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Chiari-like malformation (CM) and syringomyelia (SM) is aeduent diagnosis in
predisposed brachycephalic toy breeds since increased avitability of MRI. However, the
relevance of that MRI diagnosis has been questioned as CM, deed as identi cation of
a cerebellar herniation, is ubiquitous in some breeds and Sian be asymptomatic. This
article reviews the current knowledge of neuroanatomicall@anges in symptomatic CM
and SM and diagnostic imaging modalities used for the clinal diagnosis of CM-pain
or myelopathy related to SM. Although often compared to Chia type | malformation
in humans, canine CM-pain and SM is more comparable to compbe craniosynostosis
syndromes (i.e., premature fusion of multiple skull sutugd characterized by a short skull
(cranial) base, rostrotentorial crowding with rostral febrain attening, small, and ventrally
orientated olfactory bulbs, displacement of the neural tsue to give increased height of
the cranium and further reduction of the functional caudotetorial space with hindbrain
herniation. MRI may further reveal changes suggesting raid intracranial pressure such
as loss of sulci de nition in conjunction with ventriculomgaly. In addition to these
brachycephalic changes, dogs with SM are more likely to haveraniocervical junction
abnormalities including rostral displacement of the axisral atlas with increased odontoid
angulation causing craniospinal junction deformation andnedulla oblongata elevation.
Symptomatic SM is diagnosed on the basis of signs of myelopdtty and presence of a
large syrinx that is consistent with the neuro-localizatim The imaging protocol should
establish the longitudinal and transverse extent of the spal cord involvement by the
syrinx. Phantom scratching and cervicotorticollis are assiated with large mid-cervical
syringes that extend to the super cial dorsal horn. If the case of CSF channel disruption
and syringomyelia is not revealed by anatomical MRI then oth imaging modalities may
be appropriate with radiography or CT for any associated véebral abnormalities.

Keywords: complex craniosynostosis syndrome, basilar invag
balanced steady-state free precession sequence, uid signa

ination, COMS, Chiari type | malformation, cine MRI,
l-void sign, MRI protocol
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INTRODUCTION proved simplistic or inaccurate in the future. This prediction
was true, and over the last two decades our understanding of
Chiari-like malformation (CM) is a complex skull and the complex morphology has deepened and most realize that
craniocervical junction disorder associated with bra@pftaly  this condition is more than a cerebellar foramen magnum
with skull base shortening, low volume caudal fossa an@erniation. As a MRI description, CM should be considered
rostrotentorial, caudotentorial and craniospinal crowginFor  an umbrella term, as the bony and parenchymal changes
a detailed written and visual description of the morphogesesipetween and within individuals in each breed are dierent
see the review by Knowler et all)( The condition has put have a common tendency toward pain associated with
been marred in controversy since the rst description, notCM and the development of syringomyelia (SM). As such,
least by what to call it4). The eponymic term refers to and with the common feature of being associated with
the rst detailed pathological description by Hans Chiari prachycephaly, it was recently proposed that the disorder

of an analogous human condition3); The veterinary label,
chosen in a round table discussior?, (4) was considered cerebrospinal

might be better described as a brachycephalic obstructive

(CSF) channel syndrome (BOCCS) with

less restrictive than an anatomical description (for exampl@imilarities to brachycephalic obstructive airway syndeom

hindbrain herniation or occipital hypoplasia), which may have(BOAS) (1).

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

Anatomical feature

Study nding(s)

Possible implication

Brachycephaly

Occipital Crest

Frontal Sinus

Caudal cranial fossa volume

Occipital bone volume

Jugular foramina

Venous sinus volume

Brachiocephalic breeds have early closurefdhe spheno-occipital
synchondrosis. In CKCS closure is even earlied, 50)

CKCS have shorter cranium in relation to width compared to dter
brachycephalic dog breeds £1).

Griffon Bruxellois with CM have shortened basicranium and
supraoccipital bone, with a compensatory lengthening of ta
dorsal cranial vault, especially the parietal boné&g)

Association between increased cranial height and SM in CKCS
Griffon Bruxellois and Affenpinscher3g, 40)

CKCS with broader and shorter skulls and increased rostro+@nial
doming are at increased risk of developing SM53)

Association between acute angulation at spheno-occipital
synchondrosis (Sphenoid exure) and SM40)

Rostral forebrain attening, short basioccipital bone assoiated
with CM pain

Increased risk of SM with increased proximity of dens to
basioccipital bone and/or increased airorhynchy with smathore
ventrally rotated olfactory bulbs §9)

Association between reduced occipital crst and SM in CKCS,
Affenpinscher and Chihuahua40)

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

CKCS with CM and SM have a shall@w and smaller volume
caudal cranial fossa compared to CKCS with CM only and other
control breeds 66, 57)

CKCS have a strong relationship between hindbrain volume ah
volume of the rostral part of the caudal cranial fossa and a wak
relationship between hindbrain volume and volume of the caial
part of the caudal cranial fossa. In Labrador retrievers andtber

small breed dogs this relationship is reversedsg, 58)

No difference in volume of the occipl bones between CKCS
(with and without SM) and French Bulldogs59)

CKCS with CM and SM have narrowed jugular famina in
comparison with CKCS with CM only §2, 60)

CKCS with CM and SM have reduced venousrsis volume in
comparison with CKCS with CM only §1)

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

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

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

CM pain is associated with increased brachycephaly

There are two SM phenotypes: one typi ed by extreme
brachycephalism and one by craniospinal junction deformain

Suggests insuf ciency of the supraocciptal bones and possity the
intraparietal bone

Suggests that SM may be related to rostrotentorial skull cheges
rather than being con ned to a hind skull abnormality.

Smaller caudal cranial fossa volume predisposes caudal créal
fossa overcrowding

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

Does not support theory of occipital bone hypoplasia

Venous narrowing at the jugular foramina associated with deiced
skull base can lead to elevated venous pressure and impaire@SF
absorption

Reduced venous sinus volume could result in intracranial
hypertension and impaired CSF absorption

Frontiers in Veterinary Science | www.frontiersin.org 2

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 Syringoyelia

The analogous disease in humans was considered to be Chidgriving the term from the Greeksyringé meaning tube or
type | malformation, de ned traditionally as a MRI nding of pipe, and tyelid referring to the spinal marrow42, 23). The
caudal displacement of the cerebellar tonsils inferior ®plane term hydroamyelugvas coined by Schiippel in 1865 to describe a
of the foramen magnum by at least 3mm. However, like thalilatation of the central canal@). In 1875, and after describing
canine disease, this description is problematic especiatlyeas  spinal cord cavities apparently separate from the central canal
can be symptomatic disease and SM with smaller herniatioand surrounded by gliosis, Simon proposed that hydromyelia
(termed Chiari type 0). In an attempt to categorize the vadati  be used to describe central canal dilation and distension and
in humans there are now seven recognized types: 0, 1, 1.5,tBat the term syringomyelia be reserved to describe caatiels
3, 3.5, and 4 36). However, the distinction between types iscystic conditions independent of the central canab,(26). In
challenging especially when the etiology is multifactosatd 1876, Leyden concluded that hydromyelia and SM were iddntica
increasingly there is a call in human medicine that cerelell conditions @6, 27) but Kahler and Pick made the observation
tonsil herniation/Chiari malformation should be consiggt a that a hydromyelia is lined by ependyma whereas glial cells form
radiographic sign and the focus of the diagnostic invesiigat the wall of SM cavities and recommended keeping a distinction
should be to determine the cause of that herniation for examplbetween hydromyelia and SM2§, 28). However, it is di cult
shallow posterior fossa7), craniosynostosis 8], inherited to distinguish between hydromyelia and SM, by radiological,
disorders of connective tissué@)( spinal cord tethering {0), clinical, or pathological means and consequently some used
intracranial hypertensionl(1), or intracranial hypotensioni(2). the combined terms syringohydromyelia or hydrosyringomgeli

CM is one of the most common causes of SM in theto describe a cavity which is partially lined by ependymal but
dog which is characterized by the development of cavities iwhich also extends into the spinal cord substangg).(Thus,
the spinal cord containing a uid similar to CSF18 14) some clinicians argue that the term syringomyelia shouldyon
however SM can develop after any obstruction to CSF channedpply to a glia lined cavity separate from the central canal, tha
and has been reported in a variety of disorders ranging fronfnydromyelia be reserved for central canal dilation, stileti by
acquired cerebellar herniation secondary to intracrani@sses ependyma and that the term syringohydromyelia is correct for
(15-18) to spinal arachnoid diverticulum1©, 20) and spinal a cavity involving a dilated central canal that is partialtyet
cord tethering £1). The terminology of SM is equally confused, by ependyma. However, post mortem and experimental studies
with some veterinary papers referring to syringohydromyelia have suggested that the ependyma is disrupted following only
hydrosyringomyelia. These historical terms have been kpostminor central canal dilatation and that all syringomyel&vities
discarded in human medicined). Equally confusing is if and are connected to the central canal at some level of the spinal
when the term hydromyelia is applied. The tesyringomyelia cord (4, 30-32) therefore nowadays the simpler and original
was rst used by Charles-Prosper Ollivier d'/Angers (179@5)8 term syringomyelia is used by the majority)( In veterinary

TABLE 2 | Pathogenesis of Chiari-like malformation and syringomyiat summary of the existing knowledge base—craniocervicglinction and cervical changes.

Anatomical feature Study nding(s) Possible implication

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

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 89)

CKCS with SM have shorter distance between the
spheno-occipital synchondrosis and atlas40)

Proximity of atlas to skull
(atlanto-occipital overlapping)

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

Odontoid peg impingement of ventral
subarachnoid space/neural tissue

Commonly seen in association with CM40, 56, 65)

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

Odontoid peg is more acutely angled, contributing to cranispinal
disproportion, medullary elevation and cervical exure4Q)

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 decreasedigtance between odontoid peg
and atlas in Affenpincher40)

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

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

Occasional comorbidity with CM5@)

Signi cantly smaller in CKCSs thaim non-CKCS breeds £8)
No correlation §7)

Signi cance undetermined

Questionable clinical signi cance

No signi cant association with SM
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medicine a central canal dilatation is de ned as a dilatatio these traits were linked to genomic regionsl,(42). However,
and distension of the spinal cord with a transverse diametetranslating this research technique to the clinic is chajieg
<2mm (33). as it involves time consuming measurements and there is
Identifying a cerebellar herniation and SM on MRl is relativel no objective measure of disease presence/ risk to o spring.
straightforward and has been de ned by the British Veterina Consequently development of a machine learning approach and
Association and UK Kennel Club with a Health Scheme forcomputer analysis is recommended but development of this
breeding dogs based on a grading system for CM, SM, andill take considerable resource$3( 44). This article serves to
the maximum transverse diameter of the syrinx if prese88)(  review the current knowledge base and provide guidelinebéo t

However, the grading for CM is simplistic and only based on thelinician for the diagnostic imaging of CM-pain and symptontati
degree of cerebellar herniation. The diagnosis of symptamatsg).

CM and SM can be challenging in some breeds such as the

Cavalier King Charles spaniel (CKCS) because CM, as de ned b

the BVA/KC Health Scheme is ubiquitous, and SM is prevalen URRENT UNDERSTANDING OF THE

but may be asymptomatic3¢, 35. Increasingly it has become MORPHOLOGICAL CHANGES IN CANINE
apparent that CM alone, like the analogous human conditonC\M AND SM

can have signicant impact on welfare and quality of life

(36, 37). Previously we used a MRI morphometric mappingMany studies, mostly in the CKCS or Gri on Bruxellois, have
approach to de ne CM pain and symptomatic SM in the CKCS,assessed features of skull and cervical vertebral morppatog
Gri on Bruxellois, Chihuahua, and A enpincher38-40) and  relationship to the presence or absence of SM. Not all studids h

TABLE 3 | Pathogenesis of Chiari-like malformation and syringomyiat summary of the existing knowledge base—neuroparenchyai changes.

Anatomical feature Study nding(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 ow

Ventricle dimensions

The absolute and relative volenof the CKCS skull is similar to
other brachycephalic toy dog breeds but CKCS have a greater
volume of parenchyma within the caudal cranial foss&@) and
CKCS with early onset SM have a larger volume of parenchyma
within a smaller caudal cranial fossa compared to older CKC®ith
CMonly 67, 61, 70)

CKCS have relatively increased cerelallvolume compared to
other control breeds and this is associated with developmenof
SM (71)

Typically present but size does notredict SM 62, 72, 73)

Positive association with the size of foramen magnum and sézof
cerebellar herniation §2)

The length of the cerebellar herniation increases with tim&he
size of the foramen magnum also increases/’{, 75)

CKCS with CM and SM have signi cantly gater pulsation of the
cerebellum compared to CKCS with CM only and other control
breeds (76)

Rostrotententorial craniocerebral disproportion resudtin the
occipital lobes being displaced caudally so that cerebellm is
invaginated under the occipital lobes40).

Higher medullakinking index is associated with clinical signs in
CKCS and Chihuahuas 47, 79)

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

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

Turbulence at the foramen magnum and at the C2—-C3 disc
signi cantly associated with SM g0)

Presence CSF signal-void sign in mesencephalic aqueduct on
T2W is associated with SM and increased ventricular siz&{)

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

Are not correlated with seizures (nor is caudal cranial foas
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 (7, 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
prole

Evidence that SM is related to CSF channel obstruction

Epilepsy and CM in CKCS should be considered
unrelated
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good control groups, especially the earlier ones. As SM occupathogenesis of SM associated with CM is undetermined but
secondary to CM and is more likely in older doggy(35, 45,46), is predisposed by two phenotypes (or combination); the rst
it is important that the SM-clear cohort consists of dogs MRIby extreme brachycephaly and the second by craniocervical
scanned when older and typically aged 4 years or more. Eqtallyjunction deformation 39. This may be in uenced by poor
is important to accurately phenotype symptomatic dogs whictvenous drainage, intracranial hypertension, changes in CNS
can be challenging as the most common clinical sign is painompliance and conformational features of the spinal canal.
which is subjective and in the dog overly reliant on ownerAlthough CM is considered a naturally occurring model of &du
reporting (39, 47, 48). Chiari type 1 malformation it is much closer to the hindbrain
Table 1 summarizes the existing knowledge in relationshipherniation seen with complex craniosynostosis such as Crdsizon
to the skull, Table 2 the craniocervical junction and cervical syndrome 92).
changesTable 3the neuro-parenchymal changes afable 4the
syrinx changes. 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
The key feature of canine CM is craniosynostosis of partitpla of CM and SM such as attened supraoccipital bone and
the spheno-occipital synchondrosis. However, prematureuctos close proximity of the atlas to the skulFiguresl 2). In
of the spheno-occipital and intersphenoidal synchondrosisele  the instance of severe SM there may be widening of the
the canine brachycephalic skull, (49 and CM does not occur cervical spinal canal and remodeling and scalloping of the
in all brachycephalic dogs. Therefore, CM is a more complexertebrae due to increased intraspinal press@® (Figure 2).
disorder and likely involves other premature suture closurddynamic (exion and extension) atlantoaxial radiographs
(especially the lamboid) or other causes of insu cient crami. may be indicted to assess stability of the atlantoaxialtjoin
The skull insu ciency results in rostrotentorial crowdinghich ~ especially if a foramen magnum decompression is planned
further reduces the functional caudotentorial space andseau (Figure 3).
hindbrain herniation. Itis complicated by craniocervicahgtion
deformation including change in angulation of the dens andUltrasound
increased proximity of the atlas to the skull and loss ofin veterinary medicine ultrasound does not feature in
the cisterna magna. Loss of the cisterna magna or othenanagement of CM and SM as it does in human medicine,
alteration in the CSF volume will aect the compliance ofwhere 3D ultrasound it is used intraoperatively to tailor a
the CNS 00). In addition some predisposed breeds such asoramen magnum decompression and optimize re-establishment
the CKCS have comparatively big brain89,(71, 91). The of CSF ow (94, 95. Ultrasonography of the atlanto-occipital

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

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

Anatomical feature Study nding(s) Possible implication

Early development of syringomyelia is more likely to be assiated
with clinical signs even if the dogs is initialy assymptomit

Syrinx presence If a syrinx is detected in a assymptomatic dogaving MRI
screening prior to breeding then there is a higher change thahis
dog may develop clincial signs of CMSM later in life comparetb a
dog without a visible syrinx §3) However dogs with no clinical

signs at the age of 6 are more likely to remain asymptomatie!f)

Site of syrinx

Syrinx size and symmetry

In CKCS, SM tends to develop rst within the C2—-CA4T2-T4, and
T12-L2 spinal-cord segments {7, 84, 85).
Axial stress increases in the cranial cervical and cervictioracic
regions where the spinal cord has most curvature§g)
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 @5)

Pain is positively correlated witBM transverse width and
symmetry on the vertical axis%2, 87)
Phantom ( ctive) scratching is associated with a mid-cervial
spinal cord segment syringe with extension to the super cial
dorsal horn @8)
Dogs with a wide syrinx and dorsal gray column damage are also
more likely to have cervicothoracic scoliosis3(7)

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

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

Dogs with a wider asymmetrical SM more likely to experiencegn

Phantom ( ctive) scratching is associated with damage to the
mid-cervical super cial dorsal horn

Gray column damage can result in an imbalance of propriocepte
information and cervical dystoniag?9)
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FIGURE 2 | Lateral skull and cranial cervical spinal radiographs of ayear old
female Griffon Bruxellois presented with tetraparesis anfibllowing MRI
diagnosed with symptomatic CM and SM. The skull has rostro-@nial doming
and a “copper beaten” appearance due to convolutional markigs relating to
the gyri and presumed raised intracranial pressure. The sugoccipital bone is
attened (blue arrow) and the occipital crest is small (red @aow). A large
cervical syrinx has resulting in widening of the cervical gpal canal with
thinning and scalloping of the vertebrae (yellow arrow). ARI con rmed CM,
SM, and ventriculomegaly. The maximum width of the syrinx ithe 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 salrgic
xation 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 p1, 59 60, 63 97). Although CT has limited
value in assessing CM and SM other than conrming a
cerebellar herniation98) and de ning craniocervical junction
abnormalities §¢3), hypothetically it could play a future
role in health screening pedigree dogs assuming accurate
morphometric analysis/machine learning can be translatechfr
MRI studies and especially if risk of future disease could be
predicted 09).

Myelography

Myelography and CT myelography can be used to investigate
SM secondary to arachnoid diverticulae and webs/barids) (
100 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 o
the CSF channel obstructioi@2 103. In veterinary medicine

Normal Australian Terrier

FIGURE 1 | Lateral skull and cranial cervical spinal radiographs in ar#fon

Bruxellois with MRI con rmed severe CM and SMA), a normal Griffon
Bruxellois(B), and an Australian terriei(C). The head is in extension as the
space between the dorsal atlas and the occiput increases wit exion. A red

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

arrow is placed between the occiput and the dorsal tubercle bthe atlas for
each dog. The atlas is considerably closer to the skull in th8M affected dog.

web/band is indicated by a (often dorsal) ow block indicagi

CSF obstruction in combination with displacement or change in
spinal cord caliberiigure 4). An arachnoid diverticulae is a CSF
containing space, lined by arachnoid mater which commurasat
with the subarachnoid space via a narrow “neck” enlarging via
junction has been described, proving it is possible to disceen t a one-way valve e ect. With myelography the diverticulae will
cerebellar herniation96). Hypothetically, ultrasound guidance Il with contrast (101, 103 104). Intrathecal contrast medium
could prove a useful aid for placement of a shunt into a syrinx oinjections are more challenging when the spinal subaradahnoi
ventricle via a laminectomy or craniectomy. 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 witlethargy, ataxia, cervicotorticollis, and phantom scratcimg and following MRI diagnosed
with symptomatic CM and SM. (A) T2-weighted mid-sagittal MRI of the brain and cranial cerval spinal cord. (B) T2- weighted mid sagittal MRI of the hindbrain and
spine from C1 to T10.(C) Lateral skull and cervical spinal radiograph exed at the ahtoaxial joint.(D) Lateral skull and cervical spinal radiograph extended at ¢h
atlantoaxial joint.(E) CT reformatted in the sagittal plane of the skull and cervidapine. MRI imaging(A,B) con rmed CM and SM with a large mid cervical SM
involving the super cial dorsal horn thus explaining the cericotorticollis and phantom scratching (insert). MRI alssuggested atlantoaxial instability with spinal cord
compression by the odontoid peg. Atlantoaxial instabilityvas con rmed by a dynamic radiographic study(C,D). The CT was obtained for pre-surgical planning. The
dorsal displacement of the odontoid peg (asterisk) and dom opening (arrow) between the atlas and axis can be appredied (Siemens Magnetom Symphony, A Tim
System, 1.5T, Erlangen, Germany; Toshiba Aquilion Prime 0slice, Otawara, Japan).

undertaken by an experienced operator. CT myelography is not abnormalities that might need surgical stabilization and
indicated in the investigation of SM secondary to CM. therefore planning.

Magnetic Resonance Imaging (MRI)
MRI is undoubtedly the modality of choice to investigate CMXI\IT[I)PSFFVIOTOCOLS TO INVESTIGATE CM

and/or SM. On making a diagnosis of CM/SM there are six aim

for the clinician. Diagnostic MRI evaluation of CM and SM should include

1) To assess and document the anatomical chanBegie 5, imaging of brain and spinal cord in at least two orientations
Supplementary Figure L and include protocols to produce static T1-weighted and T2-
2) To determine the cause of the SM. SM is an acquired diseageighted sequence$(?). Sagittal and transverse imaging of the
which occurs secondary to CSF channel disruption thereforbrain including the craniocervical junction is essent@etvaluate
the aim of MRI is to determine the site of that obstruction. the rostrotentorial and caudotentorial overcrowding, Gfaces
Typically disruption at the craniocervical junction due to and any compromise of the craniospinal junction. Spinal
CM results in syrinx development in the cranial cervicalMRI establishes the presence, maximum width on transverse

region 85). images, dorsal horn involvement and longitudinal extent of
3) To determine the full extent of disease, for example thelahu the syrinx/presyrinx {able 5and Supplementary Table 1 It is
extent of the syrinx in the event of holocord SIgHj. recommended that at the time of scanning that the microchip

4) Eliminate other potential causes of the clinical preseotat or tattoo number (con rmed by the veterinary surgeon) is
and neurological localization, for example interverteltisic  included on the DICOM images in addition to the Kennel Club
disease as an alternative explanation for spinal pain. registration number if the dog is registered. This is to permit

5) Assess whether the radiological ndings are consistensubmission to an o cial CMSM health scheme should the owner
with the neurological localization and severity, for exaenpl request it 83).
forebrain signs such as seizures or cranial nerve de citchsu  Protocols will vary between low and high eld machines
as facial nerve paralysis cannot be explained by SM which idgs@cause of the di erence in anatomical de nition. T2-weigtt
spinal cord disease. sequences will be preferred for high eld machines and T1-

6) To determine if other diagnostic modalities areweighted sequences for low eld machines. However, at least
recommended, for example CT to characterize bonyne 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 a 10 year old female Pug dog presented with signs of a thorac myelopathy and that had
previous surgical management for spinal arachnoid divectilum and vertebral instability. Six months previous thisaly had previously been managed surgically for a
spinal arachnoid diverticulum (red arrow) with associatespinal cord edema/presyrinx (yellow arrow) at the level of TB10. She had been presented originally with a 2
year progressive history of myelopathy and the arachnoid d@érticulum was considered associated with vertebral instaility. Surgical management included
marsupialization of the arachnoid diverticulum and spinatabilization with Interface Pins (IMEX Veterinary Inc, Longew Texas) and Simplex-tobramycin bone cement
(Howmedica, Limerick, Ireland). After an initial improvemethe dog deteriorated and the metal implant precluded repat MRI. CT myelography was performed from a
lumbar injection. There is a reduced ow of contrast craniayl (green arrow) and block to ow of the contrast material on thdeft side (blue arrow) and transverse
images suggest adhesions between the spinal cord tissue anthminectomy site con rmed 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 (presinx) 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 (yellowrrow). (C) Dorsal 3D-CISS image at the level of T7 to T13 demonstrating $pal cord edema (presyrinx) at
the level of T9/T10 (red arrow) and suspected arachnoid diveculum cranial to it (yellow arrow)(D) Midsagittal computed tomographic myelography from T6 to L2
there is reduced ow of iodinated contrast material craniala T9 (green arrow)(E) transverse computed tomographic myelopathy at the level oT9. There is an
adhesion between the spinal cord and laminectomy site (pinirrow). (F) Dorsal computed tomographic myelography from T6 to L2; thee is a block of iodinated
contrast material cranial to T9 (blue arrow) (Siemens Magt@m Symphony, A Tim System, 1.5T, Erlangen, Germany; ToshsbAquilion Prime 160 slice, Otawara,
Japan). Image acknowledgment Dr Anna Tauro and Dr Colin Drikeritzpatrick Referrals.

the cervical region, that includes both T1 and T2-weightingmake an accurate assessment of CM and SM are detailed in
is essential to determine that the signal characteristicthe Table 6

uid lled cavity is identical to CSF and to eliminate other = T2 Fluid-attenuated inversion recovery (FLAIR) imaging
causes of hyperintensity on T2-weighted images for examplef the brain is a sequence which uses an inversion pulse
edema associated with meningoencephalomyelitis of unknowand long echo time to suppress normal CSF signal on a
origin. As a general rule, measurements of the width oheavily T2-weighted image. Pathology is suggested by high
CSF spaces are considered more accurate on T1-weightsidnal against background of normal signal from the brain
images, however T2 weighted images are more sensitive &and low or zero signal from the CSFLY9. A FLAIR is

the presence of excessive uid within the neural tissue and imot an essential part of CMSM protocol but is indicated
particular presyrinx (presyringomyelia) which may eventyall in the assessment of acute hydrocephalus to demonstrate
form a syrinx (02 105. Limited “low cost” imaging of periventricular interstitial edema and to aid identi catioof any

CM or SM with a 3-sequence protocol of the hindbrain andcausative or associated lesial?(). FLAIR sequences are also
cranial cervical spinal cord is oered by some institutionsindicated if meningoencephalomyelitis is suspectigil).

for dog breeders that wish to screen their breeding stock Paramagnetic contrast enhancement may be indicated
(33 106, however this minimal protocol does not provide especially if (i) there is evidence of a mass; (ii) if the cafiske
information about the brain or syrinx involvement of the CSF channel obstruction is not apparent; (iii) there is a priesyr
thoracic and lumbar regions and is not recommended forand need to eliminate other causes of spinal cord edema. Spinal
the dog presented to a veterinarian for a diagnostic work ointramedullary tumors may be cystic and it is important to
suspected CM or SM. Factors that inuence the ability todistinguish these from SMLR2, 123.
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Olfactory bulbs Size? Well-defined? Orientated rostrally? Affected dogs are more likely to have small, ventrally orientated olfactory bulbs.
s Affected dogs. especially with CM pain, are more likely to have a flattened
fi Round: flattened appearan ?
Rostralforchran Sumded ogfiattcred =pp s o] forebrain at the cribiform plate and frontal sinus.
5 . 5 . |CM-pain is characterised by brachycephaly with a short skull base and a
‘Whole brain conformation e clo's A R G SO B B (et compensatory increase of height in the occipital region. As a result the “box” that
(] would it be a rectangle or closer to a square? > 2R G S
= would approximate the brain is closer to a “square cuboid”.
v
L 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 antal ligament. Alternatively/additionally it
’5 4% ventricle and primary fissure under the occipital lobes? |12 be titted and invaginated under the occipital lobes.
Q
z Herniation caudal to the level of the ventral edge of th
Cerebellar herniation 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' cdl 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
< SRR 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
g Gttt o T G . o cistern. By cont e int ic adhesion appears normal.
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 ek 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 S 3 Faee Wh‘?n fhe l?eadnls = ex‘e‘?s.lm’ whee 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.
e 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
5 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
o
= 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? eS:jga::itoi\ﬂsaﬁle or turbulent flow (slosh effect) and increase risk of syrinx

FIGURE 5 | Suggested interpretation of MRI for diagnosis of CM pain andymptomatic SM—the authors' method. With the exception of he basic scoring by the
CMSM health scheme 83), there is no objective measure for the diagnosis of CM paifthe diagnosis is made by exclusion and the weight of clinicand MRI
evidence. Not all dogs will have all the features. The diagse of symptomatic SM is more objective re ecting the size ancheuro-localization. For the supporting
scienti ¢ justi cation see Tables 14 however this method is also based on the authors own observadns and interpretations of which the reader should take acount.
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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

Cervical vertebral column

Thoracic vertebral column

-TW2 (high eld) or TIW (low eld) sagittal and
transverse
- Maximum slice thickness 4 mm
-TW2 and T1W sagittal
- TW2 (high eld) or TAW (low eld) 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
body of C2
- Maximum slice thickness 4 mm
-TW2 (high eld) or TIW (low eld) sagittal with or
without transverse  with the block perpendicular to the
spinal cord though the maximum width of the syrinx if SM is
present. Maximum slice thickness 4 mm

ADDITIONAL OR ALTERNATIVE SEQUENCES

Brain and craniocervical
junction

Lumbar and lumbosacral
vertebral column

Area of suspected mass and /or
spinal cord edema of unknown
aetiology

Vertebral column

Area of suspected arachnoid
web/band/dilatation

- Three-dimensional, T1-weighted, gradient-echo
sequence (MPRAGE)

- Maximum slice thickness 1mm.

- Fluid-attenuated inversion recovery (FLAIR)

- Maximum slice thickness 4 mm

- TW2 (high eld) or TIW (low eld) sagittal with or
without transverse  with the block perpendicular to the
spinal cord though the maximum width of the syrinx if SM is
present. Maximum slice thickness 4 mm

- Paramagnetic contrast

- Half-Fourier acquisition single-shot turbo spin-echo
(HASTE)

- Balanced steady-state free precession sequences
(bSSFP)

- MRI ow studies (Cine MRI)

- CT myelography

Conformation brain and craniocervical junction

CSF spaces

Other differential diagnoses

Presence of SM, central canal dilation, spinal cord edema
(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 sagit
and transverse

To assess potential periventricular hyperintensive lesis for
example with acute hydrocephalous or in ammatory disease
If neurolocalization suggests and/or SM extends caudally to
lumbar spinal cord and to investigate spinal cord tetherindgpy
the lum terminale if suspected

Cystic intramedullary tumours
Other differential diagnoses

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

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

Phase contrast cine MRI

Identify region of ow abnormalities/obstruction
Prognostication

Cine bSSFP

De ne the arachnoid webs or bands

If bSSFP and/or Cine MRI has not identi ed or not possible
because of metal implants and if owner/veterinarian wishest
pursue possible surgical management

T1IW—T1-weighted, TW2—T2 weighted. It is recommended that at the time afcanning that the microchip or tattoo number (con rmed by the veterinary stgeon) is included on the
DICOM images in addition to the Kennel Club registration number if the doig registered. This is to permit submission to an of cial CMSM health schemshould the owner request
(33). The parameters for a 1.5 T machine are detailed iBupplementary Table 1 .

If the cause of CSF channel disruption is not apparent, thein any protocol that evaluates the CSF channels (or disruption
balanced steady-state free precession sequences (bS$RP) ef) (109. Half-Fourier acquisition single-shot turbo spin-echo
as FIESTA (Fast Imaging Employing Steady-state AcquigitiofHASTE) sequences are heavily T2W sequences that produced
or 3D-CISS (Three-Dimensional Constructive Interfererine a myelographic e ect and can be obtained in a very short time.
steady state) should be employed to improve detection ofhey are also described as being useful to detect arachnoid
arachnoid webs and diverticulaé (9 124. These are a three diverticulae (26. However, the trade-o for such short imaging
dimensional gradient echo sequence that produces high ashtr times is lower spatial resolution and T2 blurring artifact.
between the CSF and structures within the subarachnoid space MRl ow studies are an integral part of the diagnostic
They have less ow void artifact associated with turbulentwork up of CM and SM in human patients1¢, 102 and
CSF and allow higher detection rates of arachnoid webs anfdr review of the clinical application for SM, arachnoid webs
other adhesions1(02 125 (Figure 6) and for low eld MRl  and the subarachnoid space see Li et a4 Standard MRI
where obtaining good signal-to-noise and spatial resotutba  sequences of the brain and spinal cord assume that the tissue
challenge, it is recommended that a bSSFP sequence beddcluds static with movement only occurring in blood vessels and
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TABLE 6 | Factors that in uence the ability of make an accurate assessment of CM and SM on MRI.

Type

Example

Notes

Protocol

Magnetic eld strength

Operator factors

Interpreter factors

Patient factors

Motion related artifacts

Slice thickness

Sequence

Low eld vs. high eld

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 uid ow void

Intraventricular CSF pulsation
artifact

In the sagittal plane thinner slise(3 mm or less) are preferred to achieve 2—3 sections througthe spinal
canal and more chance of lesion detection. Thicker slice tbkness may miss a small intramedullary
lesion in an dog with a spinal cord diameter ranging between 4 and 10.3 mm (depending on site
imaged and size of animal)07, 108). However, MRI machines of 1 Tesla or less cannot provide thi
slices with suf cient signal-to-noise ratio. Using a balaned steady state feed precession sequence
(bSSFP) in addition to a conventional gradient echo and spiecho sequences may help overcome this
challenge (L09).

Protocols that achieve both T1W and T2W weightingre required to be con dent in detecting a uid lled
cavity within the spinal cord and conformational changes wh CM.

Anatomical imaging of the entire brain is recommended and fuextent of the syrinx should be determined
Transverse images perpendicular to the spinal cord thoughe 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 gher magnetic eld-strength
which allows shorter imaging times for a given resolution ator higher resolution for a given imaging
time. In addition, higher signal-to-noise ratio allows be#tr resolution with smaller voxel size and thinner
slice thickness (.10).

In veterinanyedicine it is possible to operate a MRI service without any &cialist quali cation. By
contrast an experience MRI technician has undertaken a 3—4egr radiography degree plus additional
post-graduate MRI training.

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

Failure tecognize signi cant lesions or over-interpretation of otlr features for example attributing SM to
epilepsy, facial nerve paralysis, y catching and other braidisorders or interpreting a generalized pruritus
as due to SM.
In humans it is reported more likely that a cervical syrinx isissed with techniques for whole spine sagittal
scanning with focused lumbar spinal MRI where the physiciais biased from the history for a lumbar lesion
(111).
Conversely, asymptomatic localized widening of the centtacanal may be observed in both humans and
dogs (34, 112).

May cause susceptility artifacts, especially on gradient echo sequences.

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

Assessment for CM is normally obtained with thbead in extension as reproducibility is easier and
anesthesia is safer as the airway may be compromised in the ed position (33). However, cerebellar
herniation and CSF space between the cerebellum and brainstn are signi cantly increased in the exed
position (113).

Ferromagnetic materials cause susceptibility artifacts lwch may compromise interpretation especially
identity microchips for studies of the cervical spine. In loneld MRI a T1W turbospin echo sequence is
recommended (L14) and for high eld MRI, spin echo sequences have smaller artit#s than gradient
echo sequences (L15). Titanium or oxidized zirconium implants have less suscéply artifact than
cobalt-chromium alloy implants {16)

Increased time under general anesthesiaay increase risk to patient and cost thus limiting length cény
MRI protocol.

Standard MRI sequeres are optimized for good spatial and contrast resolutionhowever this results in
blurring of moving structures which compromises the abiljtto detect ne structures such as arachnoid
webs and other adhesions, septations in the syrinx or appreate dynamic compression (04). It may
also blur the edges of a syrinx cavity.

Pulsatile or turbulent motion of ud within the syrinx produces low signal on T2W images becawesof an
absence of activated protons in that region17)

Intraventricular hyperintensity on FLAIR imaging which relun false—negative/positive interpretations of
ventricular pathology and is a particular problem for FLAIRgoformed on low eld MRI (L18). The most
common cause is pulsatile movement and un-inverted CSF owig into the slice between the pulses
(119). It can also occur because of inadequate inversion of CSF magtization at the edge of the
transmitted coil or because of increased CSF protein or oxyen (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 a8 Inonth old male Pug dog presented with signs of cervical myepathy. This dog had
previously been managed surgically for a spinal arachnoidiverticulum 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 px between C3 and C7 (asterisk). The 3D-CISS image highlighthe likely
cause of this syrinx as an adhesion between the spinal cord ahlaminectomy site (arrow) (Siemens Magnetom Symphony, AmiSystem, 1.5T, Erlangen, Germany).
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FIGURE 7 | Phase contrast cine MRI of the brain and cervical spinal corth normal (A) and a CMSM affected CKCS(B). Left systole, right diastole. Compared to
normal (A), the SM affected (B) has little caudal ow in the dorsal cervical subarachnoid spee (yellow arrows) and by contrast high velocity ow in the vetnal cervical
subarachnoid space (red arrows). There is pulsatile ow in #hsyrinx at the level of C2/C3 (asterisk) and uid entering the edulla parenchyma (green arrows)
(Siemens Symphony Tim system, 1.5 T, Enlangen Germany).

CSF and the aim is to achieve higher spatial and contragi04). Phase contrast cine MRI is used to localize CSF channel
resolution typically at the expense of temporal resolutionisTh obstruction, to demonstrate improvement (or lack thereofspo
results in motion-related blurring of non-static struces (L04. operatively and also has a role in prognostication. Syrinx uid
Cine MRI uses cardiac gating using electrocardiogram or puls@movement, as detected by phase contrast cine MR, is associated
oximetry. Phase-contrast cine MRFigure 7) measures pulsatile with progressive neurological signs whereas lack of syring

CSF motion in uenced by the cardiac cycle and can measurmovement is associated with no or stable neurological signs
both CSF and syrinx uid velocities in a de ned area of intste (102 128. However, it does not allow visualization of arachnoid
(102 127). By contrast cine bSSFP allows appreciation of thenembranes and so in humans, and for investigation of idiopathi
movement of the central nervous system and structures withi SM, Phase contrast cine MRI is used to localize the area of ow
the subarachnoid space. The data for a single slice is acquirabinormalities/obstruction and cine bSSFP is used to de re th
multiple times over the cardiac cycle with each single imagarachnoid webs or band& (4.

corresponding to single point in that cycle (termed a cardiac Inveterinary medicine, phase contrast cine MRI has been used
phase). All the images are then viewed sequentially as aaope | to investigate CSF owg0) and cine bSSFP used to investigate
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FIGURE 8 | Morphometric changes in CMSM. Mid-sagittal T2-weighted bain MRI of three CKCS: norma(A), CM-pain affected (B), and SM-affected (C). The left
column compares the CSF spaces. There is effacement of the anial subarachnoid spaces evidenced by reduced de nition ofhe sulci lled with high signal CSF in
affected dogs (B,C). A Red asterisk highlights the cruciate sulcus for comparen. In addition there is ventriculomegaly with dilatation dhe lateral ventricle (purple
asterisk), third ventricle and quadrigeminal cistern (ge@ asterisk) and fourth ventricle (aqua asterisk). The rigbolumn compares the neuro-anatomical changes and
also the direction in which the neuroparenchyma has been defmed and crowded by the bony restrictions. Compared to the wrmal CKCS(A), the affected CKCS
(B,C) are more brachycephalic with shortening of the basicraniunand prephenoid bone (orange shading) with reduced and moreentrally orientated olfactory bulbs
(green shading). The rostral forebrain is attened i(B,C) and the rostrotentorial neuroparenchyma is displaced dorscaudally giving increased height to the cranium
particularly in(B). This reduces the functional caudotentorial space contribting to the hindbrain herniation. The atlas is closer to thekull and supraocciptal bone is
attened, particularly in(C), the SM-affected dog which also has a reduction of the occigal crest (orange asterisk). In addition to the brachycephglthe SM affected
dog has further compromise of the craniocervical junction Y a cervical exure and acute angulation of the odontoid peg rsulting in kinking/ elevation of the
craniospinal junction. The syrinx is indicated by the darklbe asterisk (Siemens Magnetom Symphony, A Tim System, 1.5 Erlangen, Germany).

cerebellar movement7¢) (Table 3 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 theCM-pain is a di cult diagnosis because the clinical signs are

diagnostic imaging should be related to the clinical higtand Nnon-speci ¢ and/or have alternative explanations but should
examination ndings. 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 mahs 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 werno longer controlled by medication and she had mild thoracilimb hypermetria, tetraparesis, and
pelvic limb ataxia. T2-weighted mid-sagittal MRI of the biia and cranial cervical spinal cord in a CM and SM affected CK&(A) 8 months, (C) 3 years old
T2-weighted mid-sagittal MRI of the vertebral column from Tto 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 dci (blue asterisks), uid signal-void sign within the syrinsuggesting pulsatile or turbulent ow (green
arrow) and a pre-syrinx (oedema) and central canal dilatati 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 grssure measurements, it is interesting that MRI signs thatam suggest elevated intra-cranial pressurel@9)
and uid surging and pulsation within the syrinx{17) are diminished with an appreciably greater cranial subacanoid space indicated by high signal CSF within the
sulci (blue asterisks) and less uid signal-void sign withithe syrinx (Siemens Magnetom Symphony, A Tim System, 1.5 TrEangen, Germany).

suggesting pain such as; a history of vocalization describeut cystic lesionsi(4). SM can be asymptomati&4) and when

as without obvious trigger, when shifting position wheninterpreting MRI, an assessment should be made as to whether
recumbent and when being lifted under the sternum to a heightthe location and severity of the syrinx would account for the
spinal pain; head and ear rubbing or scratching; refusal osigns. Signs of an “active” and lling syrinx include uidgsial-

di culty jumping or doing stairs; exercise intolerance/raded  void sign within the syrinx cavity indicating pulsatile ortwlent
activity; sleep disruption; or behavioral change describedw, hypothesized to be a cause of syrinx propagatidni 3

as becoming more anxious, aggressive, or withdraw#). ( (Figure 9.

Morphometric studies found CM pain was associated with In addition an active and lling syrinx is expansive within
increasing brachycephaly with shortening of the skull baséhe spinal cord and generally has an asymmetrical shape on
with rostrotentorial overcrowding resulting in rostral teening  transverse images. By contrast a quiescent syrinx is dgntra
of the forebrain, reduction and ventral displacement of thelocated, elliptical on sagittal images and symmetrical, uguall
olfactory bulbs and increased height of the cranium, esfigcia circular on transverse images and results in little or norg®

in the occipital region 89). There may be changes suggesting0 the outline of the spinal cordg7, 130. Symptomatic SM
obstruction of CSF channels including reduction in the dedn results in a myelopathy and therefore is suggested by sensory
and spinal subarachnoid space in addition to ventriculomggaland motor signs that localize to the level of the spinal cord
of all ventricles and cisterns except the cisterna magnatwhicd ected by the syrinx. However, gait disturbances may be
is often reducedRigure 7). The craniocervical changes are les$urprisingly mild even with extensive SM. The dogFigure 9
pronounced than in SM a ected dogs and indeed this featuravas presented with a mild pelvic limb ataxia, thoracic limb
is hypothesized to protect this cohort from developing Si)( hypermetria and tetraparesis and was considered by the owner
Ultimately the diagnosis must be made by ruling out other eaus to have a normal exercise tolerance. If the clinical signs are

of pain in combination with consistent clinical and MRI ndings disproportionate to the extent of the syrinx, other di erensa
A guide is suggested Figures 5 8. should be explored for example degenerative myelopathy related

to superoxide dismutase-1 mutation as a cause of pelvic limb

paresis4{8 131). The maximum width of the syrinx on transverse
DIAGNOSIS OF SYMPTOMATIC SM images should be assessed; myelopathic signs in CKCS are

associated with a syrinx transverse width of 4mm or more
The diagnosis of SM implies a uid lled cavity related to whereas phantom scratching and cervicotorticollis/siticre
disturbance of CSF ow, spinal cord tethering or intramedumyl  associated with extension of the syrinx into the super cial
tumor; it is not an appropriate description for myelomalaciadorsal horn ipsilateral to the phantom scratching side and/or
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contralateral to the head tilt48 87). Phantom scratching is syrinx. If the cause of CSF channel disruption is not revealed b
associated with extension to the super cial dorsal horn gagifal anatomical MRI then other imaging techniques such as bSSFP
to the scratching side in the C3-C6 spinal cord segmentsequences may be appropriate.

(corresponding to C2-C5 vertebrag}d). A guide is suggested

in Figures §8. AUTHOR CONTRIBUTIONS
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