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Abstract: Brachycephalic dogs remain popular, despite the knowledge that this head conformation is
associated with health problems, including airway compromise, ocular disorders, neurological dis-
ease, and other co-morbidities. There is increasing evidence that brachycephaly disrupts cerebrospinal
fluid movement and absorption, predisposing ventriculomegaly, hydrocephalus, quadrigeminal
cistern expansion, Chiari-like malformation, and syringomyelia. In this review, we focus on cere-
brospinal fluid physiology and how this is impacted by brachycephaly, airorhynchy, and associated
craniosynostosis.

Keywords: ventriculomegaly; hydrocephalus; Chiari malformation; syringomyelia; canine; cran-
iosynostosis; supracollicular fluid collection; quadrigeminal cistern; lateral aperture; sleep disordered
breathing; brachycephalic obstructive airway disease

1. Introduction

Brachycephalic dogs and cats have proved to be increasingly popular since they
were introduced to Europe in Victorian times. This rising popularity defies a high preva-
lence of conformation-related morbidity, including breathing, ocular, and neurological
disorders [1,2]. Brachycephaly in domestic pets is a consequence of selecting for juvenile
characteristics of a flattened face and a rounded head [3]. Calvarial doming associated
with wide zygomatic arches and a wide, flattened, or convex palate is compensation
for premature closure of skull-base sutures, including the basispheno-presphenoid syn-
chondrosis and spheno-occipital synchondrosis [4,5]. Brachycephalic dogs and cats also
have premature closure of other cranial and facial sutures when compared to other skull
types [4,6]. The skull functions to house and protect the brain and five special sense organs
(vision, smell, taste, hearing, and balance). It also facilitates breathing and eating. Extreme
shortening of the cranium (brachycephaly) with shortened and a dorsally rotated rostrum
(airorhynchy) impact these vital functions. Brachycephalic dogs and cats are predisposed
to cerebrospinal fluid (CSF) circulation disorders, such as ventriculomegaly, hydrocephalus,
quadrigeminal cistern expansion, Chiari-like malformation, and syringomyelia. Disorders
of CSF and hydrocephalus are among the earliest recognized neurological conditions in
dogs [7], and the predisposition of toy breed brachycephalic dogs to ventriculomegaly and
hydrocephalus is evident from the time that they first became fashionable, as evidenced by
skulls in museum collections [8]. This article reviews the possible mechanisms behind that
predisposition.

2. Effect of Brachycephaly on Brain Conformation, Compliance, and Pulsatility

The skull develops in response to the expanding brain mass. The ultimate shape of
the skull is determined by the growth of the cranial sutures. The sutures are fibrous joints
between calvarial bones, which develop at the site of dural reflections, where the inner
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dural layer descends into the brain, forming septa, which divide the brain into compart-
ments (for example, the falx cerebri and the tentorium cerebelli) [9,10]. Suture growth is
regulated by morphogenetic peptide growth factors and chemokines secreted from the
dura. The dura has a mechanosensory capacity, and it responds to mechanical stress
from the expanding brain and, in so doing, controls skull growth [9,10]. If one or more
sutures close prematurely (craniosynostosis), then compensatory growth occurs in a plane
parallel to the fused suture with minimal growth in a perpendicular plane [11]. However,
in more extreme brachycephaly and compound craniosynostosis, the ability of the skull
to compensate may be overcome, resulting in neuroparenchymal overcrowding. Brain
conformation mirrors the cranial cavity, reflecting not only rostrocaudal shortening, but
rotation on the medial lateral axis with ventral displacement and reduction of the olfactory
bulbs [12,13]. The overcrowding of neuroparenchymal tissue and loss of the buffering
subarachnoid space and cisterns results in reduced compliance of the intracranial com-
partment. Small increases in volume will result in large increases in intracranial pressure.
More important for development of ventriculomegaly is reduced brain compliance and
consequently reduce brain pulsatility [14]. Neuroparenchymal compliance and pulsatility
are further altered by the developing ventriculomegaly. This alteration in pulsatility may
reflect the location of a waveform, as well as timing of propagation and morphology, for
example, the hyperdynamic flow and increased pulsatility within the ventricles relative to
the subarachnoid space [14].

3. Cerebrospinal Fluid Absorption and Movement

Recently, understanding of CSF physiology has shifted from a choroid, plexus, arach-
noid, and granulation-centric model of production and absorption to an interstitial, fluid,
lymphatic, and vessel-centric model (also referred to as a glymphatic model). In cats and
dogs, approximately 40% of CSF is secreted by the choroid plexus into the ventricular
spaces; the remainder originates from the brain and spinal interstitial fluid, leptomeningeal
and parenchymal capillaries, and ependyma [15,16]. The fluid of the CSF and the brain
interstitial space is in continuous flux. From the ventricles, CSF diffuses through the
ependyma. In the subarachnoid space, CSF drains into perivascular (Virchow—Robin)
spaces, from where it may exchange with the interstitial fluid before emptying into the
lymphatic system [17-19]. The exchange with interstitial fluid is via and controlled by
aquaporins, water transporting pores in the foot processes of astrocytes wrapped around
capillaries [20-22]. This glymphatic movement of fluids facilitates elimination of waste
protein, including 3 amyloid, hydroxylated cholesterol, and other metabolites. It also
facilitates the distribution of neurotransmitters, amino acids, glucose, and lipids [23,24].
Additional functions of the CSF include acting as a hydraulic cushion, buffering changes in
intracranial pressure, thereby reducing risk of volume shifts or herniation, affecting brain
development by the effect of CSF pressure, regulating neural stem cells by choroid plexus
secreted proteins within the CSF, and acting as a port of entry of immune cells into the
CNS via the choroid plexus [25]. There is overwhelming evidence that the bulk of CSF is
absorbed though perineurial lymphatics (olfactory bulbs and cranial and spinal nerves)
and meningeal lymphatic vessels of the skull and sacral spine [18,26]. Previously it was
considered that the main site for CSF absorption was through the arachnoid granulations,
however, this is insignificant at normal CSF pressure, and more likely serves as an overflow
valve mechanism when there is elevated CSF pressure [20]. Although this glymphatic the-
ory of CSF absorption is considered new, it is supported by nineteenth century experiments
in dogs. Gustav Schwalbe injected Berlin blue dye into the canine subarachnoid space and
showed that the CSF drained though the lymphatics [27].

4. Effect of Brachycephaly on the Absorption of CSF through Lymphatics

As the majority of CSF is absorbed through lymphatics in the skull base and via the
olfactory bulbs, the balance between CSF production and absorption may be impacted by
craniofacial hypoplasia and cranial base shortening.
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4.1. Reduction of the Cribriform Plate and Nasal Mucosa

There is direct continuity between the subarachnoid space and the perineurial spaces
of the olfactory nerve fibers penetrating the cribriform plate. These nerve fibers are encircled
by lymphatics, providing one of the main drainage routes of CSF [28,29]. CSF absorption
may be compromised if the lymphatic vessel surface area is reduced by brachycephaly and
airorhynchy, with the loss of the muzzle and its nasal turbinates and mucosa [30,31]. In
a sheep model (created by external ethmoidectomy, removal of the olfactory nerves and
mucosa, and sealing the cribriform bone surface with tissue glue, in addition to restricting
the craniocervical CSF channels by ligature around the thecal sac at C1/C2) there was
elevation in intracranial pressure, elevation in pulse pressure amplitude (and thereby a
reduction in neuroparenchymal compliance and altering brain pulsatility), and impairment
of intracranial pressure accommodation. In comparison, the sham surgery group (C1/C2
ligature and exposure only) did not have a significant change in intracranial pressure or
pulse pressure amplitude [32,33]. In this experimental sheep model, it was necessary to
block the cranial cervical CSF channels in addition to obstructing CSF absorption through
the olfactory route, as 25% of global CSF transport occurs in the spinal subarachnoid
compartment. This can be compared to syringomyelia associated with Chiari-like mal-
formation in the dog, where a combination of craniofacial hypoplasia and craniospinal
junction abnormalities predisposes spinal cord fluid cavitation [34].

4.2. Reduction of Skull Base Foramen Volume

In addition to olfactory perineural drainage, basal meningeal lymphatics and cranial
nerve perineural lymphatics are important for CSF drainage [18,35-38]. Reduction in the
rostral cranial cavity and skull base could reduce the surface area of this lymphatic network.
As these lymphatic vessels pass through the skull base foramen, reduction in the skull base
could also result in foraminal stenosis and impede drainage. In this regard, one of the most
important skull base foramen is the jugular, situated between the temporal and occipital
bone. The jugular foramen provides passage to cranial nerves IX, X, XI, sigmoid sinus, and
lymphatics. Cavalier King Charles spaniels with syringomyelia associated with Chiari-like
malformation have smaller volume jugular foramina compared to Cavalier King Charles
spaniels without syringomyelia [39]. However, direct causality between smaller jugular
foramen and syringomyelia has not been proven.

5. Cranial Venous Stenosis

The skull base foramina allow passage of the cranial venous sinuses. Reduction of the
skull base and stenosis could therefore impede venous drainage and increase intracranial
venous pressure, reducing venous resorption of cerebrospinal fluid. For example, stenosis
of the jugular foramen will impede drainage through the sigmoid sinus and therefore the
transverse sinus [40,41].

However, craniosynostosis may be associated with a primary venous abnormality.
Cavalier King Charles spaniels with syringomyelia associated with Chiari malformation
have reduced volume caudal cranial fossa dorsal sinuses [42]. Mouse models and humans
affected by craniosynostosis may have stenosis of the cerebral veins independent of the
skull malformation. These persist after skull expansion surgery, and may lead to elevated
intracranial pressure. It has been shown that the bone morphogenic protein (BMP) signaling
pathways from skull preosteoblasts and periosteal dura influence vascular development,
and it is hypothesized that genetic mutations that affect BMP pathways may influence
cerebral vein development and physiology [43,44].

6. Effect of Brachycephaly on Respiration and Sleep

Brachycephalic dogs with short muzzles are predisposed to the conformation-related
respiratory disorder brachycephalic obstructive airway syndrome (BOAS) [45]. Soft tissue
and skull disproportion result in the narrowing or obstruction of the airway through the
nose and pharynx. The resulting increased airway resistance and long-term negative
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pressure gradients lead to secondary changes, such as eversion of the laryngeal saccules
and the collapse of the larynx [46] and pharynx [47]. Brachycephalic dogs with BOAS
have clinical biomarkers of chronic intermittent hypoxia, like humans affected by sleep
apnea syndrome [48]. Like humans, acquired conformational factors, such as obesity and
increased neck girth, increase the risk of breathing disorders [49].

Respiration drives CSF movement through the ventricular system [50]. The systolic
pulse contributes to a lesser degree [51,52]; the pulse of choroid plexus secretion is not
relevant [16]. There is a bidirectional flow with the rostral movement of CSF during deep
inhalation and caudal movement during deep exhalation [50,53]. Apnea impedes CSF
movement, and apnea-induced negative intrathoracic pressure will reduce CSF drainage
through the venous sinuses [54,55]. This has obvious implications for brachycephalic
dogs with BOAS, especially if they have sleep-disordered breathing. Intracranial pressure
increases during sleep, and disordered sleep will also affect glymphatic drainage, which is
more active during sleep [21,55,56].

6.1. Upper Respiratory Tract Conformation

The oropharynx, larynx, and hyoid are suspended from the cranial base. Skull base
shortening may displace these tissues and the tongue, caudally affecting swallowing and
respiration, especially if there are other conformation problems reducing airway space.
In rats and humans, these conformational changes are associated with obstructive sleep
apnea and sleep-disordered breathing [57,58].

6.2. Negative Intrathoracic Pressure

Animals with severe BOAS have increased thoracic effort with increased inflation of
the lungs and use of accessory abdominal musculature [46]. This decreased intrathoracic
pressure will reduce venous return to the heart, predispose intracranial venous hyper-
tension, and reduce CSF drainage [55]. Long-term negative pressure gradients may also
influence the development of syringomyelia and the velocity of fluid moving within the
syrinx.

7. Effect of Brachycephaly on Craniospinal Junction Conformation

The skull base forms the lower part of the foramen magnum, which accommodates
the craniospinal junction. Premature closure of the spheno-occipital synchondrosis alters
the angulation between the skull base and the cervical vertebrae [59-61]. The skull base is
flexed dorso-caudally, which is mirrored by a corresponding “concertina” brain flexure
(so-called sphenoid flexure) [61]. The occipital condyles and the foramen magnum rotate
rostrally and ventrally [60]. This craniocervical junction angulation conformation results
in ventral deviation of the neck (so-called cervical flexure), with odontoid peg angula-
tion and kinking of the craniospinal junction (Figure 1). This is comparable to basilar
invagination in humans. In dogs, this conformation change, in addition to brachycephaly,
predisposes syringomyelia secondary to Chiari-like malformation [61-63]. Malformation
and malalignment of the craniocervical junction can result in obstruction of vascular and
CSF pathways [64]. CSF moves caudally from the cranium into the spinal compartment,
and is absorbed, together with CSF produced by the spinal cord, by lymphatics in the
sacral spine and along nerve root sleeves in the cervical region [26,52]. CSF also moves
rostrally from the spinal into the cranial compartment during deep inhalation [50,53]
and diastole [52]. It is proposed that dissociation of CSF flow in the cranial and spinal
compartments predisposes syringomyelia [65,66].
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(a) (b)

Figure 1. Skull and craniocervical junction changes with extreme brachycephaly. Reconstructed
and midsagittal CT of two female sibling Chihuahuas aged one year old. (a) Less extreme 2.5 kg
female Chihuahua, sibling to (b). (b) More extreme miniaturized and brachycephalic 1.6 kg female
Chihuahua, sibling to (a). With increasing brachycephaly, the angle of stop (junction between frontal
and nasal bones; aqua angle) becomes more acute. With more extreme brachycephaly, ventral brain
rotation is more pronounced (orange arrow). There is a relative increase in the cranium height (blue
arrow), and the molera (persistent bregmatic fontanelle; purple arrow) is wider. Altered occipital
bone conformation changes the angle between the skull base and the cervical vertebrae, resulting
in a cervical flexure (red line) and dorsal tipping of the odontoid peg into the spinal cord (white
arrow). The oropharynx is displaced caudally (green arrow). There is also a Chiari-like malformation
with a small caudal fossa, reduced occipital crest, and a short, more vertical supraoccipital bone
(pink arrow). The supraoccipital bone has failed to ossify ventrally. The atlas is closer to the skull,
contributing to the craniocervical junction overcrowding (images created by C. Rusbridge and S.P.
Knowler).

8. Effect of Brachycephaly on Conformation of the Lateral Aperture of the Fourth
Ventricle

CSF passes from the ventricular to the subarachnoid space via the lateral apertures
of the fourth ventricle (in humans, referred to as the foramen of Luschka). Primates have
an additional foramen of Megendie in the median plane between the fourth ventricle and
cisterna magnum [67]. In species other than primates, the fourth ventricle and cisterna
magna are separated by the caudal medullary velum [67]. The authors hypothesize that a
reduced caudal cranial fossa volume in some brachycephalic breeds results in obstruction
of this CSF pathway, contributing to the tendency for ventriculomegaly and syringomyelia
(Figure 2).
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(b)

Figure 2. Possible lateral aperture obstruction in a three-year-old Boston terrier with ventriculomegaly and early sy-

ringomyelia. (a) T2-weighted midsagittal brain. There is dilatation of the lateral (blue star), third (pink arrow), and fourth

ventricle (blue arrow) with syringomyelia (green arrow). There is hyperdynamic flow of the CSF in the region of the obex,

as evidenced by the hypointense fluid void sign (yellow arrow). The bulging caudal medullary velum can be appreciated

(red arrow). There is marked reduction of the olfactory bulbs (white arrow), with ventral rotation of the brain because of

brachycephaly, in addition to reduction of the nasal cavity. Consequently, reduced absorption of CSF through the olfactory

lymphatics is suspected. (b) T2-weighted transverse brain at the level of the lateral aperture of the fourth ventricle (yellow

arrows). The Boston Terrier in (a) is on the left and a normal brachycephalic dog on the right. The lateral apertures in the

Boston Terrier cannot be appreciated. There is an absence of hyperintense CSF, and obstruction of these CSF pathways are
suspected (images created by C. Rusbridge and S.P. Knowler).

9. CSF Disorders in Brachycephalic Animals
9.1. Ventriculomegaly and Hydrocephalus
9.1.1. Characteristics

Hydrocephalus is defined as an active distension of the ventricular system of the brain,
resulting from inadequate passage of CSF from its point of production within the cerebral
ventricles to its point of absorption into the systemic circulation [68]. Ventriculomegaly
describes ventricular distension in clinically normal animals. By contrast, animals with
hydrocephalus are neurologically abnormal, presenting with forebrain disease and variable
head or cervical pain and cerebellovestibular signs (Figure 3).

Figure 3. A one-year female Chihuahua presented with hydrocephalus. Clinical examination found
a dome-shaped cranium with wide bregmatic fontanelle (molera). There were behavioral signs
suggesting head and cranial neck pain and a hypermetric gait suggesting spinocerