and length ratios of the
cervical vertebral column in different dog breeds. Variations in
disk to vertebral body ratio may influence local biomechanics and

support development of certain degenerative diseases. Validating
our hypothesis, results showed that (1) there was a statistically
significant difference in area and length ratios between dog
breeds and (2) between cranial and caudal cervical locations.
Results of this study help to establish reference values of these
ratios in various dog breeds and in different cervical locations.

The smallest breed of dog in our study (Chihuahua) had the
highest disk to vertebral body area ratio, which was statistically
different to all other breeds. A high area ratio means that
the size of the vertebral body is relatively small compared to
the intervertebral disk. Differences in this ratio could have
effects on stresses placed on the intervertebral disk and vertebral
structures. It is not possible to draw conclusions from this
finding regarding the development of vertebral column diseases.
Only 2/10 Chihuahuas were diagnosed with IVDD in contrast
to 4/5 Dachshunds, 8/10 French Bulldogs and 5/10 Labradors.
Therefore, the clinical significance of a high area ratio is unknown
regarding the development of IVDD. Eight of nine Great Danes
were diagnosed with OA-CSM; however, their area ratios—
while lower compared to Chihuahuas—were not different to
Dachshund, French Bulldogs and Labrador Retrievers. Since OA-
CSM appears to cause changes mostly to the articular facets, it
may be that this disease does not cause morphometric changes of
the mid-sagittal vertebral body and disk. It would be interesting
to assess these ratios in dogs affected with DA-CSM, such as the
Doberman. Unfortunately, insufficient MRIs of the latter breed
were available for evaluation in this study, precluding further
speculation.

Regardless of overall differences in ratios between dog breeds,
all dogs demonstrated smaller disk to vertebral body ratios
in cranial cervical locations compared to caudal locations for
both area and length. This indicates that cranial vertebrae had
larger areas and lengths in relation to their respective disks than
caudal vertebrae. Changes in such ratios, with larger and longer
cranial vertebral bodies, may influence cervical vertebral column
biomechanics. Incidence of canine cervical IVDD is highest in
cranial cervical locations (18, 28). The relatively larger and longer
vertebral bodies in the cranial cervical vertebral column may lead
to increased lever arm stresses on the adjacent disk spaces and
may contribute to the higher rate of IVDD in these locations.

In this study, dog breeds were selected to represent
chondrodystrophic and non-chondrodystrophic large and small
dog breeds. Dog breeds were included if acceptable MRI studies
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FIGURE 2 | Scatter plot of the area vs. length ratios determined by a single observer for 44 dogs of five breeds. Labrador retriever (Red), French bulldog (orange),
Great Dane (blue), Chihuahua (Green), and Dachshund (violet). Squares are C2/C3, triangles are C3/C4, circles are C4/C5, diamonds are C5/C86, and stars are C6/C7
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(minimum of 5 animals per breed) were available for the study
period. The limited number of dogs in this study (n = 44) is
similar to other comparable studies (11, 12).

Computed tomography and MRI are common advanced
imaging modalities to evaluate the cervical vertebral column.
While CT is preferred for assessment of bony structures, MRI is
the modality of choice for the evaluation of intervertebral disks
and spinal cord (29-31). In our study, area measurements were
based on MRI, as we wanted to evaluate the intervertebral disk
in addition to vertebral bone. Moreover, MRI is the first choice
modality for diagnostic imaging of the head and neck at our
institution and therefore provided the highest number of imaging
studies per dog breed.

A canine cadaver study, comparing spinal canal and spinal
cord measurements on T1 and T2 weighted images on MRI to the
actual specimen, showed improved correlation of T2 weighted
imaging and anatomical measurements compared to T'1 weighted
images (12). Consequently in our study, T2 weighted images
were used to evaluate vertebrae and disks. Challenges of using T2
weighed images included the inability to clearly identify cortical
bone in all areas of the outer vertebral body cortex. For example,
the border of the outer cortical bone was not always clear along
the dorsal vertebral body bone. In this area, cortical bone was
commonly not continuously displayed in the central portion (star
in Figure 1A). To address this, evaluators were asked to connect
the visible parts of the vertebral cortical boundary with a line of
best fit. Another challenge was distinction between the border
of the annulus fibrosus and the vertebral endplate cortical bone,
as both structures are hypointense in T2 weighted images. The

middle distance of the hypointense layer combining the nucleus
pulposus and endplate was defined as the border and used as the
line of separation for area measurements. While these definitions
and solutions helped to standardize the area outline in this study,
they may not represent the true outline. Furthermore, it was not
always possible to measure at the exact mid-sagittal plane because
of the limited number of slices procured. Consequently, the
sagittal plane closest to the center was selected for each vertebra
and disk.

While patient positioning during MRI was standardized, it is
still possible that disk dimensions were influenced by positioning
(i.e., effects on intervertebral disk with an extended neck position
in a Great Dane with a long vs. a French bulldog with a short
cervical vertebral column).

Ideally, disk to vertebral body ratio measurements for
reference values should be obtained from entirely normal cervical
vertebral columns to exclude possible influence of disease on
conformation in adjacent, normal appearing structures. Due
to a high incidence of vertebral column disease in the study
population, there were insufficient numbers of dogs with entirely
normal cervical vertebral columns. Of dogs with clinical or
incidental IVDD, measurements were limited to intervertebral
disks with a Pfirrmann grade of 2 or less. While the inclusion
of disks with mild degenerative changes may not be ideal, area
and length measurements are not expected to be influenced. A
critique on principle is the inclusion of MRI studies with any
grade of disk degeneration. While disks with Pfirrmann grade
3-5 were excluded from analysis, other vertebrae and disks of
the same dog were still included. It is unknown if dogs with
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TABLE 4 | Repeatability assessed by calculation of the coefficient of variation (CV) for repeated measures concerning disk area and length ratios measured via MRI and

stratified based on breed and disk space.

Measure Variable Level Intra-observer (%) Inter-observer (%)
Mean Median (IQR) Mean Median (IQR)
Area ratio Overall All 4.59 2.95 (1.46, 5.40) 6.25 6.12 (2.55, 9.50)
Breed LR 578 3.40 (2.54, 10.96) 8.98 9.89 (4.99, 13.13)
GD 2.21 1.14 (0.69, 5.02) 3.98 3.45 (2.24,6.27)
FB 2.76 1.94 (1,57, 3.23) 3.95 3.98 (1.24, 5.97)
CH 7.23 5.17 (2.74, 10.56) 7.62 7.41(5.96, 10.34)
Disk C2/C3 7.72 7.79 (2.08, 10.69) 5.28 3.62 (1.43,9.47)
C3/4 3.71 1.51(0.98, 5.40) 6.31 5.95 (2.41, 8.98)
C4/5 2.74 2.65 (1.44, 3.69) 5.67 3.98 (1.83,9.893)
C5/6 3.84 3.65 (1.76, 5.36) 7.01 6.68 (4.61,9.32)
ce/r 5.22 2.96 (1.11, 10.11) 6.85 6.32 (3.66, 10.25)
Length ratio Overall All 2,77 1.51(0.88, 4.23) 5.30 5.18 (2.94, 6.62)
Breed LR 2.98 2.52(0.73, 4.35) 4.80 4.34(2.85,7.39)
GD 1.74 1.33(0.87, 1.92) 4.24 3.44 (1.97, 6.40)
FB 3.66 3.90 (1.10, 6.30) 6.97 6.47 (3.48, 8.33)
CH 2.86 1.77 (0.83, 4.25) 5.51 5.54 (3.86, 6.44)
Disk C2/C3 4.98 4.96 (1.91, 6.98) 7.73 5.81(56.27, 9.47)
C3/4 2.58 1.39 (0.41, 3.29) 5.04 5.66 (3.36, 6.37)
C4/5 1.88 1.09 (0.84, 3.70) 4.59 4.35 (2.46, 6.61)
C5/6 1.83 1.42 (0.99, 3.05) 3.76 3.04 (1.84, 5.55)
ce/r 2.83 1.87 (0.97, 5.28) 5.63 5.22 (3.02, 8.63)

disk degeneration have different disk to vertebral body ratios in
general, even in areas without obvious disease. To determine this,
measurements would need to be limited to MRI studies with
entirely normal intervertebral disks.

Area measurements of the vertebral bodies and disks were
time consuming. To provide a faster and potentially easier
method, we compared disk to vertebral area ratios to length
ratios. Analysis showed that area to length ratios correlated well-
within a particular dog breed but deviated between different
breeds. This precludes the use of length ratios when comparing
data between different dog breeds. While we attempted to
standardize the method for length measurement, we could
not account for the inherently variable anatomic shapes of
vertebral bodies. It is possible that different methods for
determining length ratios may have an improved correlation to
area measurements between breeds.
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Muscle signal alteration detected on MRI is seen in diverse pathologic conditions.
We observed signal alterations within the paraspinal muscles in dogs with acute
thoracolumbar intervertebral disk extrusion. The aim of this retrospective study was
to describe MRI features of paraspinal muscle signal alteration in dogs with acute
thoracolumbar intervertebral disk extrusion and to investigate an association of the
signal alterations with neurological grade, type and location of intervertebral disk
extrusion, degree of spinal cord compression, and presence of epidural hemorrhage.
Medical records of dogs undergoing MRI because of thoracolumbar intervertebral disk
extrusion between August 2014 and June 2016 were reviewed. MRI was evaluated
for SI changes within the paravertebral musculature, their location, extension, affected
muscles, contrast enhancement, and signal void in T2* sequences. Intervertebral disk
herniation was categorized as acute non-compressive nucleus pulposus extrusion
(ANNPE) or compressive intervertebral disk disease. In five patients, muscle biopsies
of areas with signal intensity changes were taken during surgery. In total, 103 dogs
were enrolled in the study. Paraspinal muscle signal alterations were visible in 37 dogs
(86%) affecting the epaxial musculature (n = 17), hypaxial musculature (n = 12), or both
(n = 8). All signal alterations were hyperintense on T2-weighted images and iso- or
hypointense in T1-weighted images. Signal void in T2* was not observed in any dog.
Postcontrast sequences were available in 30 of the 37 dogs and showed enhancement
in 45%. There was neither an association with degree of compression nor epidural
hemorrhage. Intervertebral disk extrusion caudal to L1 and a higher neurological grade
was associated with the presence of muscle changes. Histopathology revealed mild
to moderate acute muscle fiber degeneration with edema and necrosis in three of five
samples. The MRI, as well as the muscle samples, show rather unspecific changes.
The underlying pathomechanism might be related to ischemia or muscle spasm, but
also denervation edema may explain the signal alteration.

Keywords: magnetic resonance imaging, paraspinal muscle, thoracolumbar, intervertebral disk extrusion, dog,
signal alteration
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INTRODUCTION

Magnetic resonance imaging (MRI) signal intensity of normal
skeletal muscle is generally slightly higher than that of water and
much lower than fat on T1-weighted (TIW) images and much
lower than both fat and water on T2-weighted (T2W) images
(1). Alterations of signal intensity of skeletal muscles due to
pathologic conditions is easily identified on inversion-recovery
and fat-suppressed T2W images (1, 2). The potential causes are
diverse, but usually the abnormal signal intensity identified on
MRI falls into one of three recognizable patterns: edematous
lesions, mass lesions, or fatty infiltration (1). All three patterns
have been identified within the paraspinal muscles of dogs on
MRI. Edematous lesions of the paraspinal muscles have been
observed in immune-mediated polymyositis of the sublumbar
muscles (3), associated with meningoencephalitis of unknown
origin in the cervical musculature, or due to paraspinal infection
in the ventral cervical and lumbar musculature (4). In cases of
paraspinal infection with abscess formation, a mass effect caused
by cavitary lesions may be identified on MRI (4). Neoplastic
lesions result in mass lesions within the musculature either origi-
nating from the vertebral column or the paraspinal musculature
itself. A third pattern consists of fatty infiltration of paraspinal
muscles and has been observed in chondrodystrophic and non-
chondrodystrophic dogs, probably driven by a combination of
chronicity and severity of spinal cord pathology (5).

In dogs with acute intervertebral disk herniation, we previ-
ously observed signal alterations with an edematous pattern in
the paravertebral muscles. To the best of our knowledge, this
finding has not been reported in the current literature. Therefore,
the first aim of this retrospective study was to assess the preva-
lence of signal alterations within the paravertebral muscles in
dogs with acute thoracolumbar intervertebral disk extrusion.
Second, to describe their MRI features and investigate possible
associations between the intervertebral disk herniation and
neurological findings. Furthermore, we performed a histological
examination of the musculature with signal alterations in five
dogs to investigate the underlying pathological features.

MATERIALS AND METHODS

Patients

Medical records between August 2014 and June 2016 were
reviewed and scrutinized for dogs undergoing MRI of the thora-
columbar spine as a result of acute intervertebral disk disease.
Dogs were included in the study if they were presented for
MRI within 7 days of the onset of clinical signs. Further inclu-
sion criteria were a neurologic examination and that the MRI
examination protocol included a fat-suppressed T2W sequence.
Dogs were excluded when the medical history suggested changes
in the spinal musculature may have occurred. This could be a
consequence of a car accident, a fall from a great height, previous
spinal surgery within a period of 1 year or previous injections
in the paraspinal region. MRI examination was performed in a
1.0-T open permanent magnet (Philips HFO Panorama, Philips
Medical Systems, PC Best, Netherlands).

Duration of clinical symptoms and neurological grade
was noted based on clinical records. The neurological grade
was classified based on neurologic examination as grade 1
(pain only), grade 2 (ambulatory paraparesis), grade 3 (non-
ambulatory paraparesis), grade 4 (paraplegia with no loss of
deep pain sensation), or grade 5 (paraplegia with loss of deep
pain sensation) (6).

Image Analysis

Images were reviewed by a board-certified radiologist (DSG)
for the presence of signal alterations within the paravertebral
musculature in fat-suppressed T2W sequences, either Short-TI
Inversion Recovery sequence or Spectral Presaturation with
Inversion Recovery sequence. If muscle signal alterations were
present, their anatomical localization was noted based on the
affected muscle, the site along the vertebral column, side, lateral-
ity (uni- or bilateral), length, and signal intensity in the differ-
ent sequences as well as contrast enhancement in postcontrast
sequences, if available, were assessed.

Furthermore, the location and type of intervertebral disk
herniation [compressive versus non-compressive intervertebral
disk extrusion] was noted. Acute noncompressive nucleus
pulposus extrusion (ANNPE) represents an acute extrusion of
normal, non-degenerate, nucleus pulposus material, causing
minimal to no spinal cord compression. The diagnosis of ANNPE
have been made based on established MRI criteria consisting
of (i) a focal area of intramedullary spinal cord hyperintensity
on T2W images that overlies an intervertebral disk space, (ii) a
reduction in volume of the T2W hyperintense nucleus pulposus
signal, (iii) mild narrowing of the associated disk space, and
(iv) extradural material or signal intensity change with minimal
or no spinal cord compression at this level (7). The location of
compressive material within the vertebral canal and degree of
spinal cord compression was described, as well as establishing
the presence or absence of epidural hemorrhage within the ver-
tebral canal. Similar to a previously described grading scheme,
the degree of spinal cord compression was subjectively assessed
as grade 1 (less than 30% impingement), grade 2 (30-40%),
grade 3 (40-50%), and grade 4 (>50%) (8).

Muscle signal alterations were compared to the location of
intervertebral disk extrusion. They were described as being
cranial, at the same level or caudal and compared to the loca-
tion of compressive material in terms of laterality (ipsilateral,
contralateral or bilateral).

To investigate possible influencing factors on the prevalence
of muscle signal alterations, the association between dogs with
and without muscle signal alterations and type of disk extrusion,
location of intervertebral disk extrusion, degree of compression,
presence of epidural hemorrhage, duration of clinical symptoms
in days, and neurological grade was calculated with a Chi-Square
test. For factors with low cell frequency (<5) and binary outcome
(type of disk extrusion) the Fisher’s exact test was performed.
For low cell frequency (<5) and non-binary outcome, the
number of categories was reduced to increase the counts in the
remaining. Grouping was performed for the parameter “location
of disk extrusion” according to the presence or absence of ribs
into T3-T13 and L1-L7. The parameter “neurological grade”
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was grouped into ambulatory dogs (grades 1 and 2) versus non-
ambulatory dogs (grade 3, 4, and 5).

Factors which were significantly associated (P < 0.05)
with the presence of muscle signal alterations in the univari-
able analysis were offered to a multivariable logistic regres-
sion model. Variables were selected by stepwise backward
selection, until only significant variables and confounders
(variables changing the effect of other variables by >20%)
remained in the model. Model fit was assessed by deviance
statistics, chi-square goodness of fit test, and visual assess-
ment of residuals. Statistical analysis was performed in
NCSS 10 Statistical Software (2015) (NCSS, LLC. Kaysville,
Utah). Differences were considered statistically significant if
P < 0.05.

Histological Examination

In five patients, biopsies of muscle parts exhibiting signal altera-
tions were taken during decompressive surgery following MRI.
Samples were fixed in 10% formalin, processed routinely, stained
with hematoxylin and eosin and assessed by a board-certified
pathologist.

RESULTS
Dogs

In total, 103 dogs (49 females and 54 males) met the inclusion
criteria. Mean age was 6.3 years (range: 1-13 years). Affected
breeds were French Bulldog (1 =28), Dachshund (n = 15), Mixed-
breed dog (n = 12), Shih Tzu (n = 8), Labrador Retriever (n = 4),
Bolonka Swetna (n = 3), Coton de Tuléar (n = 2), Cocker Spaniel
(n = 2), Yorkshire Terrier (n = 2), Poodle (n = 2), Schnauzer
(n = 2), Basset Hound (n = 2), and one of each of the following
American Staffordshire Terrier, Appenzeller Sennenhund, Beagle,
Border Collie, Border Terrier, Cane Corso Italiano, Chihuahua,
Chinese Crested Dog, German Shepherd Dog, Entlebucher
Mountain Dog, Jack Russell Terrier, Lhasa Apso, Maltese Dog,
Pug, Papillon, Pekinese, Pinscher, Siberian Husky, Tibetan
Spaniel, Tibetan Terrier, and West Highland White Terrier.

Muscle Signal Alterations
Signal alterations within the paraspinal muscles were noted in
37 of 103 dogs (36%). The signal intensity was hyperintense
on T2W images in 29 dogs, with changes only visible on fat-
suppressed sequences in eight dogs (22%) (Figures 1 and 2).
T1W images were available in 35 dogs (95%) with hypointense
signal alterations observed in six dogs (17%). For the remaining
29 dogs (83%), lesions appeared isointense on T1W images.
Contrast medium was administered in 30/37 dogs with signal
alterations. Enhancement was observed on either a T1W sequence
or WATS (selective water excitation pulse) in 13 dogs (43%), and
no enhancement was seen in 17 dogs (57%). T2* sequences were
available in all dogs, a signal void in T2* was not detected in any
dog.

Anatomical Localization
In 18 dogs (49%), unilateral signal alterations were observed
(nine dogs right and nine dogs left); bilateral alterations were seen

FIGURE 1 | Dorsal T2-weighted fat-suppressed images of two different dogs
(A,B). In (A), only a mild signal alteration is visible in the Mm. multifidi of a
French Bulldog with acute intervertebral disk herniation at the level L2/L3.
More extensive signal alterations are visible in the Mm. multifidi of a Basset
hound (B) with intervertebral disk extrusion at the level T12/T13. Both dogs
had a neurologic grade of IV.

FIGURE 2 | Dorsal T2-weighted (T2W) fat-suppressed image of a French
bulldog presented with intervertebral disk extrusion at the level L5/L6.

(A) bilateral signal alterations are visible in the hypaxial muscles (black
arrows). On the T2W fast spin echo transverse image (B), only a focal
area of increased signal intensity is visible in the M. psoas major on the
right side (white arrow).

in 19 dogs (51%). The observed signal alterations were seen in one
muscle (n = 13; 35%) or in multiple paraspinal muscles (n = 24;
65%). Two muscles were affected in 15 dogs (41%), three muscles
in four dogs (11%), four muscles in four dogs (11%) and six
muscles in one dog (3%). The most commonly affected muscles
were Mm. multifidi (n = 15), M. longissimus (n = 14), M. psoas
major (n=11), M. psoas minor (n = 11) and M. iliocostalis (n = 2)
(Table 1). Signal alterations were observed in the epaxial muscles
in 17 dogs (46%) (Figure 1), in the hypaxial muscles in 12 dogs
(32%) (Figure 2), and in both muscle groups in 8 dogs (21%).
The most cranially observed signal alteration was at the level
of the eleventh thoracic vertebra, and the most caudal located
changes were observed at the level of the seventh lumbar vertebra.
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TABLE 1 | List of all dogs with muscle signal alteration with the duration of their clinical signs, neurologic grade, degree of compression, location of disk extrusion, level of muscle signal alteration in the vertebral
column, number of adjacent vertebral bodies, affected muscles, and laterality.

Dogs with Duration Neurologic Degree of Location Level of Number M. multifidus M. longissimus M. iliocostalis M. psoas M. psoas Laterality
muscle signal of clinical grade compression of disk muscle signal of adjacent major minor
alteration signs in days extrusion alteration vertebral bodies
1 1 4 ANNPE L1/L2 L1 1 X Unilateral
2 1 5 3 L2/L3 T13-L3 4 X Bilateral
3 1 4 4 T11/T12 T12-11 3 X X Unilateral
4 1 4 3 L1/L2 L2 1 X Unilateral
5 2 5 4 L4/L5 L6-L7 2 X Bilateral
6 1 3 1 L3/L4 L2-13 2 X Unilateral
7 1 4 ANNPE L2/L3 L4 1 X Unilateral
8 1 1 3 L1/L2 L1-L8 3 X Unilateral
9 1 3 3 L5/L6 L5-L6 2 X Bilateral
10 1 3 3 L3/L4 L3- L4 2 X X Unilateral
11 1 5 4 T12/T13 L2-13 2 X Bilateral
12 1 4 4 T12/T13 T12-T13 2 X Unilateral
13 1 4 2 T12/T13 VD L1/L2 1 X Unilateral
14 1 4 2 L3/L4 L3-L5 3 X X Bilateral
15 1 5 1 T12/13 T11-L2 5 X X Bilateral
16 4 2 3 T12/T13 T12-T13 2 X Bilateral
17 5 4 2 L1/L2 L3-L4 2 X X X Bilateral
18 7 3 4 L4/L5 L4-L6 3 X X Bilateral
19 7 4 4 T12/T13 L1-L2 2 X Bilateral
20 1 3 2 L3/L4 IVD L3/L4 1 X X Bilateral
21 4 4 4 L2/L3 L1-L3 3 X Bilateral
22 7 4 4 L2/L3 L2-13 2 X X X Unilateral
23 1 4 3 L5/L6 IVD L5/L6 1 X Unilateral
24 1 5 3 T11/T12 L1-L3 3 X Bilateral
25 1 4 3 L1/L2 L1-L3 3 X Bilateral
26 1 4 2 L1/L2 T12-L2 4 X Unilateral
27 1 4 3 L1/L2 IVD L1/L2 1 X X Unilateral
28 3 4 2 L4/L5 VD L2/L.3 1 X Unilateral
29 2 4 2 L2/L3 L2-4 3 X Bilateral
30 1 5 1 L3/L4 L2-14 3 X X Unilateral
31 1 5 3 L2/L3 L2-13 2 X Bilateral
32 1 4 3 T12/T13 L1-L3 3 X Bilateral
33 2 3 1 L2/L3 L2-1.3 2 X Unilateral
34 1 3 4 T13/LA1 L1 1 X Unilateral
35 2 3 2 L2/L.3 L5-L7 3 X Bilateral
36 1 3 1 L3/L4 L2-14 3 X Bilateral
37 1 4 1 T13/LA1 L1-L3 3 X Unilateral
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The median length of signal alterations was two vertebral seg-
ments, with a range from one to five (Table 1).

Association with Intervertebral Disk

Extrusion’s Features

Intervertebral disk extrusion was most often located at T12/T13
(n = 26; 25%), followed by L2/3 (n = 17; 17%) as the second
most common site. In dogs with muscle signal alterations most
intervertebral disk extrusions were present at L2/L3 (n = 8; 22%),
followed by L1/L2 and T12/T13 (each n=7; 19%) (Figure 3). The
proportion of dogs with muscle signal changes was significantly
higher in dogs with an intervertebral disk extrusion between L1
and L7 compared to T3-T13 (Chi-square test, P = 0.004).

Location of muscle signal alterations in relation to location
of intervertebral disk extrusion is visible in Table 1. Muscle
signal alterations occurred most commonly at the same level
as the intervertebral disk extrusion (n = 25; 68%) extending to
a different degree cranial and/or caudal (Table 1). In two dogs
(5%), the muscle signal alterations were located cranial to the
affected intervertebral disk without involving the disk level, and
in a further 10 dogs (27%), the signal alterations were located
caudal to the affected intervertebral disk space. The muscle signal
alterations were seen along one to four adjacent vertebrae with a
median of two (Table 1).

Compressive extrusions were present in 91 dogs (88%),
whereas 12 dogs (12%) had an ANNPE without compression
of the spinal cord. Only one dog demonstrated ANNPE signal
alterations within the paraspinal muscles and type of disk extru-
sion was not associated with muscle signal alterations (Fisher’s
exact test P = 0.20372).

Dogs presented with varying degrees of spinal cord compres-
sion; less than 30% impingement (n = 21; 20%), between 30 and

40% impingement (n = 26; 25%), between 40 and 50% (n = 29;
28%), or more than 50% (n =27; 26%). The degree of compression
was not associated with the presence of muscle signal alterations.
In 13 dogs, muscle signal alterations were ipsilateral to the side of
compression and in a single dog on the contralateral side. Despite
unilateral compression, the muscle changes were observed bilat-
erally in 18 dogs. Ventral compression resulted in either unilateral
or bilateral muscle signal changes.

Epidural hemorrhage was identified in 44 dogs (43%). Epidural
hemorrhage was not associated with muscle signal alterations
(Chi-square test, P = 0.738).

Association with Neurological Grade

In dogs with muscle signal alterations, the median neurological
grade was 4, compared to a median of 3 in dogs without signal
changes. The proportion of dogs with muscle signal alterations
was higher in non-ambulatory dogs (neurological grades 3,4, and
5) compared to ambulatory dogs (neurological grade 1 and 2)
(Chi-square test P = 0.0017).

For both, dogs with an extrusion cranial to L1 and caudal to
L1, the median neurological grade was 4.

Most dogs (n = 60; 59%) were presented within the first 24 h
after the onset of clinical symptoms, the remainder within 48 h
(n = 18; 18%), 3 days (n = 6; 6%), 4 days (n = 6; 6%), 5 days
(n=4;3%), 6 days (n = 0; 0%), or 7 days (n = 9; 9%). Duration of
clinical symptoms was not associated with the presence of muscle
signal changes.

The two factors significantly associated with the presence
of muscle signal changes in the univariable analysis were also
significant in the multivariable logistic regression model. Dogs
with a disk extrusion caudal to L1 had a higher risk for muscle
signal changes (OR = 2.8, 95%CI = 1.1-7.0, P = 0.03) than dogs
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FIGURE 3 | Graph illustrating the location of the intervertebral disk extrusion of all dogs, dogs without and with muscle signal alteration. Dogs with a disk extrusion
caudal to L1 had a higher risk for muscle signal changes (OR = 2.8, P = 0.03) than dogs with a disk extrusion cranial to L1.
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with a disk extrusion cranial to L1. Neurological grades 1 and
2 were grouped, and used as the reference group. Grades 3, 4,
and 5 were compared to the reference group, respectively. Dogs
with a neurological grade of 3, 4, or 5 had a higher risk for
muscle signal changes compared to dogs with a grade of 1 or 2
(P = 0.002). The Odds ratios for neurological grades 3, 4, and 5
were 7.3 (95%CI = 1.3-39.1), 12.1 (95% CI = 2.4-60.2) and 10.5
(95%CI = 1.7-62.7), respectively.

Histopathology

Histopathological examination revealed a focal to focally
extensive, mild to moderate acute muscle fiber degeneration and
necrosis in three samples, characterized by fragmentation of the
sarcoplasm. The basal lamina and the endomysium were intact in
most cases. Between the degenerated fibers, a mild to moderate
accumulation of fibrin, neutrophilic granulocytes and edema
was present. In addition, there was extensive hemorrhage in one
sample and two muscle samples showed mild edema.

DISCUSSION

Paraspinal muscle signal alteration was observed in 36% of
dogs with acute intervertebral disk extrusion and is, therefore,
considered a common finding on MRI examination. The MRI
pattern of these changes corresponds to a muscle edema.
This pattern of T2-hyperintense and T1-iso- to hypointense
signal abnormality is an unspecific alteration and the poten-
tial underlying causes are diverse. This finding has not been
previously described in dogs or humans in association with
acute intervertebral disk extrusion. The underlying cause for
the signal changes is unknown; therefore muscle samples from
the affected musculature were taken prospectively in five dogs
to investigate the underlying pathomechanism. The results
of the histopathologic examination were rather unspecific
with changes including edema and focal muscle necrosis. An
explanation for these changes may be trauma, ischemia or
denervation, but the exact cause could not be determined by
histopathology.

Penetration of extruded intervertebral disk material into the
musculature may directly induce trauma and the associated
signal alterations. However, this seems unlikely since the signal
alterations were often observed bilaterally or even contralaterally
to the extrusion. Furthermore, lesions were seen caudally or
cranially to the extruded intervertebral disk without being in
contact to the intervertebral disk space. Muscle signal alterations
were observed in the majority of dogs within the epaxial muscles,
dorsal to the level of the transverse processes of the vertebrae, but
in 12 dogs, signal alterations were observed only in the hypaxial
muscles, ventral to the transverse processes. These observations
suggest that penetration of extruded intervertebral disk material
in to the musculature is unlikely to be responsible for the signal
alterations.

Both epaxial and hypaxial muscle groups are innervated by
the spinal nerves from their dorsal or ventral branches, respec-
tively (9). Damage to these nerves canlead to denervation edema

within the muscle. Muscle denervation is a well-known patho-
logic condition in humans. The muscles of the foot, upper limb
or shoulder are most commonly affected, but can be observed in
any skeletal muscle (10). Causes may include trauma or entrap-
ment of peripheral nerves, but spinal cord pathology can also
result in nerve injury. The least severe form of nerve injury is
neurapraxia (10). In contrast to neurotmesis and axonotmesis,
this damage does not lead to structural discontinuity of axons,
but instead a conduction block within the nerve causes muscle
denervation (10). Denervation edema as a consequence of
acute intervertebral disk extrusion has not been described in
humans. In humans, where an intervertebral disk herniation at
the level L3/4 or further caudal does not result in spinal cord
compression, an intervertebral disk extrusion in dogs can cause
spinal cord compression even at the level L6/L7 (11). Since the
vertebral canal in dogs is much smaller compared to humans,
intervertebral disk extrusion often results in marked compres-
sion or contusion with damage to the neuronslocated in the gray
matter (11). We observed an association of muscle signal altera-
tions with intervertebral disk extrusion caudal to L1, where the
amount of gray matter is increasing along the lumbar spine. An
association of muscle signal alterations with more severe spinal
cord injury is supported by the fact that a significantly higher
number of dogs with muscle signal alterations were presented
with a higher neurological grade. Neurological grade or more
precise, loss of deep pain perception, is a prognostic factor for
neurologic recovery. At this time, it remains unclear if muscle
signal alterations may be able to provide information about the
neurologic recovery of the patients.

If neuronal or axonal damage occurs without inducing
Wallerian degeneration of the axons, the changes in the axons
are considered to be reversible (10). Otherwise, the chronic
denervation results in atrophy of the muscles and fatty degen-
eration. A reduced cross sectional diameter and also fatty infil-
tration of the paraspinal musculature, especially the multifidi
muscle group, has been described in humans with lower back
pain as well as in experimental animal studies with induced
intervertebral disk degeneration or extrusion (10, 12-17). Fatty
infiltration within the paraspinal musculature has also been
observed in dogs (5, 18), but no association between the degree
of intervertebral disk degeneration and fatty infiltration was
found and so far, the relationship of intervertebral disk disease
and fatty infiltration is unclear (5). It is hypothesized that fatty
infiltration in dogs is driven rather by a combination of chroni-
city and severity of the general spinal pathology (5). To further
investigate if muscle signal alterations with an edematous pat-
tern are reversible and if they result in degeneration with fatty
infiltration, serial MRI examinations are necessary. Interesting
questions to address in the future are the relationship of muscle
signal alteration with pain, as well as the prevalence of muscle
signal alterations in a larger cohort of dogs with ANNPE. Only
one dog from all with signal alterations in the musculature was
diagnosed as ANNPE based on MRI. This suggests that non-
compressive spinal cord damage results less often in muscle
signal alterations. This phenomenon may be explained by less
severe damage of the gray matter. However, the overall lower
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number of ANNPE animals compared to those with compres-
sive intervertebral disk disease does not allow drawing this
conclusion.

The muscle signal alterations were best identified in fat-
suppressed T2W sequences, which are used as part of our rou-
tine protocol in dogs with acute back pain to identify changes in
soft tissues (2). The sequences enable changes to be identified in
a high proportion of animals, including more than one third of
the dogs (36%). In some of the dogs, the lesions showed contrast
enhancement, but contrast enhancement of skeletal muscles did
not seem to facilitate or further characterize the lesions. This is
in contrast to reported cases in humans (10). Identification of
paraspinal muscle signal alterations may be helpful in clinical
MRI to differentiate intervertebral disk disease from fibrocar-
tilaginous embolism or acute versus chronic intervertebral disk
herniation, but further studies are necessary to answer these
questions.

In conclusion, we observed muscle signal alterations within
the paraspinal muscles in more than one third of dogs with
acute thoracolumbar intervertebral disk disease. The changes
occur more frequently in intervertebral disk extrusions caudal
to L1 and in dogs with a higher neurological grade. The rather
unspecific MRI pattern of the edematous lesions as well as the
histological findings obtained from five dogs hinders clarifica-
tion of the underlying pathomechanism, but denervation edema
may explain the signal alteration observed in dogs with acute
intervertebral disk extrusion.
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Cerebellar and hindbrain malformations, such as cerebellar hypoplasia (CH), vermis
hypoplasia, and Dandy-Walker malformation, occur in dogs as well as in humans.
Neuroimaging is essential for a precise description of these malformations and defining
translational animal models. Neuroimaging is increasingly performed in puppies, but
there is a lack of data on developmental changes in the caudal fossa, which can impair
assessment of caudal fossa size in this age group. The purpose of this study was to val-
idate caudal fossa ratio (CFR) in dogs and to explore CFR in Eurasier dogs with genetic
CH. CFR was calculated from midsagittal brain images of 130 dogs as caudal fossa
area/total cranial cavity area. In addition, the volume of the caudal fossa was measured
in 64 randomly selected dogs from this group. Repeated measurements were used to
investigate inter- and intra-rater variability and influence of imaging modality. Furthermore,
the influence of age, weight, and breed was explored. The CFR was a reliable parameter
with negligible influence from the examiners, imaging modality, and weight of the dog.
The midsagittal area of the caudal fossa and the volume of the caudal fossa correlated
closely with each other. In this study, we observed a smaller CFR in puppies. The CFRin
adult dogs lies within 0.255 and 0.330, while CFR is smaller in puppies up to 4 months of
age. Besides age, there was also an effect of breed, which should be explored in larger
data sets. Measurements of CFR in Eurasier dogs with genetic CH caused by a mutation
in the very-low-density-lipoprotein-receptor gene revealed the presence of two variants,
one with an enlarged caudal fossa and one with a normal to small caudal fossa. This
observation indicates that there is phenotypic heterogeneity and interaction between the
developing cerebellum and the surrounding mesenchyme in this animal model.

Keywords: VLDLR, genetic, Dandy-Walker malformation, cerebellar hypoplasia, posterior fossa, animal model,
neuroimaging

INTRODUCTION

Animal models of human disease provide insights into pathophysiology at a molecular level, and gene
discovery in dogs has become an important resource. In human medicine, neuroimaging techniques
have helped to improve the definitions of hindbrain and cerebellar malformations. The classifica-
tion of midbrain, cerebellar, and hindbrain malformations has evolved from several image-based
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classification systems to a classification system that is based on
embryonic development (1-4). This system was produced by
modern neuroimaging techniques as well as increased under-
standing of correlations between gene mutations and certain
brain imaging phenotypes. The recognition of phenotypic hetero-
geneity of certain gene mutations and the fact that different gene
mutations may result in nearly identical neuroimaging findings
has further contributed to the understanding of these mutations
(4, 5). Many of these data are derived from animal studies (2).
Genetic cerebellar hypoplasia (CH) in Eurasier dogs represents
the first genetically defined CH that has been described in dogs. It
is caused by a fully penetrant recessive mutation in the very-low-
density-lipoprotein-receptor gene (VLDLR) (6, 7). Genetic testing
for breeders is now available (6, 7). The VLDLR is part of the Reelin
signaling pathway and influences cell migration and positioning
during embryonic development, especially in the cerebellum
(8-10). The neuroanatomic changes are absence of the caudal
aspects of the cerebellar vermis and the cerebellar hemispheres in
association with large retrocerebellar fluid accumulations (11, 12).
Initial observations suggested an abnormal configuration of the
caudal (cranial) fossa and an enlarged caudal fossa as an additional
imaging feature in some puppies with VLDLR-associated CH
resembling a Dandy-Walker like malformation [Figure 1; reported
in Table 3 of Ref. (7)]. The evaluation was problematic, however,
because of the lack of reference data in the literature related to cau-
dal fossa size in puppies and the different imaging modalities used.
Therefore, the aim of this study was to validate the use of the
caudal fossa ratio (CFR) from area measurements of midsagit-
tal brain images to assess caudal fossa size in dogs of various
age groups, body weights, and breeds. Specifically, we aimed
to explore the application of CFR to puppies with and without
VLDLR-associated CH to define the animal model in more detail.

MATERIALS AND METHODS

Caudal fossa ratio was calculated from midsagittal brain images
of 130 dogs. Study design was retrospective and observational.
The data of the dogs in this study were used with the consent of
their owners and the breed club. The study was approved by the
institutional research review board (#09-06-2014).

Control Dogs (n = 111)

Magnetic resonance images from 111 control dogs (83
dogs > 6 months of age, 28 dogs < 6 months of age) were derived
from the MRI database of two institutions (Clinic of Small Animal
Surgery and Reproduction, LMU Munich; Small Animal Clinic,
Justus-Liebig-University, Giessen). Inclusion criteria were unre-
markable MR images without any evidence for intracranial or
skull disease. All dogs presented for neurological signs. The most
common diagnosis was idiopathic epilepsy and geriatric vestibular
syndrome. The adult dogs included 10 Australian Shepherds, 10
Border Collies, 13 Golden Retrievers, 14 Labrador Retrievers (large
mesaticephalic breeds), 7 Boxers, 10 French Bulldogs, 7 Pugs (small
and large brachycephalic breeds), and 12 Eurasier dogs without CH
(Table 1). The breed and age of the puppies is outlined in Table S1
in Supplementary Material. The number of male and female dogs
in each group is outlined in Table S2 in Supplementary Material.
MRIs of the head were performed usinga 1.5 T scanner (Magnetom
Symphony Syngo MR, Siemens AG, Erlangen, Germany) ora 1.0 T
scanner (Gyroscan Intera, Philips, Hamburg, Germany).

Comparison between MRI and CT (n = 8)
Eight additional dogs of various breed and age were included.
Both imaging modalities, MRI and CT, were available from these
dogs. These dogs suffered from various intracranial diseases. MRIs
were performed using a 1.5 T scanner (Magnetom Symphony
Syngo MR, Siemens AG, Erlangen, Germany). CT scans of the
head were obtained using a multislice CT (Somatom Definition
AS, Siemens AG, Erlangen, Germany).

Eurasier Dogs with CH (n = 11)

Eleven pure-breed Eurasier dogs with genetic VLDLR-associated
CH (8 MRI, 3 CT) were included. The affected Eurasier dogs were
between 2 and 7 months of age (median 2 months). One dog was
an adult at the time of imaging (56 months).

Morphometric Studies

MRImeasurements were conducted on T2-weighted midsagittal
brain images. CT measurements were conducted on midsagittal
brain images with soft tissue (window width, 300; window level,

FIGURE 1 | Midsagittal brain images of Eurasier dogs with VLDLR-associated cerebellar hypoplasia. (A) CT, soft tissue window, large fluid accumulations within
caudal fossa and subjectively enlarged caudal fossa, (B) T2-weighted MRI, retrocerebellar fluid accumulations with a cyst-like appearance and subjectively normal to
small caudal fossa. Panel (B) was originally published under (7). Reuse is permitted by the Creative Commons Attribution CC BY license.
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TABLE 1 | Caudal fossa ratio (CFR) of Eurasier dogs with VLDLR-associated cerebellar hypoplasia and control dogs.

Group Age (months) CFR

Median Range Median Range Mean + SD
Eurasier (variant 1) n=3 2 2-3 0.354 0.344-0.441 0.379 + 0.044
Eurasier (variant 2) n==8 2 2-56 0.232 0.191-0.292 0.249 + 0.050
Control dogs > 6 months of age
Eurasier (unaffected) n=12 52.5 13-178 0.315 0.265-0.330 0.304 + 0.021
Mesaticephalic
Australian Shepherd n=10 52 20-130 0.299 0.285-0.320 0.299 + 0.011
Border Collie n=10 445 13-87 0.286 0.258-0.303 0.286 + 0.012
Golden Retriever n=13 111 45-163 0.287 0.277-0.319 0.291 +£ 0.012
Labrador Retriever n=14 82.5 8-176 0.299 0.274-0.324 0.299 + 0.013
Total n =47 71 8-176 0.291 0.258-0.324 0.294 + 0.013
Brachycephalic
Boxer n=7 93 9-119 0.273 0.261-0.283 0.275 £ 0.010
French Bulldog n=10 48 7-74 0.308 0.284-0.315 0.304 + 0.010
Pug n=7 30 7-107 0.285 0.255-0.304 0.282 +0.018
Total n=24 55.5 7-119 0.291 0.255-0.315 0.289 + 0.018
Control dogs < 6 months of age
Different breeds (<4 months) n=20 3 1-4 0.256 0.226-0.296 0.256 + 0.018
Different breeds (4 < 6 months) n=8 6 5-6 0.287 0.256-0.304 0.279 + 0.016

cavity area.

FIGURE 2 | Calculation of the caudal fossa ratio (CFR) on midsagittal brain images. The figure shows midsagittal T2-weighted magnetic resonance images of the
brain of a control dog. (A) Bony structures used to identify the boundary of the caudal fossa. (1) Most rostral aspect of the tentorium cerebellum, (2) dorsum sella
turcica, (3) caudodorsal margin of the foramen magnum, and (4) ventral margin of the foramen magnum. (B) Measurements on midsagittal T2-weighted MRI figure
displays outline of the caudal fossa (CF area) and total cranial cavity (peripheral boundary line) for area measurements. CFR is calculated as CF area/total cranial

+30) and bone reconstruction algorithm (window width, 2,500;
window level, +500). Five image series needed to be readjusted
to obtain measurements in midsagittal planes. Measurements
of the midsagittal areas of the cranial cavity case and of the
caudal fossa (cm?) were based on manual delineation of the
inner surface of the skull and calculations with conventional
imaging software (Osirix®; v.5.6 Pixmeo Sarl). The cranial and
caudal extensions of the caudal fossa were straight lines con-
necting the most rostral aspect of tentorium cerebellum to the
dorsum sella turcica as well as the caudodorsal margin of the
foramen magnum to the ventral margin of the foramen mag-
num (Figure 2A) (13). All measurements were performed twice
and the mean was used for all calculations. The CFR reflected
the relative size of the caudal fossa cross-sectional area and was
calculated as the caudal fossa area/total cranial cavity area for
all images (Figure 2B).

Furthermore, we made volumetric measurements of the cau-
dal fossa from 64 randomly selected dogs from the control group
with a second imaging software (3D Slicer®; v.4.4.0). The caudal
fossa was defined as the space bound by the dorsal surface of the
basioccipital bone, the dorsum sellae, the foramen magnum, and
the apical part of the petrous part of the temporal and the basioc-
cipital bones (14). The caudal fossa was manually delineated on
each midsagittal and parasagittal T2-weighted MR image, and the
caudal fossa volume was calculated by the software.

Reliability

MRI scans of eight dogs from the control group were selected
in a randomized manner for assessment of intra- and inter-rater
reliability of CFR. Investigators were blinded to breed, age, and
the results of previous measurements. Intra-rater variability
was done by repeated measurements by the first author of the
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study (AL). In five dogs, CFR was measured once a day on five
consecutive days (Monday to Friday) for 4 weeks; in three dogs
CFR was measured once a week (Monday) for 6 weeks. Intra-rater
variability was assessed by visual inspection of repeated measure-
ments. Furthermore, the coeflicient of variation was calculated to
measure the dispersion of the measurements. For assessment of
inter-rater variability, the same eight studies were evaluated by
the first author of the study (AL) and then by a board-certified
radiologist (AB) following instructions for an example case.
Inter-rater variability was evaluated in linear regression. The
association between caudal fossa area and caudal fossa volume
was assessed in 64 dogs of the control group with linear regression
analysis.

Statistical Analysis

Exploratory analysis was conducted to investigate the influence
of age, weight, and breed on CFR. Based on the study of Ref. (15),
we decided to compare four age groups: 1-4 months, 5-6 months,
7-12 months, and >1 year (15). A one-way ANOVA was per-
formed to assess the overall effect of age in control dogs, preceded
by the Shapiro-Wilk test for normality. The null-hypothesis could

not be rejected in any of the analyzed groups. In the performed
tests, the level a = 0.05 was used to determine significance. The
effect of weight was evaluated in linear regression. The difference
between imaging modalities was examined in exploratory analysis
and assessed in linear regression with the CT measurement ratio
as the dependent variable and the MRI measurement ratio as the
independent variable. In all the regression analysis in this paper,
a simple regression model: yi = o + 1 X x: + & was used, where B
stands for intercept and € for the random error component. The
regression coefficient f; represents the effect of the independent
variable x on the dependent variable y. Moreover, the square
root with the sign of p; of the R-squared is the linear correlation
coeflicient between x and y. In all tests, the level a = 0.05 was
used to determine significance. All the statistical analyses were
performed in R software version 3.3.1.

RESULTS
Reliability

Data confirm the reliability of CFR as a robust parameter for
assessment of caudal fossa size. The mean intra-rater coefficient of
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FIGURE 3 | Midsagittal area and volume of the caudal fossa. The figure displays the midsagittal area of the caudal fossa (cm?; Osirix®) of 64 control dogs on the
x-axis and the corresponding calculations of the volume of the caudal fossa (mm?; 3D Slicer®) on the y-axis. Each dot represents the measurements of one individual
dog. The line represents the regression line and shows linear correlation between midsagittal area and volume (correlation coefficient 0.93; R-squared 0.86).
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variation equals 0.0066. Visual inspection of the repeated meas-
urements suggests no presence of learning effects. The regression
performed to assess the inter-rater reliability implies that there
was a minor effect of researcher performing measurements on
the CFR. The correlation coeflicient equals 0.95 (R-squared 0.91)
and the regression coeflicient (p:) is 0.91. Visual and statistical
comparisons between area and volume measurements proved
positive linear correlation between the midsagittal area and
volume of the caudal fossa in dogs. The correlation coeflicient
equals 0.93 (R-squared 0.86) (Figure 3).

Influence of Age

Caudal fossa ratio was assessed in 111 control dogs of various
ages. CFR was compared between four age groups: <4 months
(n = 20), 5-6 months (n = 8), 7-12 months (n = 7), and >1 year
(n=76). All groups contained dogs with various skull morpholo-
gies. Age had a significant influence on CFR (p < 0.001; Table S3
in Supplementary Material). We observed a smaller CFR that was
indicative of a relatively smaller size of the caudal fossa in cross-
sectional images in puppies up to 4 months of age compared to

adult dogs with completed skeletal growth (Figure 4; Table 1).
CEFR stabilized at 4 months of age and did not change after that
point.

Influence of Breed and Weight

The influence of breed on CFR was assessed in 83 control
dogs > 6 months of age of eight different breeds. CFR ranged
from 0.255 to 0.330 (0.293 + 0.015). There were visible differences
in CFR between breeds, especially between the brachycephalic
breeds (Figure 5). However, the effect of breed on CFR was not
substantial compared to the effect of age. The linear regression
estimator was close to 0 (f; < 0.001) and therefore the effect of
weight was negligible (Figure 6).

Imaging Modality

The differences in CFR between MRI and CT images (soft tissue
window and bone window) were evaluated in eight dogs and
were negligible. There was only a minor influence of the imaging
modality on CFR (Figure 7). Measurements of the midsagittal
area of the caudal fossa and the whole cranial area were smaller

1-4 mo.

5-6 mo. 1

Age

7-12 Mo. 1

0.15 0.20 0.25

Dogs < 4months of age show a relatively smaller CFR compared to older dogs.

FIGURE 4 | Influence of age. The figure shows box plots of the caudal fossa ratio (CFR) of dogs from the control group. Each box plot displays CFR from dogs from
one age group: <4 months, 5-6 months, 7-12 months, and >1 year. The width of the box plots corresponds to the number of dogs in each age group.
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in CT than MRI, but this effect was no longer visible in the
ratio. For the MRI ratio to CT ratio (soft tissue window) the
correlation coefficient equals 0.95 (R-squared 0.90). The regres-
sion coefficient was 0.93 and thus, for one unit increase in MRI
ratio, the CT ratio increases by 0.93 units. For the MRI ratio to
CT ratio (bone window) the correlation coefficient equals 0.97
(R-squared 0.93 and regression coefficient 1.06). For the CT ratio
(bone window) to CT ratio (soft tissue window) the correlation
coefficient equals 0.93 (R-squared 0.86 and regression coefficient
is 0.83).

Eurasier Dogs with VLDLR-Associated CH
Data confirmed a wide variation in caudal fossa size in Eurasier
dogs with VLDLR-associated CH. Assessments were based on
measurements of CFR in Eurasier dog puppies with CH and
comparisons made to puppies of other breeds, adult unaffected
Eurasier dogs and adult dogs of other breeds (Figure 8). CFR
was high and above the range observed in the control dogs,
which indicated the presence of an enlarged caudal fossa in
three dogs with genetic CH (variant 1). In the other dogs, CFR
was at the lower limit or below the range observed in control
dogs (variant 2) (Table 1). These results were further sup-
ported by a descriptive analysis (Figure SI in Supplementary
Material).

DISCUSSION

The caudal cranial fossa henceforth in this manuscript referred to
as caudal fossa for ease of reading, which is called the posterior

fossa in humans, is the inner surface of the skull that surrounds
the brainstem and cerebellum. Its rostral and caudal borders
are the tentorium cerebelli and the foramen magnum (13, 14).
A variety of brainstem and cerebellar malformations are associ-
ated with disturbed growth of the cranium (2, 3). Consequently,
assessment of caudal fossa size should be part of the description
and definition of animal models of brain malformations. A precise
description of congenital malformations enhances comparisons
with analogous diseases in humans.

Our findings establish CFR as a reliable parameter for assess-
ment of the relative size of the caudal fossa. The measurements
demonstrate excellent agreement within and between raters
(intra-, inter-rater agreement). There is only a minor influence of
imaging modality on the ratio and results are in the same range
as reported from other authors (13, 16).

An important finding is the lack of impact of weight on
CFR (Figure 6). This finding supports the use of CFR as a
parameter that is independent of the size of the dog and can
be applied to large dog breeds as well as small dog breeds and
over a wide range of weights. Dog breeds also differ accord-
ing to skull morphology. A review of groups of dogs from
different breeds indicated an influence of breed on CFR that
should be addressed in future studies. While we failed to find
overall influence of a brachycephalic or a mesaticephalic skull,
there were visible differences in CFR between small and large
brachycephalic breeds.

We postulate that area measurements are precise parameters
and reflect the basic configuration and the size of the caudal
fossa in relation to the whole skull. It has been stated that three-
dimensional assessments (volume measurements) are more

Frontiers in Veterinary Science | www.frontiersin.org

January 2018 | Volume 4 | Article 241


http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
http://www.frontiersin.org/Veterinary_Science/archive

Lauda et al.

Caudal Fossa Ratio

0.454
0.404
0.351
L]
o . ! o o o ) ‘ -
Ls 0.30 .- e ° e fe e * .
O [ ] e .. e, . e® L Y .
. e0g o o o ] : H LN . . o:
° * L4
® @ ] ! .
° L]
0.251
0.204
0.15
10 20 30 40
Weight (kg)
FIGURE 6 | Influence of weight. The figure displays the weight (kilograms) of the dogs on the x-axis and the corresponding caudal fossa ratio (CFR) on the y-axis.
Each dot represents the measurements of one individual dog from the control group. There is no association between weight and CFR.

accurate for assessment of caudal fossa size than midsagittal area
measurements in dogs (17). However, this statement occurred
in the context of an investigation of pathomechanisms in Chiari
malformation/syringomyelia in Cavalier King Charles Spaniels
in which assessment of overcrowding requires precise measure-
ments of the proportions of brain parenchyma and CSF space.
Our investigations in 64 dogs with various skull conformations
showed a close correlation between midsagittal caudal fossa
area and caudal fossa volume. This result confirms the validity
of CFR and provides further support for the use of CFR for the
characterization of animal models. It should be noted, however,
that previous studies in humans showed variable results and
either weak (18) or no (17) correlation between area and volume
measurements. Others have successfully applied a brainstem/
cerebellar ratio for diagnosis of cerebellar atrophy and cerebellar
degeneration in dogs (19). They also showed close correlation
between area and volume measurements. Both brainstem/cer-
ebellar ratio and CFR may be used for phenotyping cerebellar
and hindbrain malformations in dogs.

Our data show that puppies up to 4 months (19 weeks) of age
have a smaller CFR than adult dogs (Figure 4). This observation

has not appeared in the literature to date. Some investigators
excluded dogs younger than 12 months of age from measure-
ments based on their assumption of an influence of incomplete
skull growth (20, 21). Other researchers considered dogs younger
than 12 months of age for their measurements (13, 22) or dogs
as young as 4 months of age and assumed that there was no
influence of skull growth on their results (23). Early diagnosis
of brain malformations is advantageous to breeders and clients.
Furthermore, neuroimaging of affected dogs and their littermates
may be necessary for confirmation and precise definition of the
phenotype for genetic investigations (7). A smaller CFR in pup-
pies up to 4 months of age reflects discordant growth of the skull
in puppies in which the growth of the caudal fossa is smaller.
Disproportionate growth started at 50 days in German Shepherd
puppies. Excessive growth of the caudodorsal cranium with
development of the external sagittal crest and occipital protuber-
ance occurred from days 70 to 107 (15).

We used CFR to validate caudal fossa size in an animal model
of a genetic CH. A variant in the very-low density lipoprotein
receptor gene (VLDLR:c.1713delC) is the cause of inherited CH
in the Eurasier dog breed. Inheritance is recessive and genetic
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images. The lines connect the corresponding measurements from each dog. Midsagittal CF areas and CC areas are smaller in CT (bw) and CT (st) than in MR, but
this effect is no longer seen when CFR is compared between the three imaging modalities.

testing is now available for breeders to avoid the disease (6).
Clinically, homozygous dogs present with non-progressive
ataxia which is first evident when the animals start to walk.
VLDLR is part of the Reelin signaling pathway and involved
in neuronal migration and cerebellar development (8-10). The
analogous human disease has been described as disequilibrium
syndrome and involves mutations in VLDLR. To date, there
have been 12 reports from 15 families and 45 involved persons
(24-30). Both humans and dogs present non-progressive cer-
ebellar (truncal) ataxia as the main complaint. Neuroanatomic
changes are strikingly similar between the two species. Caudal
aspects of the cerebellar vermis and the cerebellar hemispheres
are absent and replaced by large retrocerebellar fluid accumula-
tions. Our measurements of CFR in Eurasier dogs with VLDLR-
associated CH and appropriate controls confirm the presence
of two variants: variant 1 with a grossly enlarged caudal fossa
and variant 2 with a small to normal-sized caudal fossa. This
observation has several implications. First, it proves phenotypic
variability with regard to the size of the caudal fossa in dogs
with VLDLR-associated CH. Wide variability in the size of the
posterior fossa from normal to large is also seen in humans
and mice with FOXCI-associated Dandy-Walker and related
malformations (5). Furthermore, our observations also support
an interaction between the cerebellum and the overlying mesen-
chyme (meninges, skull) during development. The concept that
cerebellar and posterior skull development are closely linked
through interactions between the rhombic lip and the overlying
mesenchyme (3, 31) arose from observations in FOXCI mice

with Dandy-Walker malformations. These mice express FOXC1
only in the mesenchyme overlying the cerebellum and not in the
cerebellum itself (5). Finally, variability in genetic background
and interaction between different genes could also contribute
to the conformation of the caudal fossa in this dog breed. We
observed slightly more variability in caudal fossa size in unaf-
fected Eurasier dogs compared to other dog breeds. Finally, there
could be an impact of environmental or vascular factors during
development. Limitations of this study are obviously the lack of
MRI from breed- and age-matched controls as well as absence of
measurements on T1-weighted midsagittal images and that we
combined images from a 1.5 and 1.0 T MR. Furthermore, the size
of the breed groups was too small to asses the influence of breed
and larger cohorts with more breeds representatives of their skull
type and separating large and small brachycephalic dogs (and
other skull types) into different control groups need to be exam-
ined. However, CFR in some pupies with vldlr-associated CH
was even larger than in adult Eurasier dogs and clearly exceeded
any of our control dogs.

In summary, our data show that CFR is a reliable parameter
with a negligible influence of imaging modality, examiner, and
weight of the dog and a minor influence of breed. The CFR in
healthy adult dogs lies within 0.255 and 0.330, but CFR is smaller
in puppies. Furthermore, the midsagittal area of the caudal fossa
is positively correlated with caudal fossa volume. Measurements
in Eurasier dog puppies with genetic VLDLR-associated CH dem-
onstrated the presence of a variant with an enlarged caudal fossa.
This observation further substantiates the application of CFR for
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Eurasier dogs and Eurasier dogs with CH. The lower figure shows box plots of CFR from control dogs. Measurements of CFR in Eurasier dogs with genetic CH
demonstrated the presence of two variants, including variant 1 with an enlarged caudal fossa and variant 2 with a normal-to-smaller caudal fossa.

characterization of translational animal models of cerebellar and
hindbrain malformations.
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FIGURE S1 | Exploratory data analysis of caudal fossa ratio (CFR) in Eurasier
dogs. The plots depict the distribution of CFR in unaffected Eurasier dogs and
Eurasier dogs with cerebellar hypoplasia (CH). To achieve better comparability,
the CFR was adjusted for age. Measurements of unaffected dogs were
centered according to age group. The mean of measurements of unaffected
dogs from the corresponding age group was subtracted from the
measurements of dogs with CH. The plots suggest multimodal distribution of
CFR in both groups and high variability among dogs with CH compared to the
unaffected group.

TABLE S1 | Breed and age of control dogs <6 months.
TABLE S2 | Sex distribution.

TABLE S3 | Influence of age: confidence intervals.
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Periventricular Cerebral Blood Flow
in Dogs with Ventriculomegaly

Martin J. Schmidt', Malgorzata Kolecka', Robert Kirberger? and Antje Hartmann?®

' Department of Veterinary Clinical Sciences, Clinic for Small Animals, Justus-Liebig-University Giessen, Giessen, Germany,
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The nature of ventriculomegaly in dogs is still a matter of debate. Signs of increased
intraventricular pressure and atrophy of the cerebral white matter have been found in
dogs with ventriculomegaly, which would imply increased intraventricular pressure and,
therefore, a pathological condition, i.e., to some extent. Reduced periventricular blood
flow was found in people with high elevated intraventricular pressure. The aim of this
study was to compare periventricular brain perfusion in dogs with and without ventricu-
lomegaly using perfusion weighted-magnetic-resonance-imaging to clarify as to whether
ventriculomegaly might be associated with an increase in intraventricular pressure.
Perfusion was measured in 32 Cavalier King Charles spaniels (CKCS) with ventricu-
lomegaly, 10 CKCSs were examined as a control group. Cerebral blood flow (CBF) was
measured using free-hand regions of interest (ROI) in five brain regions: periventricular
white matter, caudate nucleus, parietal cortex, hippocampus, and thalamus. CBF was
significantly lower in the periventricular white matter of the dogs with ventriculomegaly
(o = 0.0029) but not in the other ROIs. Reduction of periventricular CBF might imply
increase of intraventricular pressure in ventriculomegaly.

Keywords: normal pressure hydrocephalus, brachycephaly, magnetic resonance imaging cerebral blood flow,
malformation, Cavalier King Charles spaniels

INTRODUCTION

In brachycephalic dogs, the lateral cerebral ventricles can be relatively large compared to mesatice-
phalic dogs (1-3). It has been widely accepted that this increase in ventricular volume is not associ-
ated with clinical signs and ventriculo-peritoneal shunting is not indicated (4-7). The finding of large
lateral cerebral ventricles was referred to as ventriculomegaly in order to differentiate it from clinically
relevant internal hydrocephalus (6-9). However, it was shown that signs of increased intraventricular
pressure exist in both, dogs with internal hydrocephalus and neurological dysfunction, and also in
clinically sound dogs with ventriculomegaly (9, 10). Furthermore, a recent morphological study
(11) revealed that larger cerebral ventricles in brachycephalic dogs are associated with white matter
loss as occurs in conventional internal hydrocephalus (12, 13). Based on these changes, it must be
considered that canine ventriculomegaly is not a physiological variant of ventricular dimensions as
previously reported (1-3, 5-7) but may be a preliminary or arrested form of internal hydrocephalus.
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Many forms of hydrocephalus in humans can be associated
with a reduction in periventricular cerebral blood flow (CBF)
(14-16). CBF refers to the volume of blood per unit time passing
through a given region of brain tissue, commonly measured in
milliliter per minute per 100 g of brain tissue. This was also shown
in dogs with experimentally induced internal hydrocephalus
(17). The impaired perfusion is believed to be caused by increased
cerebrospinal fluid (CSF) pressure and ventricular distension,
which causes stretching of periventricular blood vessels and
white matter fibers and consequently functional, and later to
structural damage of periventricular white matter (13, 16, 18).
The reversibility of hydrocephalus symptoms was associated with
improved CBF in the periventricular white matter after shunting,
which supports this hypothesis (19).

Magnetic resonance imaging (MRI) can be used to non-inva-
sively measure CBF in humans and in dogs (20-23). Dynamic
susceptibility contrast perfusion MRI (DSC-PMRI) allow to
quantify blood volume, which passes through the vascular
system of brain tissue. The technique quantifies the induced
signal loss caused by paramagnetic contrast agents, which is
proportional to the amount of blood in the microvasculature
(24-26). DSC-PMRI was used demonstrate reduced regional
CBF in the periventricular white matter in human patients with
hydrocephalus (27, 28).

We hypothesize that periventricular CBF might also be
decreased in dogs with ventriculomegaly just as in human

patients with hydrocephalus. To investigate this hypothesis, we
aim to measure brain perfusion using DSC-PMRI in dogs with
ventriculomegaly and compare it to brain perfusion in normal
dogs.

MATERIALS AND METHODS

Study Population

Cavalier King Charles spaniels (CKCS) were chosen for the
study. From dogs that underwent MRI-scanning of the head
and cervical spine for breeding selection against syringomyelia
(SM), CKCSs with ventriculomegaly were selected for the study
group. The presence of ventriculomegaly was based on the fol-
lowing criteria. Dogs with a normal ventricular system have very
narrow and slit-like horns of the lateral ventricles. In the finding
of ventriculomegaly, the interpreter subjectively noted a greater
proportion of the intracranial volume occupied by the lateral
ventricles. The closely spaced walls of the temporal horns and/
or the olfactory recesses were separated by cerebrospinal fluid
(Figures 1C,D: yellow arrows) in these brains and the lacking
of a septum pellucidum created a large connection between the
first and second ventricles (Figures 1C,D: blue arrows). CKCSs
without these findings were used as a control (Figures 1A,B).
The groups were age and weight matched. Before scanning, each
dog underwent a general and neurological examination by a

control group

study group
7

St

)
-
Cc

FIGURE 1 | Transverse T2-weighted images of the brain of a Cavalier King Charles spaniel (CKCS) with normal lateral cerebral ventricles [control group, (A,B)] and a
CKCS with ventriculomegaly [study group, (C,D)]. In the study group, a greater proportion of the brain volume is occupied by the lateral ventricles. The closely
spaced walls of the temporal horns [(B,D): yellow arrows] and/or the olfactory recesses were separated by cerebrospinal fluid (CSF) in these brains, and the lacking
of a septum pellucidum created a large connection between the first and second ventricles [(C): yellow arrows].
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board-certified neurologist. Dogs with SM or neurological signs
were not included into the study. All dogs were positive for the
morphological changes consistent with Chiari-like malforma-
tion. Complete blood count, biochemistry panel, and electrolytes
were determined before examination.

Ethics Statement

All investigations were conducted in strict compliance with the
restrictions of the German Animal Protection Law. All dogs from
the study and control group were client owned and lived with
their owners. The owners of the dogs gave permission for their
animals to be used in this investigation. The study was approved
by the Committee on the Ethics of Animal Experiments of the
Justus-Liebig-University, Giessen.

Anesthesia Protocol

Standard intravenous catheters (18 gage) were placed in the right
or left cephalic vein. Diazepam (0.5 mg/kg) was administered IV,
and anesthesia was induced with propofol (2-4 mg/kg, IV). Dogs
were endotracheally intubated and anesthesia was maintained
with 1.5-2% isoflurane in oxygen. Dogs were automatically ven-
tilated throughout the MRI examination and kept normocapnic
(35-45 mmHg). CO, was measured using side stream capnogra-
phy from the endotracheal tube.

Imaging Technique

Standard Head Examination

In order to diagnose structural changes consistent with Chiari-like
malformation and SM, a standard MRI examination of the brain
and spinal cord was performed prior to the perfusion studies.
Imaging was performed usinga 1 T MRIscanner (Gyroscan Intera,
Phillips, Hamburg, Germany) and a two-part surface coil consist-
ing of two elliptical elements, which were placed on the right and
left sides of the head. Dogs were examined in sternal recumbency
with their neck in extension sagittal, dorsal, and transverse images
were obtained using T2-Turbospin echo sequences (TE: 120 ms,
TR: 2,900 ms). Transverse FLAIR images and dorsal T1-weighted
gradient echo images were acquired before and after contrast (i.e.,
after perfusion study) medium administration to exclude struc-
tural brain abnormalities. Field of view was 180 mm X 180 mm,
matrix was 288 X 288. Slice thickness varied from 2 to 3 mm.
The cervical spine was examined until the first the first thoracic
vertebra. Sagittal T2-weighted images were obtained. If the pres-
ence of SM was confirmed, transverse gradient-echo images were
obtained over the whole extension of the SM.

Perfusion-Weighted Imaging

Perfusion-weighted images were acquired by use of a dynamic
multishot fast-field echo-echo-planar imaging sequence. Slice
orientation was parallel to the base of the skull. In total, 40
dynamics/slices were acquired in a dorsal plane with a time gap
of 1.6 ms. At the 10th dynamic, 0.2 mmol/kg gadoteric acid was
injected at a rate of 5 ml/s using a double-headed injection pump
(Accutron MR, Medtron, Saarbriicken, Germany). The injection
of contrast medium was followed by a 20-ml injection of isotonic
Ringer solution.

Perfusion Analysis

Image analysis was performed using a commercially available
software (Stroketool, Digital Image Solutions, Frechen, Germany).
The program works with established perfusion calculation algo-
rithms (SVD-deconvolution) for quantitative perfusion imaging,
which takes the arterial input function (AIF) into account (29,
30). The AIF was determined at the level of the middle cerebral
artery. In this model, CBF measurements are based on time course
signal changes after the infusion of a bolus of gadolinium in each
voxel of the brain tissue in comparison of the same changes in the
middle cerebral artery.

Regions of interest (ROIs) were manually drawn around the
periventricular white matter of the frontal horn (rostral limb
of the internal capsule), the caudate nucleus, the thalamus,
and the cerebral cortex adjacent to the internal capsule in both
hemispheres by one investigator. These ROIs were delineated
on corresponding dorsal T2-weighted images linked with
perfusion weighted images. CBF was measured and compared
between groups as these are the most important perfusion
parameters related to cerebral hemodynamic changes in human
hydrocephalus (15, 31-33). The software calculated the CBF
as the blood volume in the brain in a given period of time
measured in ml/100 g/min. The software creates color-coded
maps for the estimated parameters from gray scale MR images.
In these CBF-maps, red are being highly perfused areas, dark
blue indicating extremely low, and green being intermediate
perfusion.

Statistical Analysis

All statistical analyses were performed by use of commercially
available software (BMDP Statistical Software, Inc., Los Angeles,
CA, USA). The Shapiro-Wilk test was used to assess for normal-
ity in datasets. Means and SDs were calculated for normally
distributed data. The values for each region were computed as
the average values of both sides. Mean values for CBF were com-
pared by use of two-tailed independent sample ¢-tests. The level
of significance was set to 0.01 for all tests. To test homogeneity of
the groups, the relative frequency of male and female animals in
the groups was compared using Fisher’s exact test.

RESULTS

Animals

Group 1 (normal CKCSs) comprised four male and six female
dogs weighing 6-9 kg (mean 7.53 + 1.19). Group 2 (CKCSs with
ventriculomegaly) included 13 male and 19 female dogs weigh-
ing 6-9 kg (mean 7.54 + 1.05). Fisher exact test revealed no
statistically difference between the number of females and males
between groups (p =1).

Perfusion Measurement

Mean CBF values are summarized in Table 1. Significantly lower
CBF was found in the periventricular white matter of dogs with
ventriculomegaly (Figure 2). Values computed from other ROIs
were not significantly different between groups.
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TABLE 1 | Mean + SD quantitative estimates of CBF for the regions of interest evaluated in normal Cavalier King Charles spaniels and dogs with ventriculomegaly.

Periventricular white matter Caudate nucleus Thalamus Cerebral cortex
CBF normal dogs 100.5 +5.3 101.2 £9.97 94.44 + 21.56 102.20 + 4.3
CBF dogs with ventriculomegaly 42.05 + 10.88 85.55 +21.33 50.56 + 28.66 97.53 £ 6.3
p-Value 0.0029 0.077 0.367 0.0527

CBF, cerebral blood flow (milliliter per minute per 100 g of brain tissue).
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FIGURE 2 | Results of the group comparison of cerebral blood flow (CBF) between Cavalier King Charles spaniels (CKCS) with and without ventriculomegaly.
Results presented as mean, range, 25, and 75 quartile in a box and whisker plot. Significantly different parameters are marked with asterisks (**p < 0.001).
Color-coded perfusion maps are displayed for CBF values in a normal CKCS and in a Cavalier King Charles spaniel with ventriculomegaly.

ventriculomegaly

DISCUSSION

The nature and origin of ventriculomegaly in dogs remain con-
troversial and not well elucidated (11, 34, 35). Signs of increased
intraventricular pressure (elevated corpus callosum, a distended
third ventricle and a deformed interthalamic adhesion as well as
dilated olfactory recesses) (9) and atrophy of the cerebral white
matter (11) have been found in dogs with ventriculomegaly,
which would imply a pathological condition to some extent.
Here, we examined the regional CBF in CKCSs with ventricu-
lomegaly compared to normal controls using DSC-PMRI with a
gadolinium-based contrast agent. The results of the investigation

indicate that CBF is reduced in the periventricular white matter
of CKCSs with ventriculomegaly.

MR-perfusion techniques have proven to be feasible in dogs
(22, 23) but accuracy and validity of the method for its standard
use must be further evaluated. Positron emission tomography
(PET) is considered to be the gold standard for studying cerebral
hemodynamics (36). However, a PET and perfusion-based
MR techniques of CBF measurements were found to be highly
consistent in studies involving both humans (24, 37, 38) and
dogs (39, 40). The values extracted from our study of clinically
normal CKCSs come close to those measured in studies using
MRI- or CT-based perfusion studies (39, 40), but differ from
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others (17, 22). However, several factors limit the comparison
of the present investigation with other studies. The technique is
sensitive to physiological variations, which reduce measurement
reproducibility. A source of potential error could originate from
the use of different anesthetic drugs that can have a significant
effect on cerebral blood vessels. Volatile anesthetics can cause
cerebral vasodilatation and thereby an increase in CBF (41-43).
Spatial resolution disparities and low signal-to-noise ratios in
the perfusion-weighted images make the precise location of the
ROIs difficult. The choice of arterial input can have an effect on
measuring CBF (44). Missing standardization of acquisition
parameters and use of variable postprocessing software consti-
tutes another challenge for the comparison of data acquired in
different studies (45). In addition, this study differs in that we
have used combined and averaged measurements from the left
and right forebrain in order to discount for known differences
between the hemispheres (22).

The findings of ventricular enlargement that correlates with
white matter atrophy as well as the reduction in periventricular
CBF found here are comparable to findings in human normal
pressure hydrocephalus (NPH) that predominantly affects the
elderly (11, 46, 47). Visible obstructions in the ventricular
system cannot be detected in both, humans with NPH and
dogs with ventriculomegaly. Studies in elderly people have
shown decreased CBF in the periventricular white matter in
NPH patients that gradually normalized toward the subcortical
white matter (48). This inadequate blood supply eventually may
produce structural white matter damage and gradual atrophy
(49). However, reduced CBF is also found in the frontal cerebral
cortex, thalamus, and in the basal nuclei in patients with NPH
(31, 32, 48, 50-52). Although we could not find significant
differences between the dogs in these brain areas, the SD of
averaged CBF in the dogs with ventriculomegaly was relatively
high for these ROIs with some of the patients also having
low measurements in the caudate nucleus and the thalamus
(Figure 1). CBF changes in other tissue areas can, therefore,
not be totally ruled out.

Based on data on this and other studies, it seems plausible that
ventriculomegaly may be a preliminary stage or an arrested form
of internal hydrocephalus. Ventriculomegaly has been attributed
to disturbances in CSF dynamics in dogs by some authors (11,
34, 35) that may be caused by osseous obstruction of the fora-
men magnum, reducing the amounts of CSF expelled from the
cranial cavity. Craniocervical junction anomalies that reduce the
CSF outflow tract of toward the cisterna magna are often found
in small brachycephalic dogs (53). The presence of a widened
mesencephalic aqueduct and aqueductal CSF flow void may
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In veterinary medicine, patients undergo magnetic resonance imaging (MRI) under
general anesthesia to enable acquisition of artifact-free images. The fraction of inspired
oxygen (FiO,) ranges between 30 and 95%. In humans, a high FiO, is associated
with incomplete signal suppression of peripheral cerebrospinal fluid (CSF) spaces on
T2-weighted fluid-attenuated inversion recovery (T2w-FLAIR) sequences. The influence
of FiO, on T2w-FLAIR images remains unreported in small animals. The aim of this pro-
spective study was to investigate whether a high FiO: is associated with hyperintensity in
peripheral CSF spaces on T2w-FLAIR images in dogs and cats. Client-owned patients
undergoing brain MRI were prospectively enrolled. Animals with brain parenchymal
abnormalities and/or meningeal contrast enhancement on MRI images and/or abnormal
CSF analysis were excluded. Consequently, twelve patients were enrolled. Anesthesia
was maintained by isoflurane 0.5-1 minimal alveolar concentration in 30% oxygen.
After acquisition of transverse and dorsal T2w-FLAIR images, the FiO. was increased
to 95%. The T2w-FLAIR sequences were then repeated after 40 min. Arterial blood
gas analysis was performed in six patients at the same time as T2w-FLAIR sequence
acquisition. Plot profiles of the signal intensity (SI) from CSF spaces of three cerebral
sulci and adjacent gray and white matter were generated. Sl ratios of CSF space and
white matter were compared between the T2w-FLAIR images with 30 and 95% FiO,. An
observer blinded to the FiO,, subjectively evaluated the Sl of peripheral CSF spaces on
T2w-FLAIR images as high or low. There was significant difference in the partial pressure
of oxygen between the two arterial samples (P < 0.001). The Sl ratios obtained from
the T2w-FLAIR images with 95% FiO, were significantly higher compared with those
obtained from the T2w-FLAIR images with 30% FiO, (P < 0.05). The peripheral CSF
spaces were subjectively considered hyperintense in 11 of 12 cases on T2w-FLAIR
images with 95% FiO. (P < 0.005). A clear difference in SI, dependent on the FiO. was

Frontiers in Veterinary Science | www.frontiersin.org 65

December 2017 | Volume 4 | Article 219


http://www.frontiersin.org/Veterinary_Science
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2017.00219&domain=pdf&date_stamp=2017-12-18
http://www.frontiersin.org/Veterinary_Science/archive
http://www.frontiersin.org/Veterinary_Science/editorialboard
http://www.frontiersin.org/Veterinary_Science/editorialboard
https://doi.org/10.3389/fvets.2017.00219
http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:melania.moioli@vetsuisse.unibe.ch
https://doi.org/10.3389/fvets.2017.00219
https://www.frontiersin.org/Journal/10.3389/fvets.2017.00219/full
https://www.frontiersin.org/Journal/10.3389/fvets.2017.00219/full
https://www.frontiersin.org/Journal/10.3389/fvets.2017.00219/full
https://www.frontiersin.org/Journal/10.3389/fvets.2017.00219/full
https://www.frontiersin.org/Journal/10.3389/fvets.2017.00219/full
http://loop.frontiersin.org/people/462083
http://loop.frontiersin.org/people/219520
http://loop.frontiersin.org/people/298775
http://loop.frontiersin.org/people/462063

Moioli et al.

Influence of High FiO. on T2w-FLAIR MRI

seen in the peripheral CSF spaces on T2w-FLAIR images. In conclusion, the influence
of FiO, must be considered when differentiating pathological and normal CSF spaces on
T2w-FLAIR images in dogs and cats.

Keywords: cerebrospinal fluid, oxygen, T2-weighted fluid-attenuated inversion recovery, magnetic resonance

imaging, brain, dog, cat

INTRODUCTION

T2-weighted fluid-attenuated inversion recovery (T2w-FLAIR)
sequence consists of an inversion recovery pulse to suppress
the signal from cerebrospinal fluid (CSF) and a long echo time
to produce a heavily T2-weighted sequence. The T2w-FLAIR
sequence is an essential part of the magnetic resonance imag-
ing (MRI) protocol of the brain for both human and veterinary
medicine (1-10). Compared with conventional T2-weighted
and proton density-weighted imaging, T2w-FLAIR sequence
provides better detection and evaluation of lesions within or
adjacent to the CSF and higher lesion conspicuity within the
brain parenchyma (3, 6). The term “hyperintense cerebrospinal
fluid” is used to describe failed suppression of CSF signal on
T2w-FLAIR images of the brain. Incomplete suppression of the
CSF signal on T2w-FLAIR images is seen with subtle variations
in the composition of CSF due to pathologic conditions such
as subarachnoid hemorrhage, infarction, meningitis, vascular
diseases, and neoplastic conditions (6, 9, 11, 12). However,
hyperintense CSF on T2w-FLAIR images can be detected
without a definite CSF abnormality. Several MRI artifacts lead
to incomplete suppression of CSF signal on T2w-FLAIR images
such as chemical shift, truncation, cross-talk, or overlapping of
imaging planes (13). Patient motion, CSF flow, inhomogeneity in
the amplitude of the inversion pulse, suboptimal inversion time,
or magnetic field inhomogeneity can also lead to hyperintense
signal of CSF on T2w-FLAIR (13). Magnetic field inhomogene-
ity can be caused by paramagnetic substances (14). Oxygen is a
paramagnetic substance with two unpaired electrons, it reduces
T1-relaxation time and causes high signal intensity (SI) of CSF
on T2w-FLAIR images in patients receiving oxygen supplemen-
tation (2, 6,9, 11, 13-18).

The major exchange of oxygen between arterial blood and the
CSF takes place at the choroid plexus of the ventricles. Arterial
partial pressure of oxygen (PaO,) is a measurement of the pres-
sure of dissolved oxygen in the arterial blood. It is predominantly
influenced by how much oxygen diffuses from the airspace of
the lungs into the blood. A higher arterial partial pressure of
oxygen leads to increased diffusion of the oxygen into the CSF
according to the pressure gradient. Under physiological condi-
tion, the arterial partial pressure of oxygen is proportional to
the inspired oxygen fraction (FiO,). When breathing room air,
the FiO, is approximately 21% and increases up to 100% when
oxygen is supplemented. In humans, oxygen supplementation
with a FiO, above 60% influences CSF signal on T2w-FLAIR
images (11, 13, 16).

In veterinary medicine, patients undergo MRI under general
anesthesia and oxygen supplementation is generally provided at
various FiO,, often up to 100% (19). However, the influence of

oxygen supplementation on CSF SI has been neglected. Therefore,
the aim of this prospective study was to investigate the influence of
oxygen supplementation on SI of CSF on T2w-FLAIR sequences
in dogs and cats.

MATERIALS AND METHODS

Client-owned dogs and cats undergoing MRI of the brain
presented to the Small Animal Clinic of the Vetsuisse-Faculty,
University of Bern, were prospectively enrolled between June
2016 and May 2017. The study was performed in agreement
with the local ethical regulations (Veterinary Office, Canton of
Bern, Switzerland—BE53/16 and No. 27510) with signed owner
consent.

All dogs and cats underwent clinical and neurological exami-
nation, followed by preanesthetic bloodwork, which included
hematology and biochemistry. Patients were only included if they
were deemed to be cardiovascularly stable and did not require
preoxygenation prior to induction of general anesthesia.

Each patient was premedicated with either a combination
of acepromazine (0.005-0.02 mg/kg) and methadone (0.1-0.4
mg/kg) or methadone alone (0.1-0.4 mg/kg), administered intra-
venously or intramuscularly. In two patients, dexmedetomidine
(0.001-0.01 mg/kg) was additionally administered to maintain
cooperative sedation. Induction of general anesthesia was per-
formed with propofol (2-4 mg/kg) administered intravenously
to allow for endotracheal intubation. General anesthesia was
maintained with isoflurane (0.5-1.5%) in 30% oxygen to target
a PaO, of approximately 150 mmHg (under usual clinical condi-
tions). The FiO, was continuously monitored by a calibrated gas
analyzer (Datex Ohmeda S5 Anesthesia Monitor, GE Healthcare)
from a side-stream sampling line at the end of the endotracheal
tube. Adjustments were made manually with two flowmeters
providing air and oxygen, respectively. After the first two
sequences, the FiO, was increased to at least 95% to target a PaO;
of approximately 600 mmHg, and maintained until the end of
the MRI examination. During MRI, the patients were mechani-
cally ventilated and the ventilation parameters adjusted in order
to maintain normocapnia (Et CO, 35-45 mmHg). Continuous
monitoring of peripheral oxygen saturation (SpO,) by tongue
pulse oxymetry, respiratory spirometry, and breathing gas
analysis including inspired and expired O,, CO,, and anesthetic
inhalant were provided. Core temperature was measured via an
esophageal probe. Plasma A-Lyte® (Baxter AG) was infused at a
rate of 5 mL/kg/h. Hypotension, defined as a mean blood pressure
lower than 70 mmHg, was initially treated with a crystalloid bolus
(10 mL/kg infused over 10 min). Non-responsive hypotension
was then treated with a colloid bolus (Voluven 2 mL/kg delivered
IV over 10 min) and finally with dopamine infusion starting
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FIGURE 1 | Transverse T2w-FLAIR images at the level of the forebrain in a 6-month-old male neutered Pug acquired with 30% FiO. (A) and with 95% FiO. (B), are

presented on the top. Plot profiles of the signal intensity (SI) of the cerebrospinal fluid (CSF) space within the marginal left sulcus and of the adjacent gray and white
matter have been generated from both images and are presented in the lower part of the figure. Note the different Sl values of the CSF space on the y axis the CSF
space has the lowest Sl value on the plot profile obtained from the T2w-FLAIR acquired with 30% FiO. and the highest Sl value on the plot profile obtained from the

with an infusion rate of 5 mcg/kg/min. The metatarsal artery was
catheterized in a group of patients (weight >6 kg) and two arte-
rial blood samples collected at the time of T2w-FLAIR sequence
acquisition.

The animals were examined in a high-field MRI scan-
ner [Philips Panorama HFO 1.0 T (Philips Medical Systems
Nederland B.V., Best, the Netherlands)]. First, T2w-FLAIR
sequences in transverse and dorsal planes were acquired
(echo time 140 ms, repetition time 11,000 ms, inversion time
2,600 ms, slice thickness 3-3.5 mm, interslice gap 0.5 mm).
After increasing FiO,, T2-weighted FSE sequence in sagittal
and transverse planes, T1-weighted FSE in dorsal and trans-
verse planes, T2* in transverse plane, and DWI in transverse
plane were acquired.

T2-weighted fluid-attenuated inversion recovery sequences
were repeated 40 min after the FiO, increase. Afterward,
Gadodiamide (0.5 mmol/mL, Omniscan, GE Healthcare,
Germany) was administered at a dose of 0.15 mmol/kg intrave-
nously and T1-weighted spin-echo sequence with fat suppression
in the transverse plane and T1-weighted spin-echo in the dorsal
plane were acquired.

After completion of the MRI examination, a CSF sample was
obtained from the cerebellomedullary cistern.

Patients were excluded if MRI showed brain parenchymal
abnormalities and/or abnormal meningeal contrast enhancement
and/or if the CSF was abnormal on routine analysis (a normal
CSF analysis consisted of CSF cells count below 5 cells/pL and/or
CSF protein below 25 mg/dL).

All the measurements were performed by a second year diag-
nostic imaging resident (Melania Moioli).

Plot profiles of the SI from CSF spaces of three cerebral
sulci (two on transverse T2w-FLAIR images and one on dorsal
T2w-FLAIR images) and adjacent gray and white matter from
T2w-FLAIR images acquired with a FiO, of 30% and 95% were
generated using Image]J' (Figure 1). If possible, profiles of the mar-
ginal sulcus, ectomarginal sulcus, and caudal suprasylvian sulcus
were generated. If these sulci were not visible, the endomarginal
sulcus, precruciatus sulcus, presylvian sulcus, middle ectosylvian
sulcus, cruciatus sulcus, or rostral sulcus were used. On each plot
profile, the SI values for the CSF space and adjacent gray and
white matter were recorded.

Standardized regions of interest encompassing the same area
were set over the right and left lateral ventricles and the right and

'https://imagej.net.
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left thalamus ensuring they were in the same location on both the
right and the left side and on both T2w-FLAIR images acquired
with a FiO, of 30 and 95%.

Signal intensity ratios were calculated from T2w-FLAIR
images acquired with a FiO, of 30 and 95%. The CSF space to
white matter SI ratio and the gray matter to white matter SI
ratio of three sulci and adjacent gyri were calculated. The lateral
ventricle to thalamus SI ratio was calculated on the right and left
side. The mean and SD of the ratios were calculated.

The ratios and the mean of the ratios from corresponding
T2w-FLAIR images acquired with 30 and 95% FiO, were com-
pared: the CSF space to white matter ratio of every single sulcus
and adjacent white matter, the white matter to gray matter ratio
of every single gyrus adjacent to the sulcus, the mean of the CSF
space to white matter ratios, the mean of the white matter to gray
matter ratios, and the mean of the ventricle to thalamus ratios.

Subjective assessment of the corresponding T2w-FLAIR
sequences was performed using a DICOM viewer (IMPAX EE
R20 XVI SU1; Agfa HealthCare Gmbh, Germany). A board certi-
fied radiologist (Marta Schmidhalter) blinded to the FiO, during
acquisition of the T2w-FLAIR sequences evaluated whether the
SI within peripheral CSF spaces showed complete or incomplete
suppression. First, the observer was presented with single images
in a random order at the level of forebrain, brainstem, and cervi-
cal spine from transverse T2w-FLAIR sequences obtained either
with 30% FiO, or with 95% FiO,, resulting in 72 evaluations.
Second, the observer was presented with both transverse and
dorsal images of the T2w-FLAIR sequences obtained with 30 or
95% FiO,, and she evaluated all peripheral CSF spaces, resulting
in 24 evaluations. Third, the observer was presented with the pair
of T2w-FLAIR sequences acquired with 30 and 95% FiO, in both
planes and compared the SI of the CSF spaces (12 evaluations).

The statistical analysis was performed by a second year diag-
nostic imaging resident (Melania Moioli) under supervision of
a biostatistician (Gertraud Schiipbach). Quantitative data were
assessed for normality using the Shapiro Wilk W test. All data
were normally distributed, reported as mean + SD and analyzed
by a paired T-test. Subjective evaluation was analyzed using the
McNemar test. All data were analyzed using a statistical software
package [NCSS 10 Statistical Software (2015) NCSS, LLC,,
Kaysville, UT, USA?]. The level of significance was set to P < 0.05.

RESULTS

Twenty-three patients were enrolled in the study. Eleven patients
were excluded because of brain parenchymal abnormalities on
MRI or the need for preoxygenation during anesthesia induction.
Twelve patients (10 dogs and 2 cats) were therefore included in
the study. One each of the following dog breeds were represented:
Cavalier King Charles Spaniel, Chihuahua, Maltese, Great Dane,
English Springer Spaniel, English Cocker Spaniel, Dalmatian,
Flat Coated Retriever, Labrador Retriever, and one mixed breed
dog. The gender of the dogs was equally distributed with five

*https://ncss.com/software/ncss.

female (one intact, four spayed) and five male dogs (three intact,
two neutered). The mean age of the dogs was 7.8 years (SD: 2.7,
range: 2.5-12 years) and the mean bodyweight was 30.8 kg (SD
13.9, range: 2.4-53 kg). Cats included a male castrated Domestic
Shorthair (11 years of age, bodyweight 5.45 kg) and one female
Maine Coon (5 years of age, 5.5 kg). Eight patients presented due
to seizures, two for behavioral changes, one for dropped jaw, and
one for acute progressive tetraparesis.

In six dogs, an arterial catheter was placed in the metatarsal
artery and arterial blood samples collected. The mean PaO, was
140.33 mmHg (SD 35.51 mmHg, range 92.9-188.1 mmHg)
with 30% FiO, and 492.35 mmHg (SD 54.52 mmHg, range
431.2-566.7 mmHg) with 95% FiO,. The paired T-test showed a
significant difference between the two means (P < 0.001).

Signal intensity ratios were calculated from T2w-FLAIR images
acquired with 30 and 95% FiO, and were normally distributed.
The objective measurements are presented in Tables 1-3. There
was a significant difference in the CSF to adjacent white matter SI
ratio of the three sulci considered separately (P < 0.05, Table 1)
as well as in the mean of the CSF spaces to adjacent white matter
ratios acquired with 30 and 95% FiO, (P < 0.001, Table 1). There
was no significant difference in the gray to white matter SI ratio
of the gray and white matter adjacent to the three sulci (Table 2)
as well as no significant difference in the mean of the gray to
white matter ratios acquired with 30 and 95% FiO, (Table 2).
Additionally, no significant difference was found in the mean of
the right and left ventricle to thalamus ratio with 30% FiO, and
95% FiO, (Table 3).

In the first subjective blinded evaluation on single images at
the level of the forebrain as well as at the level of the brainstem,
a hyperintensity of the peripheral CSF spaces was seen in 3/12

TABLE 1 | Values of the signal intensity (S) ratios of CSF to adjacent white
matter of three sulci and adjacent gyri and the mean + SD are presented.

1CSF/WM 2CSF/WM 3 CSF/WM Mean (+SD)
(1 + 2 + 3) CSF/WM
Patient 30% 95% 30% 95% 30% 95% 30% 95%
FiO, FiO, FiO, FiO, FiO; FiO; FiO, FiO,
1 166 117 115 159 114 145 1.31(x0.3) 1.40(+0.2)
2 142 1562 094 1.03 119 133 1.18(x0.2) 1.29(x0.2)
3 089 1.24 118 143 121 147 1.10(x0.2 1.38(x0.1)
4 122 128 124 149 114 126 1.20(x0.1) 1.34(x0.1)
5 073 1.04 070 120 079 121 0.74(0.1) 1.15(x0.1)
6 1.07 158 133 1.88 159 1.84 1.33(x0.3) 1.77 (x0.2)
7 148 1.34 134 134 1.67 195 1.560(x0.2) 1.54(+0.4)
8 120 167 131 167 156 1.74 1.36(x0.2) 1.69 (+0.0)
9 140 161 151 186 129 191 1.40(x0.1) 1.79(x0.2)
10 139 166 192 188 190 198 1.73(x0.3) 1.84(x0.2)
" 170 1.87 1.45 183 148 194 154(x0.2) 1.88(+0.1)
12 119 185 142 214 1568 294 1.40(x0.2) 2.31(x0.6)
P-value 0.03* 0.0004* 0.003* 0.001*

The Sl ratios were calculated from T2w-FLAIR images acquired with 30 and 95% FiOs.
Significant P-values are marked with a *.

1, first sulcus and adjacent gyrus; 2, second sulcus and adjacent gyrus; 3, third sulcus
and adjacent gyrus; CSF, cerebrospinal fluid; WM, white matter; FiO., fraction of
inspired oxygen.
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TABLE 2 | Values of the signal intensity (SI) ratios of gray to white matter
adjacent to three sulci and the mean + SD are presented.

1GM/WM 2GM/WM 3 GM/WM Mean (+SD)
(1 + 2 + 3) GM/WM
Patient 30% 95% 30% 95% 30% 95% 30% 95%
FiO. FiO, FiO. FiO, FiO, FiO. FiO- FiO.
1 139 116 126 159 118 124 1.28(+0.1) 1.833(x0.9)
2 157 146 130 1.04 137 130 1.42(+0.1) 1.27(+0.2)
3 120 125 129 125 158 151 1.36(x0.2) 1.34(x0.2)
4 136 110 145 125 122 122 1.34(x0.1) 1.19(x0.1)
5 1283 1.03 126 131 118 1.05 1.22(+x0.00 1.13(+0.2)
6 118 119 143 185 1.75 176 1.46(x0.3) 1.60(+0.4)
7 123 112 140 119 145 1.28 1.36(+0.1) 1.19(+0.1)
8 118 132 1283 137 144 129 1.28(+0.1) 1.33(+0.0)
9 135 137 137 141 120 154 1.31(+0.1) 1.44(+0.1)
10 141 129 165 158 192 157 1.66(+0.3) 1.48(+0.2)
11 1561 160 112 148 1.47 1.67 1.37((*0.2) 1.568(+0.1)
12 119 139 141 172 134 181 1.31(+0.1) 1.64(+0.2)
P-value 0.32 0.31 0.87 0.79

The Sl ratios were calculated from T2w-FLAIR images acquired with 30 and 95% FiOs.
Significant P-values are marked with a *.

1, gyrus adjacent to the first sulcus; 2, gyrus adjacent to the second sulcus; 3, gyrus
adjacent to the third sulcus; GM, gray matter; WM, white matter; FiO-, fraction of
inspired oxygen.

TABLE 3 | Values of the mean + SD of the lateral ventricle to thalamus signal
intensity (S) ratios of the left and right side are presented.

Mean (+SD)
(R + L) LV/THA
Patient 30% 95%
FiO. FiO.
1 0.29 (+0.2) 0.44 (+0.1)
2 0.30 (+0.0) 0.20 (+0.0)
3 0.10 (+0.0) 0.10 (x0.0)
4 0.71 (+0.0) 0.65 (+0.1)
5 0.23 (+0.0) 0.12 (+0.0)
6 0.22 (+0.1) 0.45 (+0.2)
7 0.69 (+0.3) 0.78 (+0.1)
8 0.71 (+0.1) 0.70 (+0.1)
9 0.19 (0.0 0.21 (+0.1)
10 0.45 (+0.2) 0.54 (+0.4)
11 0.30 (+0.0) 0.22 (+0.0)
12 0.27 (+0.1) 0.29 (+0.0)
P-value 0.49

The Sl ratios were calculated from T2w-FLAIR images acquired with 30 and 95% FiO:..
Significant P-values are marked with a *.
R, right; L, left; LV, lateral ventricle; THA, thalamus; FiO., fraction of inspired oxygen.

T2w-FLAIR images acquired with 30% FiO, and in 10/12 images
acquired with 95% FiO, (P < 0.05). At the level of the cervical
spine, the peripheral CSF space was considered hyperintense in
5/12 T2w-FLAIR images acquired with 30% FiO, and in 8/12
T2w-FLAIR images acquired with 95% FiO,. These results were
not statistically significant.

In the second subjective evaluation, all transverse and dorsal
images of T2w-FLAIR sequences acquired with 30 or 95% FiO,
were taken into account. Peripheral CSF spaces were considered

hyperintense in 4/12 cases acquired with 30% FiO, and 11/12
cases acquired with 95% FiO,. The McNemar test showed a
significant difference between these results (P < 0.05).

In the third evaluation, with direct comparison of the sequences
acquired with 30 and 95% FiO,, the peripheral CSF spaces were
considered hyperintense in 1/12 cases on images acquired with
30% FiO, and in 11/12 cases on images acquired with 95% FiO..
The McNemar test showed significant difference between these
results (P < 0.005). Transverse T2w-FLAIR images at the level of
the forebrain, brainstem, and cervical spine acquired with 30%
FiO, and with 95% FiO, are shown, respectively, in Figures 2-4.

DISCUSSION

“Hyperintensity of CSF spaces” is a term used to describe incomplete
suppression of CSF signal on T2w-FLAIR imaging (11-13). It may
indicate an altered CSF composition or meningeal disease as seen in
meningoencephalitis, subarachnoid hemorrhage or neoplastic con-
ditions (5, 6,9, 11, 12, 20). In this study, hyperintensity of the periph-
eral CSF spaces was evident in patients with normal CSF analysis
and no brain abnormalities on MRI, but it was associated with high
FiO; during the MRI examination. This agrees with observations in
humans where CSF hyperintensity is associated with oxygen sup-
plementation with a FiO, higher than 60% during the T2w-FLAIR
sequence acquisition (11, 13). In veterinary medicine, during
general anesthesia, high FiO, (up to 100%) is normally applied.
This is because of its simplicity (only one gas supply) and because
it is considered historically to be the safest method. However, lower
FiO, with oxygen-enriched air (FiO, <50%) is sometimes preferred
as it is sufficient to maintain arterial oxygenation and may reduce
risk of oxygen toxicity. Indeed, lung aeration and gas exchange are
improved with a FiO, of 40% compared to FiO, of 100% by reducing
absorption atelectasis (19). In humans, it has been suggested, that a
FiO; less than 50% does not induce signal changes on T2w-FLAIR
images due to insufficient free oxygen (13).

Hyperintensity of CSF spaces might easily be misinterpreted
as pathologic conditions of the CSF space itself or the adjacent
meninges. Meningeal diseases are hard to diagnose as T2w-
FLAIR images, T1-weighted post-gadolinium, and subtraction
images have a limited accuracy detecting lesions (20). Fat sup-
pressed contrast-enhanced T1-weighted images with or without
fluid-attenuated inversion recovery technique increase the
conspicuity of contrast enhancing meningeal lesions (21, 22) but
non-enhancing lesions are still difficult to detect.

As reported in humans, the present study showed incomplete
suppression of CSF on T2w-FLAIR images in the peripheral CSF
spaces such as the basilar cistern and the cerebral sulci, but not in
the lateral ventricles (11, 13). This phenomenon may be explained
by the diffusion of oxygen from the blood to the CSF along the
pia-arachnoid surface of the brain, although the major exchange
of oxygen between arterial blood and the CSF takes place at the
choroid plexus of the ventricles (2, 11). A significant increase in
oxygen partial pressure of CSF after 100% oxygen inhalation was
detected using MRI as a non-invasive method to measure pO, of
humanand fetal CSF (18). The highest oxygen concentrations were
noted along the cortical surfaces, whereas lower concentrations
were measured within the ventricular system (18). Furthermore,
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same sulcus in (B) (arrow).

FIGURE 2 | Transverse T2w-FLAIR images at the level of the forebrain in a 9-year-old female spayed Flat Coated Retriever acquired with 30% FiO. (A) and with
95% FiO, (B), respectively. Note low signal intensity (Sl) of peripheral cerebrospinal fluid (CSF) within cerebral sulci in (A) (arrow) and increase in S| of CSF within the

region (B).

FIGURE 3 | Transverse T2w-FLAIR images at the level of the brainstem in a 7-year-old male neutered Labrador Retriever acquired with 30% FiO. (A) and with 95%
FiO. (B), respectively. Note low signal intensity (SI) of peripheral cerebrospinal fluid (CSF) around the brainstem in (A) and increase in S| of CSF within the same

an increase in FiO, leads to less dilution of dissolved oxygen in
the peripheral CSF spaces due to their small volume compared
to the lateral ventricles, leading to a stronger local paramagnetic
effect (2).

The effect of paramagnetic substances is stronger with higher
magnetic field strength (23, 24). We suspect that hyperintensity
of CSF on T2w-FLAIR sequences is observed less often in low-
field scanners. However, all studies investigating the influence of
oxygen supplementation on CSF SI on T2w-FLAIR sequences,

including the present one, were performed with high field scan-
ners ranging from 1T to 3T (1, 2, 9-11, 15, 16, 25). Therefore,
the impact on images acquired with low field scanners remains
unknown.

The difference in SI of CSF spaces was not only evident
when comparing ratios, but also noted on subjective evaluation.
Differences between the T2w-FLAIR series with low and high
FiO, became more obvious on simultaneous comparison. Blind
evaluation also revealed a significant difference. The evaluation of
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region (B).

FIGURE 4 | Transverse T2w-FLAIR images at the level of the cervical spine in a 3-year-old male neutered Dalmatian acquired with 30% FiO, (A) and with 95% FiO.
(B), respectively. Note low signal intensity (Sl) of peripheral cerebrospinal fluid (CSF) around the cervical spinal cord in (A) and increase in Sl of CSF within the same

CSF at different levels of the brain by subjective evaluation and SI
ratios showed both a significant difference between the low and high
FiO,, while a smaller difference was found for the CSF surrounding
the cervical spinal cord. CSF flow influences the SI of CSF and the
high flow velocity at the level of the aqueduct and C1-C2 are pos-
sible causes for the inconsistent CSF signal. In humans, pulsation
artifacts related to CSF flow are reported to occur in the basal, pre-
pontine, and cerebellopontine angle cisterns and cause T2w-FLAIR
hyperintensity in the subarachnoid space (6, 16). These artifacts are
less common over the convexities of the cerebral hemispheres (6).

A limitation of this study was the heterogeneous group of
animals, which included cats, small breed dogs, and even a Great
Dane. They exhibited a large variety of skull shapes and brain
morphology. In smaller animals, the sulci appeared smaller and
distinction between the gyri and sulci as well as evaluation of
CSF SI was more difficult. This meant that SI ratios could not
be consistently performed at the same location. In addition to
patient size, age plays a role in the appearance of sulci (26). The
small sample size prohibited investigating the influence of size,
body weight, skull morphology, and age on the appearance of
CSF spaces (26, 27). Hyperintensity of the peripheral CSF spaces
has also been reported to be associated with propofol anesthesia
in one study (10). However, this is controversial as a different
publication observed CSF hyperintensity with high FiO, both
with and without propofol anesthesia (11). In our study, all
patients received propofol, but hyperintensity of the peripheral
CSF spaces was only associated with high FiO,.

In conclusion, high FiO, during MRI examination has been
shown to result in hyperintense peripheral CSF spaces on T2w-
FLAIR images in dogs and cats. In veterinary medicine where
patients undergo general anesthesia during MRI examinations,
this finding is of major importance for the evaluation of external
CSF spaces and correct identification of pathological conditions.
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Computed Tomography and
Magnetic Resonance Imaging
Are Equivalent in Mensuration
and Similarly Inaccurate in Grade
and Type Predictability of Canine
Intracranial Gliomas

Krystina L. Stadler*, Jeffrey D. Ruth, Theresa E. Pancotto, Stephen R. Werre
and John H. Rossmeisl

Department of Small Animal Clinical Sciences, VA-MD College of Veterinary Medicine, Blacksburg, VA, United States

While magnetic resonance imaging (MRI) is the gold-standard imaging modality for
diagnosis of intracranial neoplasia, computed tomography (CT) remains commonly used
for diagnosis and therapeutic planning in veterinary medicine. Despite the routine use
of both imaging modalities, comparison of CT and MRI has not been described in the
canine patient. A retrospective study was performed to evaluate CT and MRI studies
of 15 dogs with histologically confirmed glioma. Multiple lesion measurements were
obtained, including two-dimensional and volumetric dimensions in pre-contrast and
post-contrast images. Similar measurement techniques were compared between CT
and MRI. The glioma type (astrocytoma or oligodendroglioma) and grade (high or low)
were predicted on CT and MRI independently. With the exception of the comparison
between CT pre-contrast volume to T2-weighted MRI volume, no other statistical differ-
ences between CT and MRI measurements were identified. Overall accuracy for tumor
grade (high or low) was 46.7 and 53.3% for CT and MRI, respectively. For predicted
tumor type, accuracy of CT was 53.3% and MRI and MRI 60%. Based on the results of
this study, both CT and MRI contrast measurement techniques are considered equiva-
lent options for lesion mensuration. Given the low-to-moderate predictability of CT and
MRI in glioma diagnosis, histopathology remains necessary for accurate diagnosis of
canine brain tumors.

Keywords: brain tumor, computed tomography, magnetic resonance imaging, canine, glioma, neuroimaging,
neurooncology

INTRODUCTION

Magnetic resonance imaging (MRI) is the gold-standard imaging modality for diagnosis of intracra-
nial neoplasia. Prior to MRI, computed tomography (CT) was considered the gold-standard imaging
modality for intra-axial lesions. Following the adoption of MRI as the diagnostic modality of choice
in human and veterinary medicine for intracranial disease, the comparison of diagnostic findings

Abbreviations: CT, computed tomography; MRI, magnetic resonance imaging; 2D, two-dimensional; 3D, three-dimensional;
PACS, picture archiving and communication system; T1W, T1-weighted; T2W, T2-weighted; VA-MD VTH, Virginia-Maryland
Veterinary Teaching Hospital; WHO, World Health Organization.
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CT and MRI'in Canine Gliomas

and predictability between CT and MRI has been minimally
explored in the literature. To the authors’ knowledge, only one
study compares CT and MRI in diagnosing intra-axial gliomas
(1). This study compared CT to MRI in its accuracy to detect
histological tumor margins in experimentally induced gliomas
in a canine model. It found that MRI was superior to CT in
tumor margin detection and MRI with gadolinium contrast
superior to non-contrast MRI and CT. The remaining literature
available in human medicine compares CT to MRI in diagnosis
of intracranial metastases, midline tumors, and meningiomas
(2-4). Conclusions within these studies vary, with one conclud-
ing neither CT nor MRI was superior and the others finding MRI
to be superior.

In veterinary medicine, MRI is the imaging modality of
choice for diagnosis of intracranial lesions. CT, however, is more
widely available than MRI in and is often used for radiation
therapy planning for treatment of solitary intra-axial neoplasia
(5) or stereotactic biopsy (6, 7) and remains the diagnostic
modality of choice when MRI is not available. In addition, CT
is often preferred for imaging of the extra-calvarial lesions of the
head, in which concurrent intra-axial lesions may be detected.
Given the continued use of CT as a sole or adjunct imaging
modality in patients with brain tumors, the specific aims of the
study were to compare lesion mensuration and predictability of
tumor type and grade between CT and MRI in canine patients
with histologically confirmed gliomas.

MATERIALS AND METHODS

Retrospective review of the Virginia-Maryland Veterinary
Teaching Hospital's (VA-MD VTH) Picture Archiving and
Communications system (PACS) and medical records were
performed for client-owned canine patients with a histopatho-
logically confirmed solitary intra-axial glioma and an MRI
and CT of the brain performed within 1 month of each other.
Histopathological diagnosis was performed according to World
Health Organization (WHO) criteria (8, 9) by anatomic patholo-
gists with a focus on neuropathology. Patients were not included
in if the imaging studies did not include contrast administration.
If beam-hardening artifact was present on the CT images at the
area of interest due to the presence of stereotactic or therapeutic
device, the patient was not included in the study. As convention
at our institution for post-contrast CT images, patients received
iopromide (370 mgl/ml, Ultravist®) at a dose of 0.45 ml/kg
(814 mgl/kg). For post-contrast MRI performed at VA-MD VTH,
all patients received gadopentetate dimeglumine (0.5 mmol/ml,
Magnevist®) at a dose of 0.2 ml/kg.

All images were anonymized for blinded image review using a
4-digit number generated by a random number generator (http://
random.org). The CT and MRI study for the same patient had
a different randomized number. CT images were reviewed first,
and at least 2 weeks apart from MRI images. The thinnest slice
CT pre- and post-contrast and T1-weighted (T1W) pre- and
post-contrast and T2-weighted (T2W) images, all transverse,
were available for review. All images were reviewed on an external
workstation (OsiriX v8.5.1). The images were reviewed indepen-
dently by three reviewers; two radiologists (Jeffrey D. Ruth and
Krystina L. Stadler) and one neurologist (Theresa E. Pancotto).
The reviewers were aware that all patients had histological
confirmation of glioma but were blinded to type and grade.

Based on diagnostic imaging findings previously published
for predicting grade and glial tumor type in veterinary medicine
(10-12), reviewers predicted the grade (high or low) and glial
tumor type (astrocytoma vs. oligodendroglioma) of each lesion
on CT and MRI images independent of the imaging modality.
Accuracy of predicting the lesion grade and type on CT and
MRI compared to histopathological diagnosis was performed
using the majority agreement based on the three reviewers
(Krystina L. Stadler, Theresa E. Pancotto, and Jeftrey D. Ruth, >2
out of 3 agreed). In addition, agreement between CT and MRI
tumor grade and type independent of histopathology diagnosis
was assessed.

The mensurations performed on CT and MRI on the intra-
axial lesions are detailed in Table 1 and Figures 1 and 2. The
two-dimensional (2D) contrast enhancement measurement was
obtained using the post-contrast CT and MRI transverse images
by the 2D Macdonald method (13-15), involving continuous
length X height dimension of contrast enhancement at the level
of the greatest tumor contrast enhancement and diameter. For
volumetric measurements, a free drawn region of interest was
drawn on each slice surrounding the lesion and compute volume
tool on OsiriX was used. T2 and T1 post-contrast volumetric
measurements were performed similar to previous described
methods (14-20). Volumetric measurements of T2 images
included all continuous T2 hyperintensity surrounding the lesion
(peritumoral edema). T1 pre-contrast volumetric measurements
did not include perilesion T1 hypointesity (peritumoral edema).
A zero measurement was assigned if no measurement could be
performed either because the lesion was not identified or the
desired measurement could not be obtained. Viewer measure-
ments were averaged between the observers and statistical
analysis of this data performed.

For statistical analysis of acquired measurements, CT pre-
contrast volume was compared to CT post-contrast volume,

TABLE 1 | Summary of measurements performed on available imaging sequences.

Computed tomography  CT post-contrast T1-weighted (T1W) T1W post-contrast T2-weighted
(CT) pre-contrast transverse pre-contrast (T2W)
Two-dimensional (2D) contrast dimensions 2D contrast dimensions
Total lesion volume (cm?) Total lesion volume (cmd) Total lesion volume (cm?®) Total lesion volume (cm?®) Total T2W
hyperintense
volume (cm?)

Volume of contrast enhancing (CE) region only (cm®)
Volume of non-CE region only (cm?®)

Volume of CE region only (cm?)
Volume of non-CE region only (cm?)
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FIGURE 1 | Computed tomography (CT) images from 6 year-old female spayed French bulldog with histological high-grade astrocytoma in the dorsal cerebrum
at the level of the interthalamic adhesion. This lesion was diagnosed on CT as high grade (3/3 reviewers) and an oligodendroglioma (2/3). Panels (A,D) represent
pre-contrast images. The red outline on image (D) represents the hand-drawn region of interest (ROI) for volume calculation. Panels (B,C,E,F) are post-contrast

images. The two lines on image (E) represent the two-dimensional McDonald method of lesion measurement. The red outline on image (F) represents the
hand-drawn ROl for total lesion volume. The green outline represents non-contrast enhancing (CE) lesion volume and the space between the two outlines
represents the ROI for CE lesion only. (Images displayed with a window width: 350, Window level: 40.)

FIGURE 2 | Magnetic resonance imaging (MRI) images from the same patient from Figure 1 with histological high-grade astrocytoma. This mass was diagnosed
on MRl as high grade (3/3 reviewers) and an astrocytoma (2/3). Panels (A,E) represent pre-contrast T1-weighted (T1W) images. The red outline on image

(E) represents the hand-drawn region of interest (ROI) for volume calculation. Panels (B,C,F,G) are T1W post-contrast images. The two lines on image

(F) represent the two-dimensional McDonald method of lesion measurement. The red outline on image (G) represents the hand-drawn ROI for total

lesion volume. The green outline represents non-contrast enhancing (CE) lesion volume and the space between the two outlines represents the ROI

for CE lesion only. Panels (D,H) are T2-weighted pre-contrast images. The red outline on image (H) represents T2 hyperintense volume.

T1W pre-contrast volume and T2W pre-contrast volume inde-
pendently. CT 2D contrast dimensions were compared to MRI
2D contrast dimensions. CT post-contrast measurements of
contrast enhancing (CE) total volume, CE portion only volume,

and non-CE volume were compared independently with their
respective MRI T1W post-contrast measurements. Normal
probability plots showed that CT contrast-enhanced total volume
compared to T1W post-contrast total volume, CT pre-contrast
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total volume compared to T2W post total volume, CT CE
volume only compared to MRI CE volume only measurements
were skewed. Accordingly, these were summarized as medians.
CT pre-contrast volume compared to TIW pre-contrast volume
and compared to T2W volume measurements followed a normal
distribution and were summarized as least squares means (SE).
Comparisons of interest between measurements were made
using the Wilcoxon signed rank test (CT no contrast volume
to CT with contrast volume, CT 2D to MRI 2D, CT contrast
volume to TIW plus contrast volume, CT pre-contrast volume
to TIW pre-contrast volume) and mixed model analysis of vari-
ance followed by Tukey’s procedure for multiple comparisons
(CT pre-contrast volume to TIW pre-contrast volume to T2W
pre-contrast volume). Statistical significance was set at p < 0.05.
All analyses were performed using SAS version 9.4 (Cary, NC,
USA).

RESULTS

A total of 15 dogs fit the inclusion criteria. Breeds included
mixed breed dog (n = 4), Boston terrier (3), Boxer (2), miniature
Schnauzer, Golden retriever, Dachshund, English bulldog, French
bulldog, and Labrador retriever (1 each). The average patient age
was 8.3 years (range: 6-13 years). Ten were spayed females and
five were castrated males. The average patient weight was 21.6 kg
(range: 7.6-44.2 kg).

One of the 15 dogs did not have a pre-contrast CT; this dog was
excluded from comparisons involving pre-contrast CT images.
All CT examinations were performed at VA-MD veterinary
teaching hospital using the in-house 16-slice CT scanner (Toshiba
Aquillon 16, Japan). The location of the MRI scan varied with 5
patients having the MRI performed in-hospital (1.5 T Phillips
Intera, USA), 10 performed at various referral institutions (1 with
a2 0.2-T MRI, 1 with a 1-T MRI, and 8 with a 1.5-T MRI). All CT
images were evaluated at 1-mm slice thickness. MRI slice thick-
ness varied with a range from 3.0 to 5.0 mm.

Histopathological diagnosis was achieved by stereotactic
biopsy in 11 dogs and necropsy in 4 dogs. On histopathology,
10 gliomas were identified as high grade (WHO grade III or
IV) and 5 were identified as low grade (WHO grade II). Eleven
astrocytomas and four oligodendrogliomas were identified; of
these eight astrocytomas and two oligodendrogliomas were
high grade and three astrocytomas and two oligodendrogliomas
were low grade. On imaging, all three observers agreed on the
same grade in 9/15 (60%) of patients for CT and 8/15 (53.3%)
patients for MRI. Comparing predicted tumor grade (either by
2/3 observer agreement or when all observers agreed), CT had
an overall accuracy of 46.7% (7/15) and MRI had an overall
accuracy of 53.3% (8/15). When comparing CT predicted grade
to MRI predicted grade, agreement was seen in 9/15 cases (60%).
In cases where CT and MRI diagnosis agreed, accuracy between
histopathological grades was 44.4% (4/9). Sensitivity, specific-
ity, positive predictive value (PPV), and negative predictive
value (NPV) for high and low grade for both CT and MRI are
detailed in Tables 2 and 3, respectively. Contrast enhancement
volume only between CT and MRI and histopathological grade
is detailed in Table 4.

TABLE 2 | Sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) for computed tomography (CT) glioma grading.

CT grade Sensitivity (%) Specificity (%) PPV (%) NPV (%)
High 60 20 60 20
Low 20 60 25 60

TABLE 3 | Sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) for magnetic resonance imaging (MRI) glioma grading.

MRIgrade  Sensitivity (%)  Specificity (%) PPV (%) NPV (%)
High 60 40 67 33
Low 33 33 40 60

TABLE 4 | Contrast enhancing (CE) tumor volume for high- and low-grade
gliomas on computed tomography (CT) and magnetic resonance imaging (MRI).

Tumor CT-average CE CT SD MRI-average CE MRI-SD
grade volume cm? (range) volume cm?® (range)

Low 1.13(0.15-2.79) 0.35 1.44 (0.2-3.22) 1.5
High 2.4 (0-5.27) 2.49 2.13(0.8-3.08) 2.05

TABLE 5 | Sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) for computed tomography (CT) glioma type prediction.

CT diagnosis Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Oligodendroglioma NA 45.5 33.3 NA
Astrocytoma 45.5 NA NA 33.3

TABLE 6 | Sensitivity, specificity, positive predictive value (PPV), and negative
predictive value (NPV) for magnetic resonance imaging (MRI) glioma type
prediction.

MRI diagnosis Sensitivity (%) Specificity (%) PPV (%) NPV (%)
Oligodendroglioma 66.7 36.4 33.3 87.5
Astrocytoma 63.6 66.7 87.5 66.7

All tumors were identified as intra-axial, except for one
which was identified by all three reviewers as extra-axial and
was histologically confirmed to be an optic chiasm astrocy-
toma. For type of glioma, all three observers agreed in 6/15
(40%) patients for CT and 4/15 (26.7%) patients for MRI. Using
predicted tumor type, either majority or unanimous observer
agreement, CT had an accuracy of 53.3% (8/15) and MRI an
accuracy of 60% (9/15). When comparing CT predicted tumor
type to MRI predicted tumor type, agreement was seen in 11/15
cases (73.3%). In cases where CT and MRI tumor type agreed,
accuracy (sensitivity) between histopathology was 54.5%
(6/11), specificity for this group was also 54.5%. Sensitivity,
specificity, PPV, and NPV for glioma type for both CT and
MRI are detailed in Tables 5 and 6, respectively. For these
analyses, the MRI diagnosed extra-axial tumor was removed
from the study population. Since no tumors were misclassified
as astrocytomas on CT and diagnosed as oligodendrogliomas
on histopathology, the CT specificity and PPV for astrocytoma
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and sensitivity and NPV for oligodendroglioma could not be
calculated.

The averages, median, range, SD, and variation coeflicient
for CT and MRI measurements are detailed in Tables 7 and 8,
respectively. On CT, at least one reviewer could not identify the
lesion for mensuration pre- or post-contrast in the same two
cases and therefore a 0 was assigned. On MRI, the lesion could
not be identified on T1 pre-contrast images on two patients,
both of which had lesions identified and measured on post-
contrast images. Four masses were uniformly CE and thus a
measurement of a non-CE volume could not be performed. In
one patient with a small (0.4 cm® T1 + C lesion), one reviewer
was unable to measure two dimensions and therefore recorded
0 and the other two had a small 2D measurement (0.5 cm?).
The comparisons acquired, the statistical test used, the statisti-
cal test SD, and p-value are highlighted in Table 9. The only
statistically significant comparison was the CT pre-contrast
volume compared to T2W volume.

DISCUSSION

To the author’s knowledge, this is the first report detailing the
application of previously described imaging characteristics of
canine glioma to predict tumor types and grades. Compared
to human medicine, our ability to predict glioma grade in dogs
based on imaging characteristics was low. In human medicine,
reports have discussed predictability of tumor grade on con-
ventional MRI images with accuracy widely varying between
studies from 65 to 94% (21-23). Law et al. (22) looked at the

TABLE 7 | Summary of median measurement, range, SD, and variation
coefficient for computed tomography (CT) measurements.

CT measurement Median Range SD Variation
coefficient
Two-dimensional (2D) (cm2) 1.62 0-6 0.79 0.63
CT pre-contrast volume (cmq) 2.3 0-9.88 1.9 1.68
CT post-contrast volume (cm?) 2.05 0-10.18 1 0.53
CT post-contrast contrast enhancing 1.15 0-7.18 0.64 0.37
(CE) volume (cmq) only
CT post-contrast non-CE volume only 0.53 0-6.5 0.43 0.5

sensitivity, specificity, PPV, and NPV for predicting high-grade
gliomas with conventional MRI and found it to be 72.5, 65, 86.1,
and 44.1%, respectively. These values are greater than found with
our data in dogs with high-grade gliomas on both CT and MRI.
An additional human study (24) found that for low-grade astrocy-
tomas, a 50% false positive rate was observed on MRI in predicting
grade. This finding is similar to our data for high-grade gliomas,
and less than what this study found with low-grade gliomas for
both MRI and CT. One possible reason is the observer subjectivity
with respect to the degree of contrast enhancement as it correlates
to high-grade gliomas. However, subjective criteria detailed in pre-
vious veterinary literature were used for this study (12). Although
objective methods of contrast enhancement quantification have
been described in humans, they have not been evaluated in vet-
erinary medicine (19). One study in dogs reported the presence of
contrast enhancement as being significantly associated with high-
grade compared to low-grade gliomas (10). An additional study
found the absence of or mild contrast enhancement significantly
correlated low-grade gliomas (11). In our study, only one tumor
failed to have any contrast enhancement on CT and was diag-
nosed unanimously as a low-grade tumor both on CT and MRI.
Interestingly, this lesion was a high-grade glioma on histopathol-
ogy. When evaluating quantitative CE volumes between low- and
high-grade tumors (Table 3), a large overlap exists between both
low- and high-grade gliomas. This finding supports those of the
previously reported veterinary literature (10, 11) and suggests that
subjective degree and volume mensuration of contrast enhance-
ment may not correlate with histopathological grade.

Most literature in human medicine regarding imaging pre-
dictability of gliomas is focused on glioma grade and not type.
One report found that conventional MRI sequences were able to
correctly differentiate 80.6-83.3% of grade II-IV astrocytomas
(21). Another study, comparing primary intra-axial tumors had
an accuracy of 94% (23). Results of these studies are both greater
than the overall accuracy reported here using CT, MRI, or both
modalities. As mentioned in previous veterinary reports (10, 11),
overlap and redundancy of findings are noted between tumor

TABLE 9 | Computed tomography (CT) to magnetic resonance imaging (MRI)
comparisons, statistical test used, and p-value.

Comparison Statistical test p-Value
CT pre-contrast volume to Wilcoxon signed rank 0.86
TABLE 8 | Summary of median measurement, range, and SD for magnetic CT post-contrast volume
resonance imaging (MRI) measurements. Post-contrast: two-dimensional Wilcoxon signed rank 0.65
MRI measurement Median Range SD Variation CT to T1-weighted (T1W) MR
coefficient Post-contrast: CT to TIW MR Wilcoxon signed rank 0.56
contrast enhancing (CE) volume only
-di i 2 —
Two d|men§|onal (om?) 1.61 0-7.2 1.03 0.58 Post-contrast: CT to T1W non-CE Wilcoxon signed rank 0.1970
MRI T1-weighted (T1W) 3.22 0-11.3 0.3 0.3
volume only
pre-contrast volume (cm®)
MRI T2-weighted 5.13 0.07-13.41 0.81 0.19 CT pre-contrast volume to Mixed model ANOVA 0.41
contrast volume (cm?) T1W pre-contrast volume
MRI T1W post-contrast 26 0.19-10.08 0.87 0.32 CT pre-contrast volume to Mixed model ANOVA 0.03
volume (cmd) T2-weighted (T2W) volume
MR T1W post-contrast contrast 1.36 0-9.28 085 0.48 T1W pre-contrast volume to Mixed model ANOVA 0.35
enhancing (CE) volume only (cm?®) TOW volume
MRI T1W post-contrast 1.02 0-4.06 042 0.5
non-CE volume only The bold font indicates statistical significance.
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types and likely the cause of low-to-moderate tumor type predict-
ability in our study. Potentially also impacting our predictability
for grade and glioma type was using a majority agreement
between reviewers, in comparison to a solitary reviewer to pre-
dict diagnosis. This type of agreement is similar to what occurs
in our hospital on clinical cases.

To the authors’ knowledge, comparison of mensuration of
gliomas using CT and MRI has not been previously described
in dogs. Both contrast-enhanced 2D measurements and three-
dimensional (3D) volume measurements are described in
measurement techniques for clinical trial monitoring of intra-
axial tumors (14). In human literature, comparison of 2D to 3D
volumetric measurements in terms of therapeutic response has
been found to perform similarly (20, 25). No current consensus
on glioma mensuration in veterinary medicine exists; however,
using the same measurement technique between serial imaging
for evaluating response to therapy is recommended (15). Based
on the data from this study, no statistical significance exists
between CT and MRI when comparing similar measurement
techniques, with the exception of comparing CT pre-contrast
volume to T2W volume. This is likely due to the inclusion of
perilesional edema in the T2W measurements. For better com-
parison of CT post-contrast and T1W post-contrast to the pre-
contrast images, perilesional edema was not included in the
measurement. However, it is likely that a small amount of per-
ilesional edema was included within the pre-contrast volumetric
measurement given the delineation between edema and mass
was not consistently well defined. Despite the lack of perilesional
edema inclusion within the TIW pre-contrast images, no sta-
tistical difference was appreciated between T1 pre-contrast and
T2W volumetric measurements. To the authors’ knowledge, the
volumetric measurement of CT and T1W pre-contrast images
has not been described. Interestingly, in multiple cases on both
CT and MRI, at least one reviewer was unable to complete the
measurement, either due to lack of detection, mass shape, or
lack of heterogeneity (in the cause of CE vs. non-CE volume).
On CT, two gliomas were not visualized on post-contrast images
by at least one reviewer; however, all reviewers were able to
visualize and measure the glioma volume of the glioma on TIW
post-contrast images. Although not statistically significant, this
finding may argue for MRI a preferred imaging modality. In
addition, since the statistical findings support that CT and MRI
may be used interchangeably to measure gliomas; however, from
a clinical standpoint, maintaining the same imaging modality
to evaluate for therapeutic response, should be performed, if
possible (15).

Multiple limitations of this study exist. Since this study is
retrospective in nature, the timeframe between CT and MRI
could not be closely controlled, however, was specified in
the inclusion criteria. Given that no significant differences
in the majority of the mensuration parameters existed between
the two modalities, the specified timeframe between studies
likely did not affect the outcome. The majority of this study’s
histopathological diagnoses were achieved via stereotactic bio-
psy. Variable reliability of histological grading of stereotactic

biopsy has been reported in human medicine (26, 27). Thus,
it may be possible that some of the gliomas included in this
study were erroneously graded and therefore contributing
to the lower predictability of this study in comparison to
human studies that used excisional biopsies for histopathology.
An additional limitation is the relatively small sample size
included in this study, largely due to overall disease prevalence,
and requirements for both histopathological tumor confirma-
tion and performance of contemporaneous CT and MRI imaging
studies.

In conclusion, the results of this study suggest that both
conventional CT and MRI have a low-to-moderate ability to
predict types and grades of canine gliomas, and that histological
evaluation is necessary for accurate diagnosis of canine brain
tumors. Based on the results of this study for conventionally used
contrast-enhanced measurement techniques, CT and MRI have
no significant difference and thus both are considered reasonable
options for tumor mensuration. Further studies are required
to determine if the discriminatory abilities of CT and MRI are
improved with the addition of techniques such as dynamic
contrast-enhanced imaging, diffusion-weighted imaging, or MR
spectroscopy and to assess if significant difference exists between
the modalities for assessment of therapeutic response.
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Non-invasive nuclear imaging by positron emission tomography and single photon emis-
sion computed tomography has significantly contributed to epileptic focus localization
in human neurology for several decades now. Offering functional insight into brain alter-
ations, it is also of particular relevance for epilepsy research. Access to these techniques
for veterinary medicine is becoming more and more relevant and has already resulted
in first studies in canine patients. In view of the substantial proportion of drug-refractory
epileptic dogs and cats, image-guided epileptic focus localization will be a prerequisite
for selection of patients for surgical focus resection. Moreover, radiotracer imaging holds
potential for a better understanding of the pathophysiology of underlying epilepsy syn-
dromes as well as to forecast disease risk after epileptogenic brain insults. Importantly,
recent advances in epilepsy research demonstrate the suitability and value of several
novel radiotracers for non-invasive assessment of neuroinflammation, blood-brain
barrier alterations, and neurotransmitter systems. It is desirable that veterinary epilepsy
patients will also benefit from these promising developments in the medium term. This
paper reviews the current use of radiotracer imaging in the veterinary epilepsy patient
and suggests possible future directions for the technique.

Keywords: positron emission tomography, single photon emission computed tomography, imaging, epilepsy,
biomarker, positron emission tomography, single photon emission computed tomography

INTRODUCTION

Molecular radiotracer imaging, including positron emission tomography (PET) and single photon
emission computed tomography (SPECT), holds a tremendous potential for diagnostics of brain
changes. These methods provide functional insight into the brain, which is difficult to assess by
non-invasive techniques. Following injection of a radiolabeled compound, uptake and regional
distribution in the brain is three-dimensionally visualized by a PET or SPECT camera based on
radioactive decay detection. In addition to radioisotope imaging, up-to-date clinical scanning
systems are equipped with fully functional computed tomography (CT). Very recently, integrated
magnetic resonance imaging (MRI) components for anatomical co-registration are available. These
advances make particularly PET/CT or PET/MRI in combination with various novel radiotrac-
ers very promising imaging techniques for evaluation of neurological diseases. Despite the use of
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radiotracer imaging in human patients for some decades, this
imaging modality is only rarely used in clinical veterinary neu-
rology. This is owing to some practical limitations. Due to high
cost and radiosafety requirements, PET or SPECT scanners are
usually not available in veterinary practices or clinics (1). Usually,
only by collaboration with nuclear medicine specialists for human
patients, can these techniques be made available for veterinary
patients. Clinically used radiotracers have a half-life of minutes
to hours and are injected only in nano- to pico-molar concentra-
tions making pharmacological side effects usually negligible.
Still, injection of radioisotopes may require hospitalization under
a radiosafety regime. Particularly some PET radiotracers with
a half-life only up to about 1 h require onsite radiochemistry,
often including instant isotope production using a cyclotron.
These limitations have led to enormous efforts of radiochemistry
research to label PET tracers with fluorine-18 with a half-life of
almost 2 h, making delivery from central production sites to
imaging centers possible. In spite of these restrictions, the use
of radiotracer imaging in veterinary medicine, particularly in
veterinary oncology, has increased during the last years. This
increase is mostly driven by more individualized tumor diagnos-
tics and treatments (2, 3). In this area, F-18-fluoro-deoxy-glucose
(F-18-FDG@) is, in analogy to human patients, the most successful
radiotracer. F-18-FDG is a radiolabeled glucose analog which is
taken up and trapped in metabolically active cells. This feature
makes it very useful not only for localization of peripheral and
CNS tumors and its metastases but also for measurement of
epilepsy-associated altered regional brain activity. In addition to
F-18-FDG, in human clinical practice, more and more radiotrac-
ers are available targeting, e.g., brain perfusion, neuroreceptor
density, brain inflammation, or the burden of amyloid beta in
patients with Alzheimer’s disease.

ROLE OF RADIOTRACER IMAGING IN
HUMAN EPILEPSY

Preliminary findings with newer radiotracers in human epilepsy
patients suggest their future potential for disease evaluation
and elucidation of pathophysiological mechanisms. However,
the clinical application of radiotracer imaging as yet lies mainly
on presurgical evaluation of pharmacoresistant patients being
considered for focus resection. In these individuals, representing
around one-third of epilepsy patients (4), PET and SPECT can be
helpful non-invasive tools for identifying the epileptogenic zone.
They are of particular value for drug-refractory patients with
no structural alterations in MRI, with multifocal MRI-positive
lesions which cannot all be assigned to the epileptic focus, or with
inconclusive video-electroencephalogram (EEG) monitoring
findings (5, 6).

Radiotracers typically used for this purpose target either
brain blood perfusion [e.g., Tc-99m-hexamethyl propylenea-
mine oxime (Tc-99m-HMPAO) SPECT], metabolic pathways,
especially glucose metabolism (F-18-FDG PET), or, occa-
sionally, neurotransmitter receptors [e.g., C-11-flumazenil
(C-11-FMZ) PET]. Hitherto, F-18-FDG is the most commonly
applied tracer for detection of the epileptic focus region and is
of high sensitivity particularly in patients with temporal lobe

epilepsy (up to 90% sensitivity) (7-9). F-18-FDG PET is usually
performed in the seizure-free interval (interictal PET) and aims
at identifying brain regions with decreased glucometabolism,
being considered to partially reflect, among other factors,
reduced synaptic activity (10). F-18-FDG PET can also deliver
information about disease severity and progression. In this
regard, it has been shown in children with intractable epilepsy
that the extent of the hypometabolic brain area can be indicative
of the seizure burden, i.e., it grows in size with increasing sei-
zure frequency and vice versa (11). Further, F-18-FDG PET can
be indicative for occurrence of memory impairment (12, 13)
as well as provide prognostic information on seizure freedom
after surgery (14).

While most radiotracers targeting metabolic pathways or
brain perfusion need an accumulation time much longer than
the duration of a single seizure, Tc-99m-HMPAO SPECT, due
to the high first-pass uptake of the radiotracer, can be applied
during seizure activity (ictal SPECT). Furthermore, the radioac-
tive half-life of Tc-99m of about 6 h enables a stand-by avail-
ability of the radiotracer in a video-EEG monitoring unit. To
enable diagnostic success, an established setup of continuous
video-EEG monitoring for immediate seizure detection of the
respective patient and continuous access to the radiotracer for
prompt injection immediately after seizure onset is mandatory.
As Tc-99m-HMPAO accumulates in areas with high blood flow,
the hyperperfused seizure focus displays a distinct increase
in tracer signal. Ictal SPECT is associated with a correct focus
detection in most patients with temporal lobe epilepsy (>80%
sensitivity) (15, 16). In case of additionally performed interictal
Tc-99m-HMPAO SPECT, the probability for detecting the seizure
focus may increase by applying SISCOM analysis, i.e., subtracting
interictal SPECT images from the ictal images and displaying the
results on co-registered MR images (5, 17).

Diagnostic evaluation for identifying increased or decreased
regional tracer uptake is usually performed by nuclear medicine
physicians together with neurologists primarily by visual analysis.
In principal, every brain region can be affected, directly but also
as a consequence of diaschisis, i.e., secondary functional lesions
in brain areas influenced by the primary affected brain region.
Regions frequently affected in temporal lobe epilepsy patients
include ipsilateral hippocampus, amygdala, thalamus, frontal
cortex, and insula (17). Other methods of data evaluation like
statistical parametric mapping analysis are not common in cur-
rent clinical routine, yet can significantly increase the diagnostic
sensitivity of combined ictal-interictal Tc-99m-HMPAO SPECT
(17, 18).

CURRENT STATE IN VETERINARY
MEDICINE

For several years now, F-18-FDG PET/CT is increasingly used
also in veterinary oncology (2, 19). Initial reports indicate that
F-18-FDG PET may indeed be useful for localization of brain
tumors in dogs (20, 21). Brain tumors are one common MRI-
positive cause of structural epilepsy in dogs (22) as well as in
human patients (23). In addition, F-18-FDG brain reference data
in healthy Beagles have been provided (24).
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Neuro-nuclear imaging in dogs and cats may also serve to
identify an epileptic focus in MRI-negative epilepsy. Currently,
PET or SPECT are barely used for this purpose in veterinary
medicine. Nonetheless, joint efforts in Finland have led to two
recent publications supporting that F-18-FDG PET for identifi-
cation of the epileptic focus region is translatable to veterinary
patients. In juvenile Lagotto Romagnolo dogs with focal-onset
epilepsy, Jokinen and colleagues identified regions with reduced
glucose metabolism in cortical brain regions associated with EEG
abnormalities (25). Figure 1 shows an interictal F-18-FDG PET
image taken from this study displaying glucose hypometabolism
in the left temporal lobe. A second study performed by the same
group prospectively evaluated adult Finnish Spitz dogs with focal
idiopathic epilepsy by EEG and F-18-FDG and found abnormali-
ties by visual analysis in 9/11 dogs with occipital cortex findings
most consistent with the epileptic status (26). Although changes
in F-18-FDG uptake were also detected by this method in part
of the controls of the investigated breed, quantification on group
level resulted in statistically significant lower uptake values in
epileptic dogs in the hippocampus, cortical regions, and the
cerebellum. Considerably, in this regard, PET imaging data have
been reported to be of higher diagnostic sensitivity than visual
analysis of EEG recording (26). Preferably, further prospective
studies with larger group sizes will confirm these findings and
evaluate whether they are representative also for other breeds. Of
course, studies in epileptic cats are also desirable.

Assessment of brain perfusion by SPECT was first investigated
in healthy dogs more than 15 years ago using the Tc-99m-ethyl
cysteinate dimer (Tc-99m-ECD) (27). More recently, interictal
Tc-99m-ECD SPECT/CT was also explored in dogs with idi-
opathic epilepsy, reporting hypoperfusion restricted to subcorti-
cal areas of epileptic dogs (28). Subsequently, the same group
was able to further differentiate subcortical brain regions in
healthy dogs, including hippocampus, thalamus, and striatum,
using a high resolution SPECT scanner, but did not yet apply
this technique to veterinary epilepsy patients (29). Certainly, one
has to keep in mind that interictal perfusion SPECT is distinctly
less sensitive for seizure focus identification compared to ictal

@

FIGURE 1 | Coronal and horizontal F-18-fluoro-deoxy-glucose positron
emission tomography (PET) images from a 10.5-week-old puppy with juvenile
epilepsy showing an area of hypometabolism in the left temporal lobe,
indicated by the cross localizers. The hot scale represents radioactivity
concentration (kBg/ml) [taken from Ref (25), permission from the copyright
holder has been obtained)].

perfusion SPECT (16, 18). Due to the logistic requirements for
ictal perfusion SPECT, particularly the availability of a video-EEG
monitoring unit in proximity to the scanner, however, this tech-
nique has obvious limitations for clinical routine in veterinary
neurology. Nonetheless, recent progress in developing devices for
non-invasive video-EEG recording (30) or seizure-alert systems
based on invasive EEG recording in dogs (31, 32) might pave the
way for such efforts in the close future. Ideally, future ictal perfu-
sion SPECT studies would include the clinically more relevant
perfusion tracer Tc-99m-HMPAO.

In contrast to human medicine, imaging procedure in veteri-
nary epilepsy patients requires consideration of several distinctive
features. First, anesthesia necessary to achieve immobility of the
subject for neuroimaging can considerably influence functional
brainimagingresults (33, 34). Another impact factor is the chronic
anti-seizure medication in epilepsy patients. Indeed, phenobar-
bital, which still represents the most widely applied anti-seizure
drug in dogs and cats, seems to reduce brain glucometabolism
and hereby also F-18-FDG PET signal in human epilepsy patients
(35). A further factor in veterinary medicine is variation in brain
and skull anatomy and size of different dog and cat breeds (36, 37)
hampering application of reference PET, SPECT, or MRI brain
templates for image analysis. In consequence, for reliable image
interpretation establishing diverse sets of reference images for
different breeds will presumably be necessary.

FUTURE DIRECTIONS

Nuclear imaging is currently experiencing broad application to
help filling several gaps in epilepsy research: (i) to elucidate the
pathophysiological processes underlying epilepsy development
and disease progression (38, 39), (ii) to identify predictive bio-
markers for stratification of individuals with high risk of disease
development after epileptogenic brain insults (38, 40), and (iii) to
identify mechanisms of drug resistance (41).

Lasting seizure burden despite state-of-the-art anti-seizure
pharmacotherapy remains a serious problem also in epileptic
dogs (42, 43). Interest in establishing epilepsy surgery in phar-
macoresistant cats and dogs will probably grow. As in human
patients, surgical resection of the epileptic focus region may
be advantageous in veterinary patients for achieving seizure
freedom or control in carefully chosen refractory individuals.
For selection of appropriate epilepsy surgery candidates, proper
presurgical evaluation needs to be established. MRI is already
widely used as a reliable technique to identify brain abnormali-
ties in epileptic companion animals (44). However, in epilepsy
cases with negative MRI, application of nuclear imaging, e.g.,
F-18-FDG PET or Tc-99m-HMPAO SPECT, has a significant
potential to provide the necessary data for epileptic focus locali-
zation also in animals.

Besides its established benefit for presurgical patient evalu-
ation, neuroimaging of glucose metabolism might also provide
hints for ongoing epileptogenesis before clinical seizures occur.
In addition, it might offer information on the brain regions
involved in epilepsy development and progression. Meanwhile,
a whole batch of F-18-FDG PET studies performed in several
rodent models of epileptogenesis shows that glucose metabolism
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decreases in brain regions associated with epilepsy development
already during the latency phase, i.e., the time period between
the epileptogenic insult and the first clinical seizure (45-48). In
combination with other markers, F-18-FDG PET might, there-
fore, also serve as a prognostic biomarker for an increased risk
to develop epilepsy, which is investigated in ongoing studies. An
attempt to use F-18-FDG PET as a marker to predict the epileptic
outcome in rats showed indeed promising preliminary results
(47), but further studies in larger animal groups will be needed
to confirm this approach.

An emerging field in epilepsy research is assessment of neu-
roinflammation as a process present during epileptogenesis as
well as in chronic epilepsy (41). Particularly, radioligands of the
so-called translocator protein (TSPO; also known as peripheral
benzodiazepine receptor) can be utilized to visualize activated
microglia, and to a lesser extent, of reactive astrocytes (49). In
animal models of epileptogenesis and chronic epilepsy, various
radiolabeled TSPO ligands have been evaluated. The newest-gen-
eration ligand F-18-GE180 is characterized by a favorable signal-
to-noise ratio across species (50). Data gained by F-18-GE180
PET in a rat model of epileptogenesis demonstrates the suitability
of TSPO PET to reveal the time course of neuroinflammation
during epilepsy development and to identify brain regions
involved in this process (51). Further, TSPO PET at disease onset
with a different ligand (F-18-PBR111) has recently been shown
to have potential of predicting the frequency of later spontaneous
recurrent seizures in rats (52). In chronic epileptic rats, increased
TSPO signal was found in phenobarbital-unresponsive but not in
phenobarbital-responsive individuals, suggesting that TSPO PET
might also serve as an indirect marker for pharmacoresistance
(53). In parallel, studies in human patients support potential
value of TSPO PET for localizing the seizure focus (54, 55).

In close interaction with, or even as one relevant source of
neuroinflammation, increased permeability of the blood-brain
barrier (BBB) leading to extravasation of blood compounds like
albumin is considered to be another crucial factor for epilepsy
development (56). Extravasated albumin was found also in brain
tissue of human patients with chronic epilepsy (57), suggesting
that BBB leakage might also play a role in epilepsy maintenance
or progression. In vivo imaging approaches to visualize a leaky
BBB are based on detection of contrast agents or radiotracers
which do not cross the intact BBB. Contrast-enhanced MRI is an
established technique to diagnose BBB leakage after epileptogenic
insults (e.g., status epilepticus, stroke, or traumatic brain injury)
in rodents and human patients (58, 59), but SPECT and PET
using the radiotracers Tc-99m-diethylenetriaminepentaacetic
acid and Ga-68-DTPA have also been demonstrated suitable for
this purpose (58, 60, 61). While the application of gadolinium-
based MRI contrast agents is related with safety risks due to
compound accumulation in human brain and kidneys (62, 63),
administration of nuclear imaging tracers is considered to be safe.
Findings in animal models suggest that BBB leakage is highest in
brain regions which are also affected by microglial activation dur-
ing epileptogenesis (58, 59). The role of BBB leakage for epilepsy
development in canine and feline epilepsy and the applicability of
respective imaging techniques still remain to be assessed.

Nuclear imaging has also proven to be of some value for
identification of human drug-refractory epilepsy patients.

Drug-refractory epilepsy patients represent a large proportion of
patients in both human and veterinary medicine. One mecha-
nism attributed to drug refractoriness in epilepsy is overexpres-
sion of the efflux transporters like P-glycoprotein at the BBB,
which extrudes anti-seizure drugs back into the blood, therefore
resulting in sub-therapeutic drug levels at the site of the epileptic
focus (64). Increased P-glycoprotein expression as mechanism of
pharmacoresistance has also been suggested for canine patients
(65, 66). Both human and veterinary patients affected by this
mechanism might profit from alternatively being treated with
anti-seizure drugs not being extruded by P-glycoprotein, or with
transporter inhibitors or modulators (64, 67, 68). Prerequisite for
translation of such therapeutic approaches to the clinical situa-
tion would be a diagnostic tool for identification of individuals
with actual transporter overactivity. PET with the P-glycoprotein
substrate tracer C-11-verapamil was shown to identify increased
transporter function at the BBB in a post-status epilepticus model
in rodents (69). This preclinical setup was successfully translated
to drug-refractory human patients, demonstrating higher
P-glycoprotein activity in pharmacoresistant individuals (70).
Besides F-18-FDG PET, the GABA-A receptor ligand 11-C-
FMZ, and more recently also 18-F-FMZ, is more and more used
for epileptic focus localization (41). In human patients with
mesial temporal lobe epilepsy, F-18-FMZ PET can be even advan-
tageous over F-18-FDG as it can result in more circumscribed
visualization of altered temporal lobe areas like the hippocampus
(71, 72). Recent generation of other radiolabeled receptor ligands
like the NMDA glutamate receptor tracer F-18-GE179, will
allow to further assess the role of neurotransmitter systems in
epileptogenesis and chronic epilepsy (41). Various other ligands
targeting neurotransmitter systems including the serotonin,
dopamine, cannabinoid, opioid, or acetylcholine system have
been investigated in human epilepsy patients (41). Their potential
for canine and feline epilepsy patients still needs to be assessed.

CONCLUSION

Radiotracer imaging protocols for detecting abnormal glucose
metabolism and brain perfusion appear prospective tools for pre-
surgical evaluation of MRI-negative veterinary epilepsy patients
in the future. Growing access to nuclear imaging modalities and
recentadvances in video-EEG monitoring for seizure warning will
likely support this development. Evolution of diverse promising
radiotracers for epilepsy research, like TSPO and neuroreceptor
ligands, opens up new vistas for elucidating the pathophysiology
of epileptogenesis and for predicting the risk of disease develop-
ment in man, including realistic chances of being subsequently
translated to veterinary medicine.
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A Subset of Dogs with Presumptive
Idiopathic Epilepsy Show
Hippocampal Asymmetry:

A Volumetric Comparison with
Non-Epileptic Dogs Using MRI

Chelsie M. Estey’, Curtis W. Dewey'*, Mark Rishniw’, David M. Lin?, Jennifer Bouma?,
Joseph Sackman* and Erica Burkland’

" Department of Clinical Sciences, Cornell University Hospital for Animals, Ithaca, NY, United States, 2 Department of
Biomediical Sciences, Cornell University, Ithaca, NY, United States, ®Rochester Veterinary Specialists, Rochester, NY,
United States, #Long Island Veterinary Specialists, Plainview, NY, United States

MRI-acquired volumetric measurements from 100 dogs with presumptive idiopathic
epilepsy (IE) and 41 non-epileptic (non-IE) dogs were used to determine if hippocam-
pal asymmetry exists in the IE as compared to the non-IE dogs. MRI databases from
three institutions were searched for dogs that underwent MRI of the brain and were
determined to have |IE and those that were considered non-IE dogs. Volumes of the
right and left hippocampi were measured using Mimics® software. Median hippocam-
pal volumes of IE and non-IE dogs were 0.47 and 0.53 cm?, respectively. There was
no significant difference in overall hippocampal volume between |E and non-IE dogs;
however, |IE dogs had greater hippocampal asymmetry than non-IE dogs (P < 0.012).
A threshold value of 1.16 from the hippocampal ratio had an 85% specificity for iden-
tifying IE-associated asymmetry. Thirty five percent of IE dogs had a hippocampal
ratio >1.16. Asymmetry was not associated with any particular hemisphere (P = 0.67).
Our study indicates that hippocampal asymmetry occurs in a subset of dogs with
presumptive idiopathic/genetic epilepsy, suggesting a structural etiology to some
cases of |E.

Keywords: epilepsy, hippocampus, MRI, dog, asymmetry

INTRODUCTION

Idiopathic epilepsy (IE) is the most commonly diagnosed canine neurologic disorder in veterinary
medicine (1). Almost half of all dogs presenting for seizures are subsequently diagnosed with IE,
and in one study IE was diagnosed in 75% of dogs with an onset of seizures before 1 year of age
(2, 3). Approximately 25-30% of dogs treated for IE are refractory to treatment or are poorly
controlled, often requiring multiple anticonvulsant drugs (4). Moreover, epileptic dogs that exhibit
cluster seizures or status epilepticus have shorter lifespans than those that do not experience these
episodes (3, 5, 6). Finally, many breeds are susceptible to IE, but how epilepsy in different breeds
differs is poorly understood (4).

Our understanding of epilepsy in dogs, and how many forms of epilepsy might exist, is still
rudimentary. Consequently, our inability to accurately diagnose the type of epilepsy in affected
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dogs likely hampers our ability to optimally treat these patients.
Ion channels, particularly calcium and sodium channels, play an
important role in maintaining cellular and electrical homeostasis
in the brain. Mutations in genes encoding these ion channels
result in epilepsy in humans by causing ion channel dysfunction
(7-9).Itis suspected that similar channelopathies exist in epileptic
dogs, and the majority of anticonvulsant drugs used in humans
and dogs have mechanisms of action involving ion channels (4).
However, despite advances in anticonvulsant medications over
the years, a substantial subset of epileptic dogs (between 25 and
30%) are refractory to these drugs (4).

In humans, a population of epileptics with focal abnor-
malities of brain architecture has been well-documented. These
patients have what is often referred to as localization-related
epilepsy, the most common example of which is temporal lobe
epilepsy, particularly mesial temporal lobe epilepsy (mTLE)
(10, 11). mTLE is the most common type of localization-related
epilepsy in people (10, 12) and is characterized by hippocampal
sclerosis (HS), due to atrophy of the hippocampal gray matter
(13, 14). Characteristic histopathological features of HS include
neuronal loss, astrogliosis, granule cell dispersion, and mossy
fiber sprouting (15, 16). Although imaging and pathological
features of mTLE and HS have been described in some detail
in people, the etiology of this subset of epileptics is not entirely
clear and likely represents a number of different abnormali-
ties with a similar phenotypic expression (15, 16). Overall, it
has not been definitively determined if the anatomic and
histopathologic abnormalities that typify mTLE/HS are a cause
or a result of excessive seizure activity, or some combination
thereof (15, 16). Multiple causative factors have been implicated
in the development of human mTLE/HS, including febrile sei-
zures, brain trauma, inflammatory brain conditions, as well as
genetic and epigenetic factors; it is likely that many cases may
be multifactorial with regard to cause (15-19). Regardless of
cause, the abnormal hippocampus is structurally and function-
ally connected to the adjacent mesial temporal lobe, and these
structures are believed to develop an epileptic circuit (20).
MRI can detect focal changes in brain architecture that can
provide clues regarding etiology and treatment; this is visible
as a change in the volume of a given region of the brain (14).
The prevalence of mTLE/HS is high enough that automated
quantitative measurement techniques have been developed to
detect hippocampal asymmetry (21). This identification has
important treatment implications, as patients with mTLE with
HS are often refractory to anticonvulsant drug therapy (10).
Despite this drug refractoriness, surgical resection of the seizure
focus (temporal lobe with or without hippocampal tissue) has
a very high success rate in mTLE/HS people who are refractory
to drug therapy (12, 22-27).

Currently, minimal information exists regarding location-
dependent changes observed on MRIs from epileptic dogs
(28). If a population of dogs with location-dependent epilepsy
exists, surgical intervention could offer an alternative treatment
for effective management of this type of epilepsy. Therefore,
we sought to characterize hippocampal asymmetry in a large
cohort of dogs with IE using volumetric imaging software and
to compare asymmetry in this population with non-IE dogs.

Furthermore, we sought to identify a subset of dogs with IE that
might demonstrate substantial hippocampal asymmetry.

MATERIALS AND METHODS

MRI databases from three institutions (Cornell University
Hospital for Animals, Long Island Veterinary Specialists, and
Rochester Veterinary Specialists) were searched for dogs that
underwent MRI of the brain and were determined to have IE
and those that were considered non-IE dogs. The diagnosis of
IE was based on characteristic clinical features of the disorder
(i.e., recurrent seizures with normal neurological examination
interictally and normal bloodwork), combined with normal MRI
results. The non-IE group consisted of dogs that were imaged
for ear disease, nasal disease, vestibular disease, and cranial
nerve deficits. Medical records were reviewed and animals were
excluded from the study if their clinical signs did not fit with a
presumptive diagnosis of IE or had a multifocal neurolocaliza-
tion. Animals were excluded from the non-epileptic (non-IE)
group if they had centralizing neurologic signs or had any
intracranial lesions on MRI.

All MRIs were performed under general anesthesia with either
a 1.0 T (Siemens Magnetom Harmony, 1.0 T, Munich, Germany),
1.5 T (Philips Achieva, 3.0 T, NJ, USA), or 3.0 T unit (Toshiba
Vantage Elan, 1.5 T, CA, USA). Imaging sequences were obtained
in transverse (T2 fluid-attenuated inversion recovery (FLAIR), T2-
and T1-weighted, and T1-weighted post-gadolinium sequences),
sagittal (T2- and T1-weighted post-gadolinium sequences), and
dorsal planes (T1-weighted post-gadolinium sequence). For the
1.0 and 1.5-T MRI units, measurement parameters were as fol-
lows: slice thickness, 3.5 mm; slice gap, 3.5 mm; FOV, 185 mm;
matrix size of images, 480 X 480. For the 3.0-T MRI unit, meas-
urement parameters were as follows: slice thickness, 2.0 mm; slice
gap, 1.0-3.0 mm (depending on dog size); FOV, 1101 mm; matrix
size of images, 400 X 400.

For each dog, three-dimensional volumes were measured
using Mimics® software by one observer (Joseph Sackman) who
was unaware of the status of the dogs in the study. Quantitative
volumetric measurements comparing the right and left hip-
pocampi were made for each T2-weighted slice to obtain the full
anatomic boundaries these structures (Figure 1). The anatomic
landmarks for the measurements were used from published
reference information (29, 30). Each structure was measured
rostral to caudal using a technique of selecting the specific pixels
associated with that structure per slice. Within each slice, pixels
are painted with a selection tool that distinguishes them from
the rest of the image. Once all pixels are selected in each slice,
the software can then render a three-dimensional representation
of the structure. Volume data are then derived from this rep-
resentation. We used a simple body-size-independent measure
of hippocampal asymmetry by obtaining the ratio of the larger
hippocampal volume to the smaller hippocampal volume.
Perfect symmetry would result in a ratio of 1.0, with increasing
asymmetry being represented by values increasingly greater than
1.0. Because previous investigators had used a normalization
technique (absolute difference divided by the greater of the two
hippocampi), we also evaluated our data using this method (28).
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FIGURE 1 | (A) 3D volumetric analysis of the hippocampus. (B) T2W
transverse MRI image at the level of the hippocampus from a non-epileptic
dog. (C) T2W transverse MRI image at the level of the hippocampus from an
epileptic dog. The right hippocampus and temporal lobe region is notably
smaller on the right side of the brain.

Descriptive statistics were provided for estimates of hip-
pocampal volume differences for both IE and non-IE dogs.
Data were examined for normality by a Shapiro-Wilk test for
each group. Because the data were not normally distributed,
comparisons of hippocampal asymmetry between groups were
performed using a Mann-Whitney U test. To determine if asym-
metry in dogs with IE was biased to one side or the other, we
compared the proportion of asymmetry on the right side using
a z-test against a nominal value of 0.5. A P-value <0.05 was
considered significant. Receiver operating characteristic analysis
was used to identify a threshold for hippocampal asymmetry
that would reliably separate dogs with hippocampal asymmetry
from dogs without hippocampal asymmetry. We then used this
threshold value to examine the specificity of identifying epilepsy-
associated asymmetry.

To examine repeatability of MRI measurements, 20 patient
scans were randomly selected (using a random number gen-
erator) and all variables were re-measured by the single observer
(Joseph Sackman), who was blinded to the previous measure-
ments for the cases. Agreement between repeated measurements
was examined using Limits of Agreement analysis (31).

RESULTS

We included 100 dogs with IE and 41 non-IE dogs in the study.
The median age of the IE dogs was 60 months and that of the
non-IE dogs was 86 months. Non-IE dogs were older than IE
dogs at the time of MRI (P = 0.01), but had similar distributions
of sex (44% male and 56% female in each group) and proportions
of purebred dogs (75 vs 82%).
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FIGURE 2 | Scatterplot comparing hippocampal ratios between non-epileptic
and epileptic dogs. A threshold value of 1.16 (denoted by gray horizontal line)
had an 85% sensitivity for identifying idiopathic epilepsy-associated
asymmetry.

Median hippocampal volumes of IE and non-IE dogs were
0.47 and 0.53 cm’, respectively. There was no significant differ-
ence in overall hippocampal volumes between the two groups
(P =0.117). Epileptic dogs had greater hippocampal ratios than
non-IE dogs (P = 0.012, Figure 1). The ROC analysis identified
a threshold hippocampal ratio of 1.14 as the optimal discriminat-
ing value. Using this threshold value, 47% of IE dogs and 20% of
non-IE dogs would be considered to have asymmetry, resulting
in a specificity for identifying epilepsy-associated hippocampal
asymmetry of 85%. To slightly improve the specificity, we
increased the threshold hippocampal ratio to 1.16. Using this
higher ratio, 42% of IE dogs and 15% of non-IE dogs would be
considered to have hippocampal asymmetry (P = 0.002), result-
ing in a specificity for identifying epilepsy-associated hippocam-
pal asymmetry of 87% (Figure 2.). Hippocampal asymmetry was
not biased to one hemisphere (P = 0.8).

Epileptic dogs had greater normalized hippocampal differ-
ences than non-IE dogs (median normalized difference 11.6 vs
7.1%). Using the historical threshold of 6% to denote asymmetry
(15), 73% of IE dogs and 58% of non-IE dogs would be considered
to have hippocampal asymmetry, resulting in 75% specificity
for identifying epilepsy-associated hippocampal asymmetry.
Conversely, using a normalized hippocampal difference >12.6%
to denote asymmetry, 48% of IE dogs, and 20% of non-IE dogs
would be considered to have hippocampal asymmetry, resulting
in 86% specificity for identifying epilepsy-associated hippocam-
pal asymmetry.

The observer performing the measurements of brain volume
showed measurement repeatability for total hippocampal vol-
umes to within approximately 40 voxels, representing a median%
difference of 5.2% for the 20 randomly selected cases, without
noticeable fixed or proportional bias.

DISCUSSION

Our study shows that dogs with IE have greater hippocampal
asymmetry than non-IE dogs, and that a greater proportion of
epileptic than non-IE dogs have hippocampal ratios indicative
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of asymmetry using criteria similar to those in humans. The
lack of significant difference between IE and non-IE groups
with regard to overall hippocampal volume emphasizes the util-
ity of analyzing hippocampal asymmetry using ratios vs total
volumes. Whether the subset of epileptic dogs with hippocam-
pal asymmetry (approximately 40%) has particular clinical or
pathological characteristics (e.g., increased refractoriness to
anticonvulsant therapy, temporal lobe epilepsy) remains to be
determined. Due to the retrospective nature of this study, the
authors were unable to obtain accurate clinical data regarding
seizure control for the majority of IE dogs; because of this
limitation, it was decided to focus the current study only on
volumetric imaging and to pursue possible correlates between
hippocampal asymmetry and drug refractoriness in IE dogs in a
future prospective investigation.

Our findings are similar to but expand on those of previous
investigators (28). Using similar methods to identify asymmetry
as those investigators, our data differ in terms of the magnitude
of asymmetry in IE and non-IE dogs and in terms of proportions
of dogs with asymmetry in each group. Our data suggest that a
threshold value of 6% for a normalized difference is likely too
small to accurately identify hippocampal asymmetry and that
a value of 12.6% more accurately identifies IE dogs. Similarly,
we would propose a hippocampal ratio of 1.16-1.2 to define hip-
pocampal asymmetry in epileptic dogs.

Hippocampal sclerosis is the most common neuropatho-
logical change encountered in human patients with mTLE. The
causative factors of mMTLE/HS have not been fully elucidated, and
there are believed to be a number of subtypes of this disorder,
with different etiologies (15, 16). Human patients affected by
TLE/HS often present with seizures refractory to drug therapy,
which are often amenable to surgical resection of the epilepto-
genic focus. Hippocampal asymmetry, resulting from unilateral
HS, is present in 60-70% of patients with mTLE who pursue
surgical treatment of refractory seizures (21). In these refrac-
tory patients, surgical treatment is associated with abolition of
seizures or a significant reduction in seizure frequency in the
majority of these patients (32-35) Therefore, the identification
of hippocampal asymmetry in IE dogs, especially those refrac-
tory to anticonvulsant therapy, might encourage neurosurgeons
to consider resection of the temporal lobe on the affected side.
Because radical cerebral resection can be performed in dogs
with minimal lasting effects (36), surgical intervention in these
patients, if successful, could provide an alternative to life-long
anticonvulsant therapy, poor seizure control, and the attendant
emotional and financial impacts on the owner. As is the case
with human epilepsy, poor seizure control and adverse effects of
anticonvulsant medication have been shown to be significantly
correlated with poor quality of life in dogs with IE, as perceived
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Breed-Specific Magnetic Resonance
Imaging Characteristics of
Necrotizing Encephalitis in Dogs

Thomas Flegel*

Department of Small Animal Medicine, University of Leipzig, Leipzig, Germany

Diagnosing necrotizing encephalitis, with its subcategories of necrotizing leukoenceph-
alitis and necrotizing meningoencephalitis, based on magnetic resonance imaging alone
can be challenging. However, there are breed-specific imaging characteristics in both
subcategories that allow establishing a clinical diagnosis with a relatively high degree
of certainty. Typical breed specific imaging features, such as lesion distribution, signal
intensity, contrast enhancement, and gross changes of brain structure (midline shift,
ventriculomegaly, and brain herniation) are summarized here, using current literature, for
the most commonly affected canine breeds: Yorkshire Terrier, French Bulldog, Pug, and
Chihuahua.

Keywords: necrotizing encephalitis, necrotizing leucoencephalitis, necrotizing meningoencephalitis, magnetic
resonance imaging, breed specific magnetic resonance imaging

INTRODUCTION

Necrotizing encephalitis (NE) includes several breed specific inflammatory brain diseases within
the group of meningoencephalitis of unknown etiology/etiology (MUA/MUE). Several synonyms
exist for MUA (non-infectious encephalitis, immune mediated encephalitis) reflecting the fact
that even though these diseases have been known for decades, the underlying pathology is still not
completely understood and achieving a definite diagnosis intra vitam is usually difficult. Based on
histopathological features MUA can be subdivided into granulomatous meningoencephalomyelitis
(GME) and NE, with the latter comprising Necrotizing Leukoencephalitis (NLE) and necrotizing
meningoencephalitis (NME). These subtypes of NE are seen in specific breeds with NLE affecting
Yorkshire Terriers (1-9) and French Bulldogs (10, 11), whereas NME affects Pugs (12-21), Maltese
(22-24), Chihuahuas (24-33), Pekingese (25, 34), Shih Tzus (24, 25, 35), West Highland White
Terriers (36), Papillons (23, 35), Coton de Tulears (35), and Brussels Griffons (35).

The often applied practice of using the rather unspecific term of MUA instead of the exact
subclassification (GME, NME, or NLE) in imaging diagnostics is due to the fact, that differen-
tiation based on imaging alone can be difficult. This situation is further complicated by the fact
that magnetic resonance imaging (MRI) may generally have only moderate sensitivity in detecting
inflammatory intracranial pathology. Abnormalities in brain MRI were found in 76% of dogs with
inflammatory cerebrospinal fluid (CSF) (37). Therefore, imaging findings should be interpreted

Abbreviations: CSE, cerebrospinal fluid analysis; FDG-PET, fluorine-18 fluorodeoxyglucose; FLAIR, fluid-attenuated inversion
recovery; GME, granulomatous meningoencephalomyelitis; MUE, meningoencephalitis of unknown etiology; NE, necrotiz-
ing encephalitis; NLE, necrotizing leucoencephalitis; NME, necrotizing meningoencephalitis; MR, magnetic resonance; MRI,
magnetic resonance imaging; PET, positron emission tomography; SNE, subacute necrotizing encephalopathy.
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under consideration of the CSF analysis results. However, normal
CSF was found in 28.6% of dogs with histologically confirmed
NLE and in 14.3% of Pugs with histologically confirmed NME
(25). Similarly, a normal CSF nucleated cell count was reported
in 12.5% of dogs with NE (38). Therefore, a definite diagnosis of
encephalitis may often require histological confirmation based
on a brain biopsy (31).

Nevertheless, common MRI features for NME and NLE that
allow diagnosing these diseases with a relatively high degree of
certainty are known. The typical breed specific MRI character-
istics of both diseases in the most frequently affected breeds will
be presented. All images provided for illustration are obtained
from dogs with histologically confirmed diagnoses. The images
can illustrate only some features of the specific disease in a given
breed. Illustration of all possible MRI characteristics is beyond
the scope of this publication.

NLE IN YORKSHIRE TERRIERS

Uni- or bilateral asymmetrical lesions are seen in the telen-
cephalon and diencephalon. The brainstem is often less severely
affected. The cerebellum and spinal cord are usually unaffected
on magnetic resonance (MR) images even though in rare cases
histopathological examination also shows inflammatory foci here
(6, 7). Lesion distribution based on MRI has been described in

27 Yorkshire Terrier cases: forebrain (n = 25), thalamus (1 = 10),
midbrain (n = 8), and caudal brainstem (n = 10; 9). Additional
syringohydromyelia was seen in 7/27 (26%) dogs. Lesions were
multifocal in about 78% of cases. However, diagnosis in these
Yorkshire Terriers was described as meningoencephalitis of
unknown origin and not as NLE. Therefore, it cannot be ruled
out that some of these dogs were affected by other types of
encephalitis.

Telencephalic lesions usually affect the periventricular and
subcortical white matter, often leaving the overlying cortical
gray matter untouched (2, 5). The shape of the lesion may vary
from finger-like, following the shape of subcortical white matter,
to round-shaped in deep-seated lesions (Figure 1). Therefore,
asymmetric thalamic lesions are usually round-shaped and
well demarcated. They need to be differentiated from bilateral
symmetric round lesions in the telencephalon (including basal
nuclei), mid-thalamus and brainstem seen in subacute necrotiz-
ing encephalopathy (SNE) of Yorkshire Terriers. Signal intensity
on T2-weighted and fluid-attenuated inversion recovery (FLAIR)
sequences are similar in both NLE and SNE, but symmetry of
lesions should clearly point toward SNE [(39, 40); Figure 2].

Lesions in NLE are usually hyperintense on T2-weighted and
FLAIR images and hypointense to isointense on T1-weighted
sequences. These signal intensity characteristics may represent
multiple areas of cystic necrosis (41). The secondary white matter

FIGURE 1 | Transverse magnetic resonance images (3 T) of a Yorkshire Terrier (2 years, female) with necrotizing leukoencephalitis. T2 (A) and fluid-attenuated
inversion recovery (B) hyperintense finger-like lesions affecting the subcortical white matter, the corona radiata, and the diencephalon. Right-sided ventricular
enlargement, focal widening of sulci, and mild midline shift to the right are most likely secondary to white matter loss in the right prosencephalon. Contrast
enhancing lesions as on the left side [(C) T1-weighted native; (D) T1 weighted after contrast injection] and non-contrast enhancing lesions (right side) may coexist in
one patient, which most likely reflects different stages of the disease. Enhancement may be patchy or it may be seen around necrotic areas (ring-like, arrow head).

Meningeal contrast enhancement is deficient.

FIGURE 2 | Transverse magnetic resonance images (0.5 T) of a Yorkshire Terrier (3 years, male) with subacute necrotizing encephalopathy. Bilateral symmetric
hyperintensities in the cingulate gyrus and in the thalamus on T2-weighted (A) and fluid-attenuated inversion recovery (B) images. These lesions have a hypointense
center on T1-weighted (C) images and they do not enhance after a contrast injection (D).
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edema beyond the boundaries of the primary inflammatory
lesions is rather mild. On positron emission tomography (PET)
imaging, areas of necrosis and cavitation correspond to areas of
glucose hypometabolism (30, 42).

In few cases (12%), lesions might be hyperintense on T1 and
hypo- or hyperintense on T2-weighted sequences, which most
likely correspond to areas of intraparenchymal hemorrhage.
The latter could be verified by identification of an intralesional
signal void in a T2* sequence. However, studies confirming this
assumption in Yorkshire Terriers with NLE are deficient. Midline
shift and ventriculomegaly are seen in 50 and 36% of dogs,
respectively (25). Both are less likely to be caused by a mass effect
of the inflammatory foci, but by a loss of white matter on the
more severely affected hemisphere (3, 5). Brain herniation is not
a feature of NLE in Yorkshire Terriers.

Lesion enhancement after a contrast injection is usually mild
to moderate (5, 7, 25). It can be patchy and inhomogeneous
within parenchymal lesions (87%) or ring-like in the periphery
of a necrotic lesion corresponding to perinecrotic inflammation
(7, 25). The degree of contrast enhancement appears to be related
to the degree of lymphohistiocytic inflammation on histological
examination (7). Lesions with moderate enhancement and those
without enhancement may coexist in one patient (7). The first
may reflect active inflammation whereas areas without enhance-
ment may be reflecting burnt out lesions and therefore indicat-
ing a more chronic stage of the same disease (5, 7). Meningeal
enhancement is lacking in NLE (25). A few Yorkshire Terriers
with NLE (7%) may not show any contrast enhancement at all
(6, 25).

In addition to NLE, Yorkshire Terriers can also be affected by
GME. It may even be seen as a combination of NLE, NME, and
GMEinthesamedog,asdescribed in two cases (43). One displayed
typical MRI features of NLE in the prosencephalon, whereas the
other had a lesion compatible with GME. Histopathological
examination, however, revealed characteristics of NLE, NME,
and GME in both dogs.

NLE IN FRENCH BULLDOGS

Reports on specific MRI features of NLE in French Bulldogs are
limitedto three publicationsregardingfourdogswithhistologically

confirmed disease, with one scan being performed post mortem
(10, 11, 25). Lesions may be uni- or multifocal and can be round-
shaped and clearly delineated or they may be diffuse. They are T2
and FLAIR hyperintense and can be found in the telencephalon,
diencephalon and brainstem, whereas the cerebellum seems to be
unaffected. These lesions are iso- to hypointense on T1-weighted
images. They may represent necrotic areas in a similar way (as
described earlier) for Yorkshire Terriers. However, the primary
inflammatory focus is frequently masked by a secondary white
matter edema and therefore it may be indistinguishable from
secondary edema without a contrast injection. The primary
inflammatory focus can often be identified by a mild to moder-
ate peripheral or even ring-like enhancement on T1-weighted
images after a contrast injection (Figure 3). More diffuse lesions
may commonly show a varying degree of contrast enhancement
ranging from a moderate to strong uniform pattern. However,
lesions without contrast enhancement can also be seen in the
same patient. Meningeal involvement is minimal and therefore
it cannot be identified on MRI. Accordingly, the nucleated cell
count in CSF is usually only mildly elevated (25). Midline shift is
not commonly seen or is only mild. In general, lesions seem to be
less severe in French Bulldogs than in Yorkshire Terriers.

One report described inflammatory changes affecting both the
optic nerves and retina on histopathology (in addition to those
found in the forebrain), which went unnoticed on a post mortem
MR image (11).

NME IN PUGS

The majority of Pugs with NME (94%) have multifocal or diffuse,
asymmetrical prosencephalic lesions with at least one lesion being
located in the telencephalon (21). Lesions are more common in
the middle and caudal prosencephalon, being most severe in
occipital and parietal lobes, tapering off to rostral with the frontal
lobes being less frequently affected (20, 21). About one-third of
dogs have additional diencephalic lesions (21).

Brainstem (17%) and cerebellar (22%) involvement are much
less common and lesions here are less severe than those in the
prosencephalon (21, 25). However, lesion distributions may
reflect the limited sensitivity of MRI to detect inflammatory
lesions, especially if those are relatively mild, since it is known

FIGURE 3 | Transverse magnetic resonance images (0.5 T) of a French Bulldog (2 years, female) with necrotizing leukoencephalitis. T2 (A) and fluid-attenuated
inversion recovery (FLAIR) (B) hyperintense round-shaped lesion accompanied by secondary white matter edema in the right frontal lobe. The T2 signal of the round
center is partially suppressed on the FLAIR sequence indicating a liquid-like texture being consistent with necrosis. There is a ring-like contrast enhancement around
the necrotic center after contrast injection [(C) T1-weighted native; (D) T1 weighted after contrast injection].
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FIGURE 4 | Transverse magnetic resonance images (3 T) of a Pug (3 years, male) with necrotizing meningoencephalitis. Diffuse T2 (A) and fluid-attenuated inversion
recovery (B) hyperintensities predominantly on the left in the prosencephalon resulting in the complete loss of cortical gray and white matter distinction. There is a
patchy parenchymal and a leptomeningeal enhancement after a contrast injection [(C) T1-weighted native; (D) T1 weighted after contrast injection]. The midline is
slightly shifted to the right side caused by the expansion of the prosencephalon on the left-hand side.

from a pathological study that 40% of Pugs with NME also have
cerebellar lesions (19). In addition, one Pug with NME has been
reported with a single brainstem lesion (21). In general, lesion
burden in NME can be more dramatic for Pugs compared with
other types of NE. However, no correlation could be demonstrated
so far between MRI visible lesion severity and prognosis (21).

Lesions being hyperintense on T2-weighted and FLAIR
images and mildly hypo- to isointense on T1 images may
dominate in the cerebral white matter (about 30% of lesions) or
they may more commonly involve gray and white matter to a
similar extent. White and gray matter distinction is often missing
altogether and corresponds to anatomical disruptions of those
structures on histopathological examination (Figure 4). Focal,
well-demarcated hyperintensities on T2-weighted images, which
follow the white-gray matter boundaries, correlate histologically
with white matter edema rather than with areas of macroscopic
necrosis of brain parenchyma. Therefore, the latter is not a typi-
cal feature of NME in Pugs. Hyperintensity on T2-weighted and
FLAIR images in the hippocampus and piriform lobe is mainly
consistent with excitotoxic edema caused by long-lasting seizure
activity, whereas similar imaging features in other forebrain
regions correspond to areas of inflammation or microscopic
liquefaction on histopathology (25).

Lesion enhancement after a contrast injection is varying but
is usually mild to moderate with an inhomogeneous and patchy
intraparenchymal pattern. Meningeal enhancement is seen in
slightly more than half of the dogs involving the dura mater and
more commonly the leptomeninges (21, 25). The enhancement
pattern, corresponding to inflammatory infiltrates found histo-
pathologically in sulci, explains why Pugs are more likely to experi-
ence elevated nucleated cell counts on CSF analysis than dogs with
NLE (25) and why mean nucleated cell counts are higher in Pugs
(250 cell/pl; SD: 172) than in Yorkshire Terriers (19 cells/pl; SD:
21) (25). Between 22 and 43% of Pugs may not show any contrast
enhancement at all (21, 25). However, lack of contrast enhance-
ment does not rule out meningitis or encephalitis (37, 44).

Midline shift away from the more severely affected brain
hemisphere is seen in 25-61% of dogs (21, 25). Different types of
brain herniation were detected in about one-third of cases with
a caudal transtentorial herniation being most common [(20, 21,
25); Figure 5]. A foramen magnum herniation of the cerebellum

FIGURE 5 | Sagittal T2-weighted magnetic resonance image (0.5 T) of a Pug
(9 months, female) with necrotizing meningoencephalitis (NME). Caudal
transtentorial herniation of the occipital lobes and foramen magnum herniation
of the cerebellum caused by significant swelling of the prosencephalon. This
may explain the sudden death of some Pugs with NME.

is seen in up to 12% of dogs and may contribute to the sudden
death observed in some cases (25). Uni- or bilateral ventricular
dilation can be identified in about one-third of dogs, with some
experiencing signs of intraventricular hypertension such as
periventricular edema and dilatation of the olfactory recess.
Ventricular dilatation and/or asymmetry may be attributed to
the space-occupying effect of inflammatory foci and secondary
edema. However, one should keep in mind that it might be just
an incidental finding in some cases since ventricular asymmetry
can be seen in up to 38% of normal dogs (45).

NME IN CHIHUAHUAS

Magnetic resonance imaging of two dogs brains demonstrated
multifocal loss of cortical gray/white matter demarcation and
marked thinning and collapse of the right parietal, temporal, and
occipital cortices (29). In contrast to NME in Pugs, a small rim
of overlying cortical gray matter might be spared resulting in an
MRI that may resemble NLE in Yorkshire Terriers (Figure 6).
Involvement of deep white matter such as the capsula interna
and diencephalon is also described [(25, 30, 32); Figure 7].
The lesions were hyperintense on T2-weighted images, with
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FIGURE 6 | Transverse magnetic resonance images (3 T) of a Chihuahua (11 months, female) with necrotizing meningoencephalitis. T2 (A) and fluid-attenuated
inversion recovery (B) hyperintense finger-like lesions affecting the subcortical white and gray matter in the right prosencephalon. These characteristics may
resemble those of Yorkshire Terriers with necrotizing leucoencephalitis since there might be a thin rim of intact cortical gray matter. However, involvement of gray
matter can be visualized in most cases. The lesion is hypointense on T1-weighted images (C) and is only mildly enhanced in the periphery of the lesion (D).

FIGURE 7 | Transverse magnetic resonance images (3 T) of a Chihuahua (5 years, female) with necrotizing meningoencephalitis. Single T2 (A) and fluid-attenuated
inversion recovery (B) hyperintense round-shaped lesion in the right diencephalon. There is a small uniform contrast enhancement in the center of the lesion on the
post-contrast T1-weighted image (D) compared to the pre-contrast T1-weighted image (C).

TABLE 1 | Summary of typical imaging characteristics of necrotizing encephalitis in Yorkshire Terriers, French bulldogs, Pug dogs, and Chihuahuas.

Imaging Yorkshire Terrier French bulldog Pug Chihuahua
characteristics
Type of encephalitis  NLE NLE NME NME

Lesion distribution  Commonly affecting telencephalon and
diencephalon, brainstem less severely
affected, cerebellum and spinal cord

usually spared

Commonly affecting
telencephalon,
diencephalon and
brainstem, cerebellum
usually spared

Telencephalon and diencephalon, most
severe in occipital and parietal lobes,
tapering off rostral with the frontal lobes
being less frequently affected, brainstem
and cerebellum less frequently affected

Telencephalon and
diencephalon, brainstem and
cerebellum usually spared

In subcortical white matter of
telencephalon with cortical gray matter
being spared

White and gray
matter involvement

Subcortical or deep
white matter

May be dominating in the cerebral white
matter or more commonly involve gray
and white matter to a similar extend,
loss of gray and white matter distinction

Cortical gray and white matter,
sometimes a small rim of
overlying cortical gray matter
might be spared, deep white
matter

Hyperintense on T2 and FLAIR, mildly
hypointense to isointense on T1,
sometimes mildly hyperintense on T1

Signal intensities

Hyperintense on T2 and
FLAIR, hypointense to
isointense on T1

Hyperintense on T2 and FLAIR, mildly
hypo- to isointense on T1

Hyperintense on T2 and FLAIR,
hypointense to isointense
onT1

Midline shift Possible to the more severely affected side  Not commonly seen, Common Not commonly seen
only mild if present
Ventriculomegaly of Possible on the more severely affected No Can be seen Can be seen, difficult to
lateral ventricles side due to white matter loss differentiate from normal
ventriculomegaly in this breed
Brain herniation No No Can be seen No

Contrast
enhancement

Mild to moderate, inhomogeneous or
ring-like around a necrotic center, lesions
with and without contrast enhancement
may coexist in one patient, no meningeal
enhancement

Varying, reaching from
moderate to strong
uniform, sometimes ring-
like in the periphery of
the lesion, no meningeal
enhancement

Mild to moderate, inhomogeneous

and patchy intraparenchymal pattern,
meningeal enhancement is common,
usually leptomeningeal enhancement

Mild intraparenchymal
enhancement, meningeal
enhancement not described

NME, necrotizing meningoencephalitis; NLE, necrotizing leukoencephalitis; FLAIR, fluid-attenuated inversion recovery.
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T2-weighted hypointensity and slight post-contrast enhancement
(29). Brainstem and cerebellum seem to be largely unaffected
(29). Lesions correspond to intensely cellular, non-suppurative
meningoencephalitis, often with cystic necrosis in subcortical
white matter (29). On fluorine-18 fluorodeoxyglucose-PET scans
the lesions correspond to areas of hypometabolism (30). CSF
analysis can be normal in some dogs and hinders establishing a
definite intra vitam diagnosis (29).

In the case of Chihuahuas, the situation is further complicated
by the fact that GME can also be seen in this breed and therefore
has to be differentiated from NME (25, 46).

NE IN OTHER CANINE BREEDS

Imaging characteristics of the four breeds described here are sum-
marized in Table 1. For the other breeds, having been reported
to be affected by either NLE or NME, none or only single case
reports of MRI characteristics are available and therefore gener-
alizations do not seem feasible.

FUTURE DEVELOPMENTS

Despite the fact that imaging characteristics of NME and NLE have
been outlined earlier, diagnosis is usually presumptive if based on
imaging alone. Often, histological confirmation based on a brain
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Department of Clinical Science and Services, Royal Veterinary College, University of London, Hatfield, United Kingdom

A 1-year and 11-month- old English Cocker Spaniel was evaluated for clinical signs of
progressive right pelvic limb lameness and urinary incontinence. Neurological examina-
tion was suggestive of a lesion localized to the L4-S3 spinal cord segments. No abnor-
malities were seen on magnetic resonance imaging (MRI) performed in the dog in dorsal
recumbency and the hips in a neutral position and the conus medullaris ended halfway
the vertebral body of L7. An MRI of the hips in extended and flexed positions demon-
strated minimal displacement of the conus medullaris in the cranial and caudal directions,
respectively. Similar to the images in neutral position, the conus medullaris ended halfway
the vertebral body of L7 in both the extended and flexed positions. In comparison, an
MRI of the hips in neutral, extended, and flexed positions performed in another English
Cocker Spaniel revealed obvious cranial displacement of the conus medullaris with the
hips in extension and caudal displacement with hips in flexion. A standard dorsal lum-
bosacral laminectomy was performed. Visual inspection of the vertebral canal revealed
excessive caudal traction on the conus medullaris. After sectioning the distal aspect of
the filum terminale, the conus medullaris regained a more cranial position. A neurological
examination 4 weeks after surgery revealed clinical improvement. Neurological examina-
tions at 2, 4, 7, and 12 months after surgery did not reveal any abnormalities, and the
dog was considered to be clinically normal. Tethered cord syndrome with a tight filum
terminale is a very rare congenital anomaly and is characterized by an abnormally short
and inelastic filum terminale. Therefore, this disorder is associated with abnormal caudal
traction on the spinal cord and decreased physiological craniocaudal movements of
the neural structures within the vertebral canal. Although further studies are necessary
to evaluate and quantify physiological craniocaudal movement of the spinal cord and
conus medullaris in neurologically normal dogs, the results of this report suggest further
exploration of dynamic MRI to demonstrate decreased craniocaudal displacement of
the conus medullaris in dogs with tethered cord syndrome with a tight filum terminale.

Keywords: spinal dysraphism, spinal malformation, magnetic resonance imaging, cauda equina, conus medullaris

CASE PRESENTATION

A 1-year and 11-months-old, female neutered English Cocker Spaniel was evaluated for clinical signs
of progressive right pelvic limb lameness of 16 months duration and intermittent urinary inconti-
nence of 2 weeks duration. Orthopedic and neurological examinations; radiographs of the hips,
pelvis, and right stifle; and spinal magnetic resonance imaging (MRI) performed at 10 months before

Frontiers in Veterinary Science | www.frontiersin.org 98

August 2017 | Volume 4 | Article 134


http://www.frontiersin.org/Veterinary_Science
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2017.00134&domain=pdf&date_stamp=2017-08-18
http://www.frontiersin.org/Veterinary_Science/archive
http://www.frontiersin.org/Veterinary_Science/editorialboard
http://www.frontiersin.org/Veterinary_Science/editorialboard
https://doi.org/10.3389/fvets.2017.00134
http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:sdedecker@rvc.ac.uk
https://doi.org/10.3389/fvets.2017.00134
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00134/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00134/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00134/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00134/abstract
http://loop.frontiersin.org/people/204297

De Decker et al.

MRI in Tethered Cord Syndrome

referral had not revealed the underlying cause of the dog’s clinical
signs. No clinical improvement was seen after medical treatment
with carprofen and meloxicam. General physical examination did
not reveal any abnormalities. Neurological examination revealed
mild paraparesis, right pelvic limb lameness, a low-tail carriage,
decreased tail tone, a decreased withdrawal reflex in the right
pelvic limb, and proprioceptive deficits in the right pelvic limb
expressed by delayed hopping, but intact paw placement. Pain
could be elicited on lumbosacral palpation, dorsal extension
of the tail, and extension of both hips. No other neurological
deficits were identified. Her neurological lesion was localized
to the L4-S3 spinal cord segments. A complete blood count,
biochemistry panel, and urinalysis, including bacterial culture,
did not reveal any abnormalities. After premedication with
methadone (0.2 mg/kg IM) and acepromazine (0.01 mg/kg IM),
anesthesia was induced with propofol (4-6 mg/kg, IV) and
maintained with sevoflurane in 100% oxygen. An MRI (1.5 T,
Intera, Philips Medical Systems, Eindhoven, the Netherlands)
of the lumbar and lumbosacral vertebral column was performed
with the dog supported in dorsal recumbency by a high-density
foam trough with flexed limbs in a neutral position (i.e., frog-leg
position). The imaging protocol included sagittal, transverse, and
dorsal plane T2-weighted [repetition time (ms) (TR), echo time
(ms) (TE), 3,000/120], sagittal and dorsal plane T2-weighted short
tau inversion recovery (STIR) (TR/TE, 3,612/80), and transverse
plane T2-weighted BAL TGRAD (TR/TE, 7.9/3.9) sequences.
Sagittal and transverse plane T1-weighted (TIW TSE) (TR/TE,
400/8) images were acquired before and after IV injection with

gadolinium contrast (0.1 ml/kg gadoterate meglumine, Dotarem,
Guerbet, Milton Keynes, England). No abnormalities were seen
on MRI, and the conus medullaris ended halfway the vertebral
body of L7 (Figure 1). Sagittal T2-weighted images were subse-
quently acquired with the hips in extended and flexed positions.
Extended views were obtained by extending the pelvic limbs cau-
dally and securing them in maximal extension of the coxofemoral
joints with velcro straps secured to the MRI table. Flexed views
were obtained by pulling the pelvic limbs cranially and restrain-
ing them beside the thorax with extended stifles. An MRI with
the hips in extended and flexed positions demonstrated minimal
displacement of the conus medullaris in the cranial and caudal
directions, respectively. Similar to the images in neutral position,
the conus medullaris ended halfway the vertebral body of L7 in
both the extended and flexed positions (Figure 1). However, the
dog demonstrated an increase in heart rate, from 60 to 90 beats
per minute, when images were acquired with the lumbosacral
joint in flexed position. The heart rate returned to normal level
after administration of an IV bolus of 0.05 mg/kg methadone.
Differential diagnoses included tethered cord syndrome with
tight filum terminale and dynamic lumbosacral vertebral canal
stenosis. Recovery from general anesthesia was uneventful, and a
neurological examination before discharge from hospitalization
did not reveal any deterioration of clinical signs or neurological
deficits.

For comparative purposes, an MRI of the hips in neutral,
extended, and flexed positions was performed on the same day in
a 6-year and 4-month-old, male neutered, English Cocker Spaniel

FIGURE 1 | Sagittal T2-weighted images of an English Cocker spaniel with thoracolumbar intervertebral disk extrusion with the hips in neutral (A), extended (B), and
flexed (C) positions. (A) The conus medullaris (arrow) terminates at the caudal aspect of the L7 vertebral body. (B) The conus medullaris (arrow) is displaced in a
cranial direction when the hips are extended and terminates now halfway the L7 vertebral body. (C) The conus medullaris (arrow) is displaced in a caudal direction
when the hips are flexed and terminates now at the level of the L7-S1 intervertebral disk space. Sagittal T2-weighted images of an English Cocker spaniel with
tethered cord syndrome with a tight filum terminale with the hips in neutral (D), extended (E), and flexed (F) positions. The conus medullaris (arrow) terminates
halfway the L7 vertebral body in all three positions, and only minimal displacement is seen between different positions.
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with non-ambulatory paraparesis caused by a lesion affecting
the T3-L3 spinal cord segments. An MRI revealed generalized
intervertebral disk degeneration and an L1-L2 intervertebral disk
extrusion as the cause of the dog’s clinical signs. With the hips in
neutral position, the conus medullaris ended at the caudal aspect
of the L7 vertebral body (Figure 1). The conus medullaris moved
cranially until halfway the vertebral body of L7 in the extended
position and moved caudally overlying the L7-S1 intervertebral
disk space when an MRI was performed with the hips in a flexed
position (Figure 1).

Medical management was started with gabapentin (10 mg/
kg, q8h, PO) and restricted exercise. A re-examination 2 weeks
later demonstrated progression of her clinical signs character-
ized by more severe urinary incontinence. General anesthesia
was induced and maintained with the aforementioned protocol.
A standard dorsal lumbosacral laminectomy, from L7 to S1 was
performed. Subjective visual inspection of the vertebral canal
revealed excessive caudal traction of the conus medullaris. The
conus medullaris was also not as freely moveable in the vertebral
canal as normally expected. No other abnormalities were detected.
After sectioning the distal aspect of the filum terminale from the
cranial aspect of the lamina of S2, the conus medullaris regained a
more cranial position (Figure 2). The wound was closed routinely.
Intraoperative analgesia was provided with ketamine (loading
dose of 0.5 mg/kg IV followed by infusion at a rate of 10 pg/kg/
min IV) and methadone (0.1 mg/kg q4h, IV). Postoperative anal-
gesia consisted of a combination of methadone (0.2 mg/kg, q4h,
IV), carprofen (2 mg/kg, q12h, PO), and gabapentin (10 mg/kg,
q8h, PO). The dog was discharged from the hospital 2 days after
surgery. The owner was advised to ensure strict rest for 4 weeks
in combination with gabapentin and carprofen for 2 more weeks.

The surgical findings were considered diagnostic for tethered cord
syndrome with a tight filum terminale. The results of a neurologi-
cal examination 4 weeks after surgery revealed improvement of
the dog’s signs. At this time, the dog demonstrated mild lameness
and proprioceptive deficits in the right pelvic limb. The urinary
incontinence had resolved. Neurological examinations at 2, 4, 7,
and 12 months after surgery did not reveal any abnormalities, and
the dog was considered clinically normal.

BACKGROUND

Tethered cord syndrome is a rare congenital anomaly in which
progressive neurological signs are caused by abnormal caudal
traction on the conus medullaris and caudal spinal cord segments
(1, 2). This anomaly can be seen in association with a variety of
spinal malformations and has been considered a form of occult
spinal dysraphism (3). However, in the majority of human
patients, tethered cord syndrome is associated with an abnormal
short, thickened, and inelastic filum terminale without other
spinal malformations (3). This is also referred to as tethered
cord syndrome with a tight filum terminale (1, 4) and has been
reported only once previously in the veterinary literature (5).
As a consequence of excessive caudal traction, tethered cord
syndrome is classically associated with an abnormal caudodorsal
position of the conus medullaris (1-4). In people, the tip of the
conus medullaris terminates at the level of L1, and termination
caudal at the L2 vertebral level in patients with suggestive clinical
signs is considered diagnostic for tethered cord syndrome with a
tight filum terminale (1-3). However, making a diagnosis of teth-
ered cord syndrome in dogs is challenging because of variation
in termination of the conus medullaris (6) and filum terminale

FIGURE 2 | Intraoperative pictures before (A) and after (B) sectioning the filum terminale. (A) Visual inspection of the vertebral canal reveals excessive caudal
traction on the conus medullaris (arrow). (B) The conus medullaris regains a more cranial position after sectioning the distal aspect of the filum terminale.
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(7) between, and possibly also within, dog breeds. Obtaining a
diagnosis is further complicated by the fact that a proportion
of people with tethered cord syndrome presents with the conus
medullaris in an anatomical normal position without evidence of
caudal displacement. This is referred to as occult tethered cord
syndrome, and development of clinical signs has been attributed
to decreased elasticity of the filum terminale and hence increased
traction on the conus medullaris (8, 9). Decreased elasticity
of the filum terminale has been suggested to limit the normal
physiologic movements of the spinal cord and conus medullaris
in response to everyday movements of the body and vertebral
canal (10). Performing MRI in different body positions (i.e., the
prone and supine position) has therefore been considered with
the aim to demonstrate decreased conus medullaris motion in
people with occult tethered cord syndrome (9).

DISCUSSION

Obtaining a diagnosis of tethered cord syndrome with a tight
filum terminale is challenging in dogs for several reasons (5).
The anatomical variation in conus medullaris termination and
the theoretical possibility of occult tethered cord syndrome make
it difficult to consider an abnormal caudal position of the conus
medullaris as a reliable diagnostic criterion in dogs (5). Therefore,
this case report explored the possibility of dynamic MRI with
the hips in neutral, extended, and flexed positions to facilitate
diagnosing this rare congenital anomaly. Although the results of
single-case reports should be interpreted with caution, our find-
ings suggest that dynamic MRI might be useful in evaluating the
degree of craniocaudal displacement of the conus medullaris and
thereby indirectly assessing the elasticity of the filum terminale.
Compared to a dog of the same breed and imaged under identical
conditions, the dog with tethered cord syndrome demonstrated
only minimal craniocaudal displacement of the conus medul-
laris after an MRI was performed with the hips in extension and
flexion (Figure 1). This finding in combination with suggestive
clinical signs and exclusion of other structural abnormalities
were considered suggestive for tethered cord syndrome with a
tight filum terminale. Excessive caudal traction on the conus
medullaris was confirmed during surgery, and the dog recovered
completely after sectioning of the filum terminale. Although
sectioning of the filum terminale is considered a technically easy
and relative safe surgical procedure, reported complications in
humans include cerebrospinal fluid leakage, headaches, infection,
pseudomeningocele, and retethering (11). Ideally, a second MRI
scan would have been performed to evaluate a potential increase
in craniocaudal conus medullaris displacement after sectioning
of the filum terminale. However, this was not performed because
there was no clinical indication to justify the costs and require-
ment of general anesthesia in this clinical case.

Craniocaudal displacement of the conus medullaris in
response to physiological movements of the vertebral canal and
extremities has been well documented in humans (12-14). It has
been suggested that the sliding or craniocaudal movement of the
neural structures within the vertebral canal should be considered
a protective mechanism, which represents transmission of tensile
forces through the neural structures, thereby preserving the

spinal cord and nerve roots from excessive strain (14). Therefore,
maintaining free sliding of the neural structures and meninges
has been considered an essential condition for maintaining a
healthy and normal functioning spinal cord (13, 14).

The conus medullaris is the most caudal tapered ending of
the spinal cord. This is continued by a filamentous structure, the
filum terminale, which extends caudally and attaches to a sacral
or caudal vertebra (7). The normal filum terminale has elastic
properties and has therefore the capability of protecting the spinal
cord by buffering linear stress to the spinal cord during physi-
ological flexion and extension of the vertebral canal (15). Tight
filum terminale is characterized by shortening and loss of elastic
properties, which is associated with decreased transmission of
tensile forces and restricted spinal cord movement (15, 16). This
decreased elasticity will result in repetitive, excessive, and pro-
gressive traction on the conus medullaris and caudal spinal cord
segments. The cumulative effects of hypoxia, decreased oxidative
metabolism, and anatomic deformation will then ultimately
result in progressive signs of pain and dysfunction of the caudal
lumbar and lumbosacral spinal cord segments (17, 18).

In human medicine, several physical tests have been described
to facilitate the clinical diagnosis of radiculopathies and spinal
cord disorders (19). One of these physical tests is the straight leg
raise test in which the patient is placed in dorsal recumbency and
asked to flex the hips, while keeping the knees in an extended
position (12, 19). This position is similar to the position of the
dog, described in this report, when lumbosacral MR images were
obtained with flexed hips and extended stifle joints. In agreement
with the findings in the “control” dog, a caudal displacement of
the conus medullaris is observed in asymptomatic people after
performing the straight leg raise test (12-14). The importance of
extending the stifle joint while flexing the hips is demonstrated
by alack of caudal conus medullaris displacement when both the
hips and knees are flexed. This latter position is referred to as the
sham straight leg raise test (14).

Although the findings of this report suggest that dynamic
MRI can be considered to evaluate the presence or absence of
physiologic craniocaudal conus medullaris displacement, it is
difficult to draw firm conclusions from single-case reports. The
variation of conus medullaris termination between and possibly
within breeds makes it difficult to objectively quantify the normal
degree of conus medullaris displacement in unaffected dogs.
In humans, the degree of hip flexion has also been associated with
differences in magnitude of conus medullaris displacement, and
therefore, variations can be seen between and within individual
patients (13). Although a diagnosis of tethered cord syndrome
with a tight filum terminale was suspected based on the subjective
observation of decreased to absent conus medullaris displacement
between extended and flexed positions, further studies are neces-
sary to evaluate if this finding can be used as a reliable diagnostic
criterion for this rare congenital disorder. It is further unclear
which MRI sequence would be most useful to evaluate termina-
tion of the conus medullaris. The presence of a large quantity of
epidural fat in the lumbosacral vertebral canal can complicate
recognizing the most caudal tip of the conus medullaris on
conventional T2-weighted and T1-weighted images. Applying
fat suppression techniques, such as fat saturation techniques,
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FIGURE 3 | Sagittal short tau inversion recovery images of a 3-year-old Bullmastiff with caudal lumbar spinal hyperesthesia. (A) The conus medullaris terminates at
the caudal aspect of the L6 vertebral body with the hips in a neutral position (arrow). (B) The conus medullaris is displaced caudally and terminates now at the
cranial aspect of the L7 vertebral body when the hips are flexed (arrow). The MRI study did not reveal the cause of the dog’s clinical signs.

STIR, spectral attenuated inversion recovery (SPIR), or spectral
attenuated inversion recovery sequences (SPAIR) can therefore
be considered when trying to evaluate termination of the conus
medullaris (Figure 3).

CONCLUDING REMARKS

This case report explored the possibility of dynamic MRI with
the hips in neutral, extended, and flexed positions to evaluate
the degree of craniocaudal displacement and indirectly the
elastic properties of the filum terminale. Decreased to absent
displacement of the conus medullaris was considered sugges-
tive for decreased elasticity of the filum terminale, and hence, a
diagnosis of tethered cord syndrome with a tight filum terminale
was suspected. Although this diagnosis was confirmed during
surgery, further studies are necessary to evaluate craniocaudal
conus medullaris displacement in neurologically affected and
unaffected dogs before this finding can be considered a reliable
diagnostic criterion for tethered cord syndrome with a tight filum
terminale in dogs.
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MRI Findings of Early-Stage
Hyperacute Hemorrhage Causing
Extramedullary Compression of the
Cervical Spinal Cord in a Dog with
Suspected Steroid-Responsive
Meningitis-Arteritis

Adriano Wang-Leandro*, Enrice-Ina Huenerfauth, Katharina Heissl and Andrea Tipold

Department of Small Animal Medicine and Surgery, University of Vieterinary Medlicine Hannover, Foundation, Hannover,
Germany

A 9-month-old female Weimaraner was presented to the emergency service due to
episodes of fever and neck pain. Physical examination revealed a stiff neck posture and
elevated body temperature. Shortly after clinical examination was performed, the dog
developed peracute onset of non-ambulatory tetraparesis compatible with a C1-C5 spi-
nal cord (SC) lesion. Immediately thereafter (<1 h), MRI of the cervical SC was performed
with a 3-T scanner. A left ventrolateral intradural-extramedullary SC compression caused
by a round-shaped structure at the level of C3—C4 was evidenced. The structure was
iso- to slightly hyperintense in T1-weighted (T1W) sequences compared to SC paren-
chyma and hyperintense in T2-weighted, gradient echo, and fluid-attenuated inversion
recovery. Moreover, the structure showed a strong homogeneous contrast uptake in
T1W sequences. Cerebrospinal fluid (CSF) analysis revealed a mixed pleocytosis, as well
as elevated protein and erythrocyte count. Early-stage hyperacute extramedullary hem-
orrhage was suspected due to immune mediated vasculitis. The dog was maintained
under general anesthesia and artificial ventilation for 24 h and long-term therapy with
corticosteroids and physiotherapy was initiated. Eight weeks after initial presentation,
the dog was ambulatory, slightly tetraparetic. Follow-up MRI showed a regression of the
round-shaped structure and pleocytosis was not evident in CSF analysis. This report
describes an early-stage hyperacute extramedullary hemorrhage, a condition rarely
recorded in dogs even in experimental settings.

Keywords: magnetic resonance imaging, steroid-responsive meningitis-arteritis, canine, tetraparesis, signal
intensity, subarachnoid hematoma, bleeding, immune-mediated vasculitis

CASE DESCRIPTION

A 9-month-old female Weimaraner (32.2 kg) was referred to the Department of Small Animal
Medicine and Surgery of the University of Veterinary Medicine Hannover because of acute presenta-
tion of cervical pain and fever. The dog had no previous history of illness.

Frontiers in Veterinary Science | www.frontiersin.org 104

September 2017 | Volume 4 | Article 161


http://www.frontiersin.org/Veterinary_Science
http://crossmark.crossref.org/dialog/?doi=10.3389/fvets.2017.00161&domain=pdf&date_stamp=2017-09-27
http://www.frontiersin.org/Veterinary_Science/archive
http://www.frontiersin.org/Veterinary_Science/editorialboard
http://www.frontiersin.org/Veterinary_Science/editorialboard
https://doi.org/10.3389/fvets.2017.00161
http://www.frontiersin.org/Veterinary_Science
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:adriano.wang@tiho-hannover.de
https://doi.org/10.3389/fvets.2017.00161
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00161/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00161/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00161/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00161/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00161/abstract
http://www.frontiersin.org/Journal/10.3389/fvets.2017.00161/abstract
http://loop.frontiersin.org/people/468054
http://loop.frontiersin.org/people/137044

Wang-Leandro et al.

Subarachnoidal Early-Stage Hyperacute Hemorrhage

The symptoms were first noted by the owners 2 days before
presentation when the dog was obtunded, inappetent, unwilling
to stand up, and showed a stiff gait. The primary care veterinarian
administered Metamizol (50 mg/kg TID, rectally) to reduce the
fever.

At admission to the clinic, physical examination revealed
a kyphotic posture with stiffness of the neck and head, body
temperature of 39.3°C and a marked cervical hyperesthesia.
The complete blood count (CBC) showed a leukocytosis of
35.12 x 10° cells/pl [reference interval (RI) 6-12 X 10° cells/pl]
with a neutrophilia of 25.29 cells/pl (RI 3-10 X 10° cells/pl).
Serum biochemistry revealed a mild elevation of the alkaline
phosphatase and lactate values. Furthermore, prothrombin and
partial thromboplastin time were elevated (laboratory findings
are available in the Table S1 in Supplementary Material).

Approximately 45 min after the general physical examination
was performed, the dog’s clinical status worsened acutely. At
this time point, besides the cervical hyperesthesia, neurological
examination revealed a non-ambulatory tetraparesis with less
voluntary movement present on the left limbs. Moreover, all
limbs were spastic, spinal reflexes were normal and evaluation of
cranial nerves was unremarkable. Therefore, the neuroanatomi-
cal localization of the lesion was set within C1-C5 spinal cord
(SC) segments.

Immediately thereafter, general anesthesia was induced and
MRI of the cervical SC was performed. For image acquisition,
the dog was positioned in dorsal recuambency and a 15-channel
sensitivity-encoding (SENSE) spine coil was used. Sagittal T1-
and T2-weighted (T2W) sequences were performed (TR 11.3,
TE 5.2; TR 3,100, TE 120, respectively), as well as transversal
T1-weighted (T1W) (TR 11.3, TE 5.2) and T2W (TR 8,000,
TE 120), T2*gradient echo (GRE; TR 660, TE 6.9), spectral
attenuated inversion recovery (SPAIR; TR 5237, TE 100), and
fluid-attenuated inversion recovery (FLAIR; TR 10,000, TE 140)
sequences were acquired with a 3-T MRI scanner (Philips Achieva,
Eindhoven, The Netherlands). Gadolinium was administered as
contrast medium (Dotarem® 0.2 mmol/kg; i.v.) and sagittal and
transversal T1W images were acquired post-contrast. Images
were analyzed with commercially available software (RadiAnt
DICOM Viewer, Version 4.0.3, Poznan, Poland).

MRI revealed an intradural-extramedullary compression of
the SC at the level of C3-C4. The compression was caused by
a round-shaped structure which showed a high intensity signal
in T2W, GRE, SPAIR, and FLAIR sequences and an inhomo-
geneous iso- to slightly hyperintense signal in TIW sequences
(Figure 1). A homogeneous strong contrast enhancement was
noticed in T1W sequences after contrast medium administra-
tion. Additionally, a well-defined horizontal line dividing the
mass into two different signal intensities was evidenced in both
acquired planes of T2W sequences.

Furthermore, subarachnoidal space depicted ventral and dor-
sal to the SC in sagittal views did not display a strong hyperintense
signal in T2W images, as characteristic in normal conditions.
Instead, an inhomogeneous, mostly hypointense (T2W, T1W, and
GRE) signal was present.

After performing a lumbar tap, cerebrospinal fluid (CSF)
had a xanthochromic macroscopic appearance and the analysis

evidenced a neutrophilic-monocytic mixed pleocytosis (value:
300 cells/pl; RI < 5 cells/pl) with elevated protein content (value:
851.82 mg/dl; RI < 40 mg/dl) and erythrocytes (value: 5,120
cells/pl). IgA levels in serum and CSF were within the upper
reference value or elevated, respectively (IgA value for serum:
97.6 pg/ml; RI in serum: <100 pg/ml; IgA value in CSF: 16.4 ug/
ml; RT in CSF: <0.2 pg/ml).

Due to the signalement, history, clinical presentation, and
findings collected from diagnostic tests, an early-stage hypera-
cute, intradural-extramedullary compressive hemorrhage of
the cervical SC secondary to an immune mediated vasculitis
was suspected. A long-term protocol starting with high dose
glucocorticosteroids was applied as previously reported (1), and
artificial ventilation was administered for the first 24 h. During
hospitalization, the dog developed a urinary tract infection which
was treated with antibiotics according to antibiogram results and
received daily physiotherapy sessions. The patient showed clinical
improvement and was discharged from the clinic 16 days after
initial presentation.

Eight weeks after initial presentation, follow-up general and
neurological examinations, CBC and serum biochemistry, CSF
analysis, and MRI of the cervical SC were performed. Same
MRI protocols as used during the first examination were applied
in the follow-up. At this time point, the dog was ambulatory
showing a mild spastic tetraparesis, having the left limbs more
affected and did not show any signs of pain during paravertebral
palpation of the cervical region. Neuroanatomical localization
during follow-up was consistent with a C1-C5 SC lesion. CBC
and serum biochemistry were unremarkable and CSF taken
from the cerebellomedullary cistern revealed a mild elevation of
total protein content (value: 37.11 mg/dl; RI < 25 mg/dl). MRI
revealed a focal intramedullary T2W hyperintensity at the level
of C3-C4 with a presence of a left lateral T2W, GRE hypointense,
and T1W hypo- to isointense structure, in comparison to unaf-
fected SC segments, compatible with chronic hemorrhage, most
probably residually lying within the subarachnoid space. Same
signal pattern was noted within the SC parenchyma, suggesting
focal intramedullary bleedings in the chronic stage (Figure 2). At
this time point, subarachnoidal space dorsal and ventral to the
SC in sagittal images appeared continuously T2W hyperintense.
Additionally, a focal ventral intramedullary hyperintensity was
noticed at the level of C2 (Figure 2; green arrowheads).

BACKGROUND

MRI represents a fundamental clinical tool for the understanding
of the severity, extend, and localization of hemorrhages affecting
the central nervous system (2). Temporal characterization of
hemorrhage using MRI is challenging, as signal intensity in the
different sequences varies depending on hemoglobin degrada-
tion product stages (3). Evolvement of signal intensity of canine
blood has been recently described during in vitro and in vivo
experimental studies (4, 5); however, the earliest time point in
which signal intensity was recorded in such studies was 12 h
after the hemorrhage was induced. Moreover, as hemorrhagic
lesions are often associated with mass effect compressing the
SC, further characterization of each temporal stage of bleedings
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Abbreviations: T2W, T2-weighted; T1W, T1-weighted; GRE, T2*, gradient echo.

FIGURE 1 | MRI of the cervical spinal cord (SC) of a 9-month-old Weimaraner with peracute onset of non-ambulatory tetraparesis. Sagittal T2W (A) and post-
contrast TIW (B) sequences depict an intradural-extramedullary left sided ventrolateral compression of the SC at the level of C3-C4. The yellow arrow points at the
round-shaped structure causing the SC compression. Green arrowheads point to the T2W and T1W inhomogeneous, mostly hypointense material present within
the subarachnoidal space dorsal to the SC. Transversal T2W (C), pre-contrast T1W (D), GRE (E), and post-contrast T1W (F) sequences. A hyperintense signal of
the core of the mass lesion compressing the SC can be evidenced in all sequences. A horizontal fluid-fluid level is noticed within the core of the round-shaped lesion
in T2W sequences (A,C). The yellow line in the sagittal T2W and post-contrast T1W (A,B) indicates the level at which transversal sequences are depicted.

may be fundamental for ruling out neoplastic and inflammatory
processes and subsequently for clinical decision making (6).

MRI signal characteristics of early-stage hyperacute subarach-
noid hemorrhage have been previously reported in humans (7).
Nonetheless, An and colleagues (5) recently demonstrated differ-
ent signal intensity patterns in the subacute stage of hemorrhages
between canines and humans, suggesting that direct extrapolation
of human data for interpretation of MRI blood signal intensity in
dogs may not be completely accurate.

This case report describes the MRI findings of an early-stage
hyperacute cervical intradural, extramedullary hemorrhage caus-
ing compression of the SC.

DISCUSSION

Subarachnoid bleedings within the vertebral canal repre-
sent an unusual condition in dogs and humans (6, 8, 9).

Immune-mediated diseases causing vasculitis and consequently
rupture of blood vessels within the subarachnoid space have
been previously described in humans (2, 10, 11). Steroid-
responsive meningitis-arteritis (SRMA) is a common inflam-
matory disease causing meningitis in young dogs (1). In SRMA,
anecrotizing fibrinoid arteritis occurs within the leptomeninges
(12). Moreover, neutrophilic leukocytosis with presence of left
shift is a common finding in dogs with SRMA (1). Although
coagulation time alterations are not commonly described in
SRMA, increased prothrombine and partial thromboplastin
time values could be affected during systemic inflammatory
diseases and could be an early indicator of disseminated intra-
vascular coagulation (13).

Albeit performing a CSF tap in a dog with subarachnoid
hemorrhage due to vasculitis represents a risk that could lead
to further bleeding within the leptomeninges, CSF analysis and
characterization are considered to be pivotal for the diagnosis
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FIGURE 2 | Follow-up MRI of the cervical spinal cord (SC) 8 weeks after
initial presentation at the clinic. Intramedullary hyperintensities are
present in the sagittal T2W sequence (A) dorsally to the vertebral body of
C2 and at the level of C3-C4 (green arrowheads) in comparison to signal
intensity of non-affected SC segments. Transversal T2W (B) and GRE (C)
sequences depict intramedullary hyperintensities and concomitant
presence of hypointense intramedullary lesions at the level of the left
dorsal horn and left lateral white matter tracts (yellow arrows) as well as
in the subarachnoid space (green arrows). The yellow line in the sagittal
T2W sequence (A) indicates the level at which transversal sequences are
depicted. Abbreviations: T2W, T2-weighted; GRE, T2*, gradient echo.

and subsequently prompt treatment initiation of dogs with
SRMA (1, 12). Increased levels of IgA in both, serum and
CSF, have been shown to be a sensitive diagnostic tool for the
diagnosis of SRMA; however, around 10% of the patients may
be classified as false negatives (14). In this case, elevation of IgA
levels in CSF could be explained due to complete disruption of
the blood-SC barrier causing free entrance of this protein into
the subarachnoidal space.

Signal intensity within the core of the round-shaped lesion
was increased in all performed sequences and suggests presence
of peracute arterial bleeding, which is typically characterized by
high concentration of oxyhemoglobin within the erythrocytes
(3, 7). Oxyhemoglobin displays diamagnetic properties, con-
trary to later stages of hemoglobin degradation such as deoxy-,
methemoglobin, or hemosiderin with paramagnetic behavior
(7). Therefore, an absence of lesional signal voidance in GRE
sequences, an otherwise characteristic sign for hemorrhage, is to
be expected at this stage.

Moreover, additional to the round-shaped structure com-
pressing the SC in the described dog, a later stage of hyperacute
hemorrhage is suspected to be present and distributed along the
subarachnoid space visualized dorsal and ventral to the SC in

sagittal T2W images, as signal intensity is depicted mildly inho-
mogeneous and hypointense in T2W, T1W, and GRE sequences,
probably due to an increase in deoxyhemoglobin at these
localizations (7). Nevertheless, rupture of small venous vessels
could cause flow of deoxyhemoglobin rich erythrocytes into the
subarachnoid space as well. Due to the larger magnetic moment
of impaired electrons, paramagnetic substances cause magnetic
field inhomogeneities and subsequently susceptibility effects in
GRE sequences (3). Additionally, strong contrast enhancement
of the lesion in T1W sequences suggests still an active bleeding
process or a continuously disrupted blood-SC barrier.

Interestingly, in sagittal and transversal T2W sequences,
signal intensity within the structure compressing the SC varies
in the dorso-ventral axis, showing a clearly defined division. This
finding suggests a separation and sedimentation of the cellular
components of blood during first stages of bleeding (3). Since
the dog was positioned in dorsal recumbency for image acquisi-
tion, the segment showing lower signal intensity is seen dorsally
and it represents cellular accumulation before clot retraction
occurs; conversely, the supernatant, which is presumably mostly
composed of blood plasma is the most T2W hyperintense portion
of the lesion (3).

Surgical decompression of the SC is the gold standard for
treatment of subarachnoid hemorrhages causing SC compression
in humans; nevertheless, a complete recovery of neurological
deficits is achieved in approximately 40% of the cases (15). In
dogs, surgical treatment seems to have a positive impact in the
outcome of dogs with extramedullary hematomas as well (6).
Medical treatment with corticosteroids was preferred in this case,
asan immune mediated vasculitis was the highly likely underlying
disease and the coagulation profile of the patient suggested a high
risk of intraoperative bleeding. Moreover, artificial ventilation
during the first 24 h was chosen as a supportive measure due to
peracute worsening of clinical signs before performing MRI scan
and suspected active hemorrhage that could eventually further
compress the SC.

In follow-up MRI, regression of the round-shaped structure
compressing the SC was evidenced. Moreover, T2W and GRE
hypointense areas located in the subarachnoidal space and
intramedullary are compatible with chronic stage of hemorrhage
(5). During this stage, remaining extracellular hemoglobin is
oxidized to ferritin and hemosiderin, which is phagocytized
by macrophages and accumulated within the lysosomes (3).
Hemosiderin and ferritin are highly paramagnetic, causing
therefore susceptibility effects in GRE sequences (3, 7).

As conclusion, early-stage hyperacute hemorrhages in dogs
display similar MRI characteristics as in humans, where hyperin-
tensities in T2W, GRE, SPAIR, and FLAIR sequences and strong
contrast enhancement in TIW may be evidenced.
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Volume measurements of the brain are of interest in the diagnosis of brain pathology.
This is particularly so in the investigation hydrocephalus and canine cognitive dysfunction
(CCD), both of which result in thinning of the cerebral cortex and enlarged ventricles.
Volume assessment can be made using computed tomography or more usually mag-
netic resonance imaging (MRI). There is, however, some uncertainty in the interpretation
of such volume data due to the great variation in skull size and shape seen in dog. In this
retrospective study, we examined normal MRl images from 63 dogs <6 years of age. We
used a continuous variable, the cranial index (Crl) to indicate skull shape and compared it
with MRI volume measurements derived using Cavalieri’s principle. We found a negative
correlation between Crl and the ratio of cortical to ventricular volume. Breeds with a high
Crl (large laterolateral compared to rostrocaudal cranial cavity dimension) had a smaller
ratio of cortical to ventricular volume (low C:V ratio) than breeds with lower Crl skull types.
[tis important to consider this effect of skull shape on the relative volume estimates of the
cerebral cortex and ventricles when trying to establish if pathology is present.

Keywords: canine cognitive dysfunction, hydrocephalus, skull type, lateral ventricles, cerebrum, cavalieri’s
principle

1. INTRODUCTION

Measurements of cerebral cortical and ventricular volumes are of diagnostic interest in the dog. This
is especially so in dogs suspected of canine cognitive dysfunction (CCD). This is a disease of elderly
dogs (>8 years) resembling human Alzheimer’s disease (1, 2). CCD is macroscopically characterized
by cortical atrophy and widening of the ventricles and immunohistochemically by, e.g., deposition of
the peptide, amyloid beta (Af3) (3-10). Parameters that describes cerebral and ventricular volumes,
such as the ratio of the volume of cerebral cortex to that of the lateral ventricles (C:V ratio) are
of interest when trying to establish an antemortem diagnosis of CCD. Volume data alone cannot
make such a diagnosis, but these data can be combined with clinical examination findings, including
cognitive tests to help diagnostic accuracy. Various methods have been used to estimate the volume
of brain structures on MRI scans in dogs. Each method has its own advantages and disadvantages.
Visual rating scales are open to bias and subjectivity and yield a categorical variable but have been used
for evaluating brain atrophy in aging dogs (7). Others have used the interthalamic adhesion thickness
(5), which is a simple measurement to perform but may not accurately reflect three-dimensional
structures. In the diagnosis of CCD, Cavalieri’s principle was used to demonstrate a significantly
smaller cortex/ventricle ratio when comparing a group of dogs with CCD (mean age, 12.6 years) with
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a healthy control group (mean age, 8.8 years) (11). It is uncertain
to what extent differences in the C:V ratio relate to pathology or
to breed differences in skull size and shape. It is these differences
in dogs without CCD or other disease known to influence brain
volume that this study addresses.

Skull shape in dogs is commonly classified as dolichocephalic,
mesaticephalic, or brachycephalic (12). An alternative approach
to this categorical variable for classification is to use a continuous
variable. Such a variable can be constructed as an index derived
from various skull dimensions. One such index has been desig-
nated the cranial index (CrI) (12). This index can be used not
only in analysis as a continuous variable but also to categorize
dogs as brachycephalic (high CrI), mesaticephalic (intermediate
CrI), or dolichocephalic (low CrI). Studies on the influence of
skull shape on the regions of the brain, e.g., the olfactory bulb
(13) and ventricles (14, 15), indicate that the size of the cerebral
ventricles might be correlated to skull shape. The classification of
skull shape is not uniform across studies.

In this retrospective study, we use Cavalieri’s principle to
determine ventricular and cerebral volumes in dogs of different
breeds and size. Cavalieri’s principle is an established methodol-
ogy in volumetric stereological measurement. It is particularly
easily applied to MRI, computer tomography, and Positron
emission tomography images of brain structures (16-20). The
measurements obtained are used to calculate the C:V ratio. We
examine the relationship between this ratio and an index of skull
shape to address the hypothesis that skull shape has and effect
on C:V ratio in dogs. We further examined the reproducibility of
our measurements to give an indication of clinical applicability.

2. MATERIALS AND METHODS

2.1. Study Population

Records for dogs <6 years old that had MRI scans performed
as part of a clinical investigation for neurological disease at
the Copenhagen University Hospital for Companion Animals,
Denmark, between 2008 and 2012 were reviewed. Inclusion cri-
teria required that the images were evaluated by a board-certified
radiologist and were found to be without imaging evidence of
pathology.

2.2. Imaging and Randomization

Images were obtained using a low-field MRI scanner [Esaote Vet-
scan 0.2 Tesla (Esaote Group, Genova, Italy)]. All dogs were placed
under general anesthesia for imaging. MRI images were viewed
and measured in a DICOM viewer (RemotEye, NeoLogica s.r.l.,
Cairo Montenotte, Italy). Only T1-weighted images (TE in the
range 16.00-18.00 ms and TR 600-800) in transverse and dorsal
planes were used for evaluation of cortical and lateral ventricular
size in this study. MRI scan measurements were made by the
first author (AP) after training from a board-certified specialist
in veterinary radiology (FM) and a medical neurologist (AM)
in the use of the medical viewer, recognition of relevant brain
anatomy, assessment of the cranial index (CrI), and the applica-
tion of Cavalieri’s principle. Patients were randomized for MRI
measurements.

2.3. Cranial Index

The cranial index (CrI) was used as a descriptor of skull shape
(12). It describes the width of the skull in relation to its length.
CrlI was calculated as follows:

B Cranial width

Crl=—F——-
Cranial length

1

The cranial length is defined as being the maximum distance
from the cranial to the caudal aspect of the cranial cavity. The
cranial width was defined as the maximum distance (lateral to
lateral) across the cranial cavity. These distances were measured
from sagittal (cranial length) and transverse (cranial width) plane
MRI images.

2.4. Cavalieri’s Principle
Volumetric estimation of cortex size and the lateral ventricle
size was achieved using Cavalieri’s principle. This stereological
method allows estimation of volume as follows:
Vi =d-a, 2.p, (2)
where Vi is the total volume of the object to be measured,
d is the distance between the sections that are being analyzed
(i.e., slice thickness plus slice interval), a, is the area associated
with one counting point (see below), and Y p is the sum of all
such points counted for the given object, in this case either the
cortex or ventricle. Because of contrast resolution limitations
imposed by the magnetic field strength, cortex was defined as
both white and gray substance. Structures not included as cortex
included the olfactory bulb, hippocampus, pons, brain stem,
thalamus, cerebellum, and structures associated with these.
To ensure unbiased estimations, Cavalieri’s principle requires
that the object to be measured is placed randomly with respect
to the grid and that the entire object is included in the image
stack. In MRI scanning, the former is easily achieved since the
first section (slice) of a sequence is randomly positioned within
the patient. There is no specific alignment of any anatomical
feature on the z-axis of the scanner, so that the start point is
essentially random.

2.4.1. Counting Procedure

The first author (AP) performed the counting procedure. Two
image planes were used in the counting procedure: the sagittal
plane images to assist the orientation of brain structures and
transverse plane images for actual counting. The cortex and
ventricles were measured separately. The counting procedure
starts at the most rostral slice that includes the structure (cortex
or ventricle) to be measured. Counting continues caudally to
the most caudal slice that includes the structure to be measured.
Counting requires the use of a grid, with regularly spaced
crosses, which is superimposed on the image. This can be gener-
ated digitally and superimposed on the image if the viewing
software permits or, as was done for this study, can be printed
on a transparent sheet of plastic (A4 size) and placed directly
on the viewing monitor, superimposed on the sections to be
measured. Once placed on the monitor, the grid is left in situ
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for the entire counting procedure. Slice thickness was set in this
study in the range 4.5-5 mm. By scrolling through the stack of
transverse images, a check was made to ensure that images were
zoomed to allow satisfactory evaluation of each structure to be
measured (ventricle or cortex) but not so enlarged that any part
of the structure extend beyond the limits of point counting grid.
Once a suitable level of zoom was established for the particular
region (ventricle or cortex), it was maintained for evaluation of
that region in the entire stack in that patient. The image distance
represented by the distance between the counting points on
the grid for that particular image stack and zoom setting was
then measured using the viewer software. The square of this
distance gives the area associated with each counting point,
a, for the variable in equation (2). The degree of zooming was
unchanged within any region, ventricle or cortex in a particular
individual, but it can be and typically was altered between
regions and individuals. Thus, values for g, are specific to the
individual patient and the region examined. The act of counting
requires that the reader determines how many grid counting
points intersect the structure being measured. It amounts to
a series of yes, no decisions. An example of the grid arrange-
ment is shown in Figure 1, and a schematic for the counting
procedure is shown in Figure 2. The CE for the measurements
was calculated as described below using methodology based on
previously described techniques (17).

2.5. Measurement Reliability

2.5.1. Interrater Agreement

A second evaluator (PH) was enlisted for determining interrater
agreement for volume estimates. The training session for this
individual comprised instruction in identifying brain structures,
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FIGURE 1 | Transverse T1-weighted magnetic resonance image of the
cranial cavity taken at the level of the temporomandibular joints. A
grid pattern has been applied. Volume measurement is achieved by counting
the number of counting points superimposed on the structure to be
measured. Counting points are located at the upper right corner of each of
the crosses in the grid (i.e., for each cross, adjacent to the intersection of the
two cross lines, at the pixel that is immediately right of the vertical line and
immediately above the horizontal line of the cross). The counting process is a
series of yes:no questions, most of which are readily answered.

measuring cranial length and width, and performing the counting
procedure. Ten random image sets were used for training. This
same individual then performed the measurements in 9 other
dogs from the study population that were also chosen randomly
for the inter-rater analyses. These values were then compared
with those obtained in a repeat analysis in the same 9 individuals
by the other evaluator (AP). Both evaluators were blinded to the
results of previous measurements.

2.5.2. Intrarater Agreement

The same 9 dogs mentioned above for interrater analysis were
also used for the intrarater reliability testing. The same individual
(AP) performed repeated measurements at least 2 weeks after the
initial measurements. This ensured that individual image stacks
from the initial reading were not recalled during the second
measurement session.

2.6. Data Analysis

CrI measurements for each dog were plotted against log-trans-
formed C:V ratio. Correlation between CrI and the transformed
C:V ratio was tested using Spearman’s rank correlation coefficient
(a non-Gaussian distribution was assumed). Linear regression
was also used to test linearity of the relationship between the two
variables.

Two possible confounding factors, age and weight, were
tested against C:V ratio and CrI individually, to reveal possible
associations, using the same methods as described above. For
evaluation of interrater and intrarater agreement, Bland-Altman
difference plots were used. All statistical data analysis was
done using either the statistical software GraphPad Prism v.6
(GraphPad Software Inc., La Jolla, CA, USA) or R (version 3.3.1,
R Foundation for Statistical Computing, Vienna, Austria) (21)
according to availability. A p value <0.05 was considered statisti-
cally significant.

4+ +++

++ / 4
+ +
4+t 4+

FIGURE 2 | Schematic of the point counting technique. The crosses
serve to help the reader identify the counting points that are located at the
upper right corner of each cross. The black arrows indicate two such points.
The only decision to be made is whether the counting point is or is not on the
object. In this illustration, the blue color indicates that the point associated
with the cross does not intersect the object. The green color indicates that
the point associated with the cross does intersect the object.
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3. RESULTS
3.1. Study Population

Sixty-three dogs met the inclusion criteria. Scans were performed
for a variety of reasons mainly for the investigation of epilepsy
(47 dogs), seizures (6 dogs), and lesser numbers for investigation
of other suspected diseases including middle ear disease. The
mean age was 2.5 years (median, 2 years; SD, 1.6 years). Mean
body weight was 20.8 kg (median, 18 kg; SD, 14.4 kg). A total of
40 dog breeds were included. Breeds encountered were retriever
type dogs (n = 8), followed by Cavalier King Charles spaniels
(n = 4) and lesser numbers of the other breeds.

3.2. Cortex: Ventricular Ratio (C:V Ratio)
and Cranial Index (Crl) Estimates

Volume estimates of the cortex ranged from 21.8 to 77.8 cm’,
while those for the ventricle ranged from 0.2 to 4.6 cm’®. This
resulted in a range in C:V ratio values from 7.5 to 408. Values of
Crl ranged from 43 to 91%. There was a significant negative cor-
relation between Crl and logi, C:V ratio (r = —0.44, p = 0.0003,
95%confidence interval = —0.62 to —0.21). A linear regression
model for the association between CrI and logi, C:V ratio showed
the relationship between the variables to be represented by the
equation Crl = 2.8 — 0.02logi(C: V ratio). This regression line
is shown in Figure 3 together with its 95% confidence interval.

3.3. Measurement Reliability

3.3.1. Interrater Agreement

The interrater agreement for C:V ratio was 82%. This result and
other interrater agreement data are given in Table 1. The variabil-
ity between readers was independent of the size of measurements
concerned.

3.3.2. Intrarater Reliability

The intrarater agreement for C:V ratio was 94%. This result and
other intrarater agreement data are also given in Table 1. The
within-reader variability was independent of the size of measure-
ments concerned.

3.4. Confounding Factors

No associations were found between weight, age, and C:V ratio
nor between age and Crl. A negative linear correlation (r = 0.74,
Pp<0.0001) was seen between weight and Crl. These data, however,
also showed a significant deviation from linearity (p = 0.0035).
Thus, confirmation of an association between weight and Crl
would require non-linear regression, which was beyond the scope
of this study.

4. DISCUSSION

The results show a significant moderate negative correlation,
r=—0.44 (p =0.0003), between the log transform of the C:V ratio
and CrI, the latter used as a measurement of skull type. The log
transform of the volume measurements resulted in a correlation
that was more readily observed and that could be represented by
a simple linear model. The linear regression is shown in Figure 3.

TABLE 1 | Intrarater and interrater agreement for measurements made
from 9 samples using Cavalieri’s principle.

Bias (agreement%) 95% limits of agreement

Intrarater agreement

C:V ratio 6 (94) —43to 55
Cortical volume 3(97) —15t0 21
Ventricular volume 22.9(77.1) -4810 41.7
Crl 0.1(99.9) -8t0 8
Interrater agreement

C:V ratio -18(82) —81to 46
Cortical volume -2 (98) —-231t0 18
Ventricular volume 15 (85) —491t0 79
Crl 4 (96) —-48t0 79

Dimensions for bias are mm?® for both cortical and ventricular volumes. Bias values
for cortex to ventricular volume ratio (C:V ratio) and for cranial index (Crl) are
dimensionless. Agreement is quoted as percent.
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Cranial Index (Crl)
FIGURE 3 | Scatter plot of the relationship between the log, C: V ratio
and the cranial index (Crl). The red line shows the line of best fit for the
linear regression model. The blue lines show the 95% confidence interval.

As the CrI of the dog skull increased, the C:V ratio decreased.
This decrease in C:V ratio could be explained by a naturally larger
ventricular volume, a smaller cortical volume, or a combination
of the two. This is likely a physiological or breed-related phenom-
enon rather than CCD-associated cortical atrophy, since all of the
dogs participating were <6 years of age and too young to show
changes of CCD.

Breed-related differences in ventricle size would explain our
findings and accord with findings from other studies. In one study,
miniature and brachycephalic breeds in particular exhibited what
was defined as ventriculomegaly (15). The same study showed
no correlation between ventricular size and clinical signs of neu-
rological disease. In another study, MRI images from Yorkshire
Terriers were compared to images from German Shepherd dogs
(14). A significant difference in the ratio of ventricular size to
cortex between the two breeds was found, and again there were
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no findings to indicate that the variations in ventricular size dem-
onstrated were associated with neurological disease. These results
indicate that there is a breed-related variation in ventricular size.

We chose to use a continuous variable, the Crl, as a descriptor
of cranial shape. The alternative of dividing dogs into categories
depending on skull type (brachycephalic, mesaticephalic, or
dolichocephalic) is problematic (14). First, the division on the
basis of breed is unreliable, as within-breed variation of skull type
can be significant. In-breed variation in ventricle size has been
demonstrated, and this could be linked to in-breed variation of
skull type (22). Second, no clear and generally agreed criteria
exist for placement of a breed in a particular category. There
are differing criteria concerning methods of measurements and
thresholds for the three categories mentioned above. The criteria
chosen may vary between studies. In three separate studies, dogs
of the boxer breed were assigned to the brachycephalic category
in one study, mesaticephalic category in a second study, and the
dolichocephalic category in third study (12, 23, 24). Finally, the
three categories are arbitrary designations and are not based on
clinical considerations. A continuous scale of measurement is
more desirable, and thus, CrI was used in this study.

Analysis of possible confounding factors in this study found
a negative correlation between CrlI and body weight. This asso-
ciation could be explained by the fact that many dogs with high
CrI were from the smaller breeds, which have been selected for a
brachycephalic type head conformation.

The method of volume estimation utilizes Cavalieri’s principle.
This volumetric stereological measurement technique has been
used for estimation of brain volume and recommended for
clinical use in elderly people with dementia (25). The method
has been used also in the evaluation of tumor volume from MRI
images and again recommended for clinical use (26). The count-
ing procedure lasted on average approximately 10 minutes per
patient. An advantage of this technique is that the position of
most counting points, cortical or ventricular, will be clear. Only
a few will be on a border between the two regions and require
effort for a decision. In contrast methods that require the operator
to outline the limits of a structure by definition require the user
to constantly work at the image area of maximum uncertainty;
the border between two tissues. An additional benefit is that the
coefficient of error (CE) for the method can be calculated. This
gives a statistical estimate of the reliability of the measurements
and depends in part on the relationship between the grid spacing
and the object to be measured. The greater the number of grid
point counts, the lower the CE. The CE is also dependent on
the number of slices encompassing the object to be measured.
This is a function of object size and slice thickness. It is accepted
that while the ease with which measurements can be made and
volumes calculated are merits of the technique; it is also true that
the calculation of the coeflicient of error is somewhat involved.

There are many alternative methods for evaluating the volume
of body structures, and these include, but are not limited to,
manual or automatic segmentation methods that require the crea-
tion of regions of interest. Region growing algorithms and other
methods for determining volumes from image stacks are avail-
able in widely used software such as Image] (27) and Osirix (28).
However, their use for this purpose is typically time consuming

when evaluating structures that are irregular and complicated in
shape and will result in volume estimates with uncertain error
coeflicients. Also, the structure to be measured must completely
contrast with adjacent tissue, otherwise the region of interest
will escape the structure to be measured. Methodologies such
as measurement of interthalamic adhesion measurement are
simple to perform but are oversimplistic in that it is difficult for a
one-dimension spatial measurement to represent a geometrically
irregular volume. In contrast, the methodology used in this article
lacks the apparent sophistication of analysis software, is simple to
perform, and yet provides a volume estimate, together with its
coeflicient of error. It is a methodology that is not widely used in
the veterinary community but perhaps deserves more attention.

Our results show excellent interrater and intrarater agreement
with the method. The low coefficient of error (3.4%) in cortical
estimations and the high levels of intrarater and interrater agree-
ment (97 and 98%, respectively) show that the method has high
precision when used to estimate cortex volume in a dog brain.
Measurements of the ventricles were less precise (coefficient of
error 13%) due to their smaller volume. The higher coefficient of
error values was obtained from scans in which the ventricles were
visible on either 3 or on 4 slices only. Volume estimates from low
numbers of slices will result in a high coefficient of error. The error
in the method, however, is symmetrically distributed, so that one is
aslikely to overestimate a volume as to underestimate it. Therefore,
we do not think that there is a bias in this regard. Compensating
for low slice numbers by selecting a smaller point grid and thus
more counts per slice will help reduce the coefficient of error,
but only to a limited extent and at the cost of disproportionate
increased effort in point counting. The method ideally requires
that the object to be measured appears on 6-8 slices or more. Slice
thickness should be chosen accordingly. An MRI scanner with a
higher magnetic field strength would have allowed thinner and
therefore more slices with superior contrast resolution than those
available from the low-field magnet used in this study.

Notwithstanding these reservations, the C:V ratio appears
to be a good candidate for assisting in the diagnosis of condi-
tions such as CCD, where cortical and ventricular volumes are
important. The results of this study suggest that a correction
based on the CrI can be applied for comparisons between dogs
of different breed. If such a correction step is not taken, a low
C:V ratio in breeds with a high CrI may be misinterpreted. This
study comprised 63 dogs. Future experience with a with a larger
cohort of healthy young dogs would of course assist in validating
and defining this negative correlation between C:V ratio and Crl.
Ultimately volume measurements will have to prove their clinical
relevance for diagnosis or prognosis. The effect of aging on these
indices also requires evaluation since age-related change in the
ventricular system in clinically healthy dogs has been described
(4, 6), and this should be differentiated from changes potentially
related to disease.

5. CONCLUSION

This study shows an association between the ratio of cortical to
ventricular volume (C:V ratio) and skull type, represented by
Crl. Breeds with a high CrI (large latero-lateral compared to
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rostro-caudal cranial cavity dimension) have a smaller ratio of
cortical to ventricular volume (low C:V ratio) in comparison to
breeds with lower CrI skull types. The index, C:V ratio, is a good
candidate for future evaluation of cortical atrophy and ventricular
dilation in elderly dogs and in dogs with CCD. In addition, this
application of Cavalieri’s principle to canine brain measurements
resulted in high intrarater and interrater agreement. The simplic-
ity of the method and the lack of special software requirements
make it attractive for both the clinical researcher and general
practitioner.

6. EQUATIONS

Coefficient of Error Calculations

Let the series of measurements in # slices that intersect a structure
be denoted by Py, P,, ..., Py, so that the number of points intersect-
ing the structure in the ith slice is P.. If A, B, and C are defined
such that

n n-1 n—

2
pi 'PiHC:ZPi 'Pi+2’
=1

i=1 i

then the variance due to systematic sampling and measurement
error, Vary is given by:

1
Var, =—-(3-(A-Var, . )—4-B+C).
sys 240 ( ( nolse) )

The variance due to noise, Var .. is given by:

=0.0724-8- /pr,.,
i=1

Var

noise
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Perfusion magnetic resonance imaging (MRI), specifically dynamic susceptibility MRI
(DSC-MRY)is routinely performed as a supplement to conventional MRI in human medicine
for patients with intracranial neoplasia and cerebrovascular events. There is minimal data
on the use of DSC-MRI in veterinary patients and a DSC-MRI protocol in the veterinary
patient has not been described. Sixteen normal dogs, 6 years or older were recruited
for this study. The sample population included 11 large dogs (>11 kg) and 5 small dogs
(<11 kg). DSC-MRI was performed on a 1.5-T MRI using an adjusted protocol inherent
to the MRI. Contrast media was injected using an automatic power injector. Injections
were made after five MR measurements were obtained. Following image acquisition, an
arterial input function (AIF) graph mapping the transit time of contrast within the cerebral
arteries was generated. The manually selected time points along this graph were used
to compute perfusion maps. A dose and rate of 0.1 mmol/kg gadolinium-based contrast
media at 3 ml/s followed by 10 ml saline flush at 3 ml/s was used in all dogs greater than
11 kg. In all dogs >11 kg, a useable AlF and perfusion map was generated. One dog
less than 11 kg received the same contrast dose and rate. In this patient, the protocol
did not generate a useable AIF. The remainder of the dogs less than 11 kg followed a
protocol of 0.2 mmol/kg gadolinium-based contrast media at 1.5 mi/s with a 10 ml saline
flush at 1.5 ml/s. A useable AIF and perfusion map was generated in the remaining dogs
<11 kg using the higher contrast dose and slower rate protocol. This study establishes
a contrast dose and administration rate for canine DSC-MRI imaging that is different in
dogs greater than 11 kg compared to dogs less than 11 kg. These protocols may be
used for future applications to evaluate hemodynamic disturbances in canine intracranial
pathology.

Keywords: canine, perfusion, dynamic susceptibility contrast, magnetic resonance imaging, neuroimaging

Abbreviations: AIFE, arterial input function; CBE, cerebral blood flow; CBV, cerebral blood volume; DCE-MRI, dynamic
contrast-enhanced magnetic resonance imaging; DSC-MRI, dynamic susceptibility contrast magnetic resonance imaging;
FLAIR, fluid attenuating inversion recovery; MRI, magnetic resonance imaging; MTT, mean transit time; ROI, region of
interest; TIW, T1-weighted; T2(*)W, T2(*)-weighted.
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INTRODUCTION

Perfusion magnetic resonance imaging (MRI) is an important
non-invasive tool in human medicine for evaluating cer-
ebral hemodynamics (1). Two contrast-based perfusion imag-
ing sequences are described: dynamic susceptibility weighted
dynamic susceptibility MRI (DSC-MRI) and dynamic contrast-
enhanced MRI (DCE-MRI) (2). In human medicine, DSC-MRI
is the most widely used method to measure brain perfusion due
to the software availability and ease of use (2, 3).

Dynamic susceptibility MRI images the first pass of a bolus
of gadolinium-based contrast through the brain by a series of
T2*-weighted (T2*W) MRI images to generate a signal intensity
to time curve, also known as an arterial input function (AIF). The
susceptibility of the contrast causes a decrease in signal intensity,
which leads to a signal loss in the AIE From this curve, multiple
hemodynamic parameters such as time to peak, mean transit
time (MTT), cerebral blood flow (CBF), and cerebral blood vol-
ume (CBV) can be determined for each pixel and perfusion maps
are generated (2, 4). A major assumption in DSC-MRI studies is
that contrast remains within the blood vessels such that a suscep-
tibility gradient can be induced between the intravascular and
extravascular space, this assumption can lead to underestimation
of perfusion, specifically in brain tumors (5, 6). DCE-MRI allows
for better quantitative measurement of the blood-brain barrier,
assessing the tissue permeability and the extracellular space, the
values are sensitive to tumor growth and treatment response (7).
DCE-MRI techniques involve serial T1-weighted (T1W) images
before, during, and after gadolinium contrast administration (7).
The reason DSC-MRI is used more often in the clinical setting is
due to the complexity in image acquisition and post-processing
of DCE-MRI data and the lack of widely available software (2).
In contrast, most commercially available MRI scanners have
inherent acquisition parameters and software for DSC-MRI. To
the authors’ knowledge, the only descriptive study in veterinary
medicine using perfusion MRI is a quantitative perfusion study
using DCE-MRI in dogs with intracranial neoplasia using 3-T
MRI and manual contrast injection (8). Since both DSC-MRI
and DCE-MRI involve dynamic imaging acquisitions, the use of
an automated power injector is considered necessary to allow a
fast injection needed for DSC-MRI and reproducible administra-
tion DCE-MRI perfusion (2). No studies using DSC-MRI in the
normal canine brain have been described.

Extensive research and clinical applications of DSC-MRI
are described in human patients with stroke (9, 10), neoplasia
(11-13), dementia (14), anesthesia (15), epilepsy (16), and trauma
(17, 18). Of the described clinical applications of DSC-MRI in
human medicine, the use of DSC-MRI in intracranial neoplasia
grading and therapeutic monitoring is the most clinically relevant
to our canine patients and translational research (12, 19-24).
Despite the amount of data available in human medicine, few
reports in veterinary medicine have been published, with most
available studies using animals as a model of disease. Examples
include canine studies of ischemic stroke (25) and brain changes
secondary to cardiac arrest (26). Within the veterinary literature,
to the authors’ knowledge, in addition to the previously men-
tioned DCE-MRI study, two descriptive reviews are available

for vascular and perfusion imaging in the canine brain, with no
protocol details (27, 28).

A protocol for DSC-MRI at 1.5 T in the normal canine brain
with a power injector has not been described. The aim of this
study was to determine a DSC-MRI protocol for the normal
canine brain.

METHODS

The study protocol was designed in accordance with and approved
by the Michigan State University animal care and use committee.
The study was a prospective cohort study performed by recruiting
client owned, consented healthy dogs, middle to senior in age
(>6 years).

All study dogs underwent a physical exam and bloodwork
(complete blood count and serum chemistry) to ensure the ani-
mals were healthy and able to undergo anesthesia. All dogs were
imaged under general anesthesia. All dogs received butorphanol
(0.2 mg/kg, 1V, or IM) as a premedication prior to induction.
Varying by case, acepromazine (0.05 mg/kg, IV, or IM) was
also administered as a premedication. General anesthesia was
induced with propofol (4 mg/kg, IV, titrated to effect). The dogs
were intubated and maintained on light anesthetic plane using
sevofluorane gas anesthesia. Depending on patient size, an 18- or
20-gauge catheter was placed within the cephalic vein approxi-
mately 20 min after premedication administration and prior to
anesthetic induction for anesthetic intravenous fluid delivery and
contrast bolus administration.

Images were acquired using a 1.5-T Siemens Espree
(Melvin, PA, USA) and an 8-channel coil head or knee coil.
In general, large dogs were placed in the head coil due to its
greater internal diameter and smaller dogs in the knee coil to
minimize air gap between the coil and patient. All dogs had
an abbreviated pre-contrast conventional brain MRI study
including transverse TIW and fluid attenuating inversion
recovery sequences.

Dynamic susceptibility MRI images were acquired using a
first pass gadolinium contrast-enhanced T2*W echo-planar
image sequence (Siemens, ep2d_perf) with 50 measurements.
Each measurement ranged from 1.5 to 2 s long depending on
number of slices. Continuous transverse slices throughout
the brain were made with each measurement. The number of
slices was dependent on patient size. The image acquisition
parameters were as follows repetition time: average 2,008 ms
(range: 1,690-2,250), echo time: 62.4 ms, flip angle: 90°, slice
thickness: 4 mm, field of view: 140 or 150, number of excita-
tions: 1, and matrix size of 64 X 64 X 16. Paramagnetic contrast
media, gadobenate dimeglumine (Multihance®), was injected
into the cephalic vein catheter using an automatic power injec-
tor (Spectris Solaris®, Medrad) after five measurements. All
dogs greater than 11 kg received a 0.1 mmol/kg contrast bolus
at 3 ml/s followed by10 ml saline flush at 3 ml/s. One dog less
than 11 kg received the same dose and rate. The remainder of
dogs less than 11 kg followed a modified protocol of 0.2 mmol/
kg contrast at 1.5 ml/s with a 10 ml saline flush at 1.5 ml/s. After
perfusion data was obtained, all dogs underwent a post-contrast
transverse T1W study.
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FIGURE 1 | T2*W echo-planar imaging sequence following
gadolinium-based contrast injection at T = 0 (A) and time of peak
arterial contrast susceptibility (B) at the level of the middle cerebral
artery. Note the hypointense cortical arteries around the periphery of the
cerebrum (arrow) and the middle cerebral artery (box) at peak contrast
susceptibility.

Post-processing of DSC-MRI images was performed using the
Siemens MRI analysis software (syngo.MR.NeuroPerfusion®) by
one of the authors (Krystina L. Stadler). This commercially avail-
able software generates multiple AIF graphs based on a defined
region of interest (ROI) centered over an area of high perfusion.
For this study, the middle cerebral artery was used as the ROI
(Figure 1). The AIF graphs T2*signal strength (y-axis) against
time (x-axis). As the bolus arrives to the RO, there is a drop-in
signal strength (susceptibility on T2*W images), which remains
until redistribution occurs (Figure 2). For further analysis, three
of the AIF graphs were selected (Figure 2A). The selection of the
three best AIF was subjective, defined by the AIF with the greatest
defined peak and least amount of background noise. The graphs
are then averaged by the software and used to generative a rep-
resentative averaged AIF that is used to create cerebral perfusion
maps (Figure 2B). From the generated average, AIF, the baseline

FIGURE 2 | The arterial input function (AIF) generated at the level of the middle cerebral artery, mapping T2*signal (y-axis) against time (x-axis). Three
AlIF graphs were selected (A) and a representative averaged AlF was generated (B). Three points on the averaged AlF were selected 1—the baseline prior to the
contrast arrival, 2—point on the graph immediately prior to signal loss peak, and 3—time immediately after return to baseline.
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FIGURE 3 | Dynamic susceptibility MRI (DSC-MRI) in the normal
canine brain. (A) DSC-MRI T2*W image at the level of the middle cerebral
artery. Note the hypointensity of the cortical arteries (black arrow head) and
middle cerebral artery (black arrow) during the arterial first pass of the
gadolinium contrast bolus. (B,C) Cerebral blood volume (B) and cerebral
blood flow (C) maps at the level of the middle cerebral artery. A blue-red
scale is used on these maps, where red is high perfusion and blue is low
perfusion. Note the red middle cerebral arteries and red—green cortical
arteries (white arrow and arrow head) and the blue—green cerebral
parenchyma (white asterisks).

prior to the contrast arrival, point on the graph immediately prior
to signal loss peak, and time immediately after return to baseline
were selected (Figure 2B). After these points are selected, the
software generates relative color perfusion maps of the entire
brain based on the perfusion imaging physics in which CBV is
represented by the integrated area under the AIF curve, relative
MTT is the width of the curve and CBF as the ratio between CBV
and MTT. The software uses a blue-green-red color scheme for
CBV and CBF maps with red being highly perfused, dark blue
indicating extremely low perfusion, and green being intermediate
perfusion (Figure 3).

RESULTS

Sixteen dogs met the inclusion criteria for this study. Multiple
breeds were represented including: Staffordshire terrier
(n = 4), mixed breed dogs (3), Laborador retriever (1 pure,
one crossbreed), and one of each the following: Papillion,
Beagle, Shiba Inu, Jack Russel Terrier, German Shepherd and
Chihuahua. Nine dogs were spayed females, five were neutered
males, and one was an intact male. The mean dog weight was
21.2 kg (range: 3.7-40.4 kg). Body condition score was not
evaluated.

The injection protocol of 0.1 mmol/kg gadolinium followed
by 10 ml saline flush at an injection rate of 3 ml/s generated a
useable perfusion map in all dogs >11 kg (n = 11). In a small
dog, weighing 10.5 kg, this protocol did not generate a useable
map. This dog had evidence of contrast administration noted on
the post-contrast TIW images. Following this dog, the protocol
was augmented and a useable perfusion map was generated in
the remaining dogs weighing less than 11 kg (n = 4) receiving
the 0.2 mmol/kg of contrast medium and 10 ml saline flush at an
injection rate of 1.5 ml/s protocol.

On the CBV and CBF maps, the large arterial structures
(cerebral and cortical arteries) of the cerebrum were red on
perfusion maps (high perfusion) with the smaller peripheral
branches of these structures being green. The normal cerebral
parenchyma was predominately royal blue (low perfusion)
with small foci of light blue (low, but slightly higher perfusion).

Areas of no perfusion, such as the lateral ventricles were dark
blue.

DISCUSSION

The main clinical indications for perfusion imaging are neoplasia
or a cerebrovascular event. Therefore, dogs 6 years or older
were selected for this study to best match the age of dogs more
commonly affected with intracranial diseases diagnosed by DSC-
MRI. In human medicine, quantitative MRI CBF changes with
age; however, in adults, qualitative maps are generated without
changing protocol (29). This study did not validate this protocol
in dogs younger than 6 years. The cause of the 0.1 mmol/kg at
3 ml/s protocol failure in one of the small dogs is unknown. This
dog was the first small dog to be included in the study and was
imaged after multiple successful DSC-MRI in dogs larger than
this one. The augmentation of the protocol for smaller dogs was
based on protocols successfully used in neonatal humans and
piglets (1, 30, 31). Ideally, additional small dogs would have been
tested at the protocol to see if the failure occurred repeatedly,
however, given the funding available and limited availability of
small dogs fitting our inclusion criteria, this was not possible
and is a limitation to this study. The dog that failed to generate
perfusion maps was 10.5 kg and thus the threshold weight limit
between small and large dogs was placed at 11 kg. The closest
large dog weight to the 11 kg cutoff was 15 kg; this dog generated
a useable AIF with the lower contrast dose, higher rate protocol.
The authors postulate that the small volume of contrast and/or
the rate of contrast administration are a contributing factor of
the lower contrast/higher rate DSC-MRI protocol not working
in the small dogs. In the authors’ clinical experience, the lower
contrast dose/higher rate was not successful in additional small
dogs; these dogs were not included in this study because they
had a known intracranial disease, which may have resultant
alterations in their cerebrovascular perfusion. Dosing by mmol/
body weight (kg) is convention at our institution. Body condi-
tion score was not factored into contrast dosing. To the author’s
knowledge, the relationship between patient body condition and
gadolinium-based contrast media dosage has not been described.
It is unknown if altering the DSC-MRI protocol for ideal body
condition weight in patients that are over or under conditioned
into the small or large dog protocol would affect the AIF and is a
limitation of this study.

In this study, the middle cerebral artery was chosen to
generate the AIF because of its reproducible susceptibility that
occurred on arterial first pass and for continuity in map genera-
tion. Although not assessed in this study, the placement of the
ROI on any large artery, preferably in the same slice as your
pathology is recommended in human medicine and should
generate a similar perfusion map (32). This study’s aim was
to describe a contrast protocol that can be used in the canine
patients for future studies evaluating cerebral perfusion. The
testing of multiple different contrast doses and bolus rates were
beyond the scope of this study. Additional studies with a large
population of normal dogs may help to determine if any altera-
tions to the recommended dose and rate could be implemented.
Gadolinium is a considered a safe contrast medium; doubling
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the dose is common in pediatric human medicine (1). Thus, the
current recommended dose for small dogs should have minimal
ill effect to the patient and provide consistent diagnostic DSC-
MRI perfusion maps.

It is the authors’ belief that the addition of perfusion maps
to conventional MRI images in canine patients will optimize the
diagnostic accuracy of intracranial lesions and aid in treatment
and prognosis as it has in human medicine. This is the study in
veterinary medicine to describe a protocol for the use of DSC-
MRI in canine patients. This study used a 1.5-T MRI and a power
injector to obtain repeatable, uniform perfusion maps. This study
establishes a protocol for canine 1.5-T DSC-MRI imaging that is
different in large and small dogs. These protocols may be used
for future applications to evaluate hemodynamic disturbances in
canine intracranial pathology.
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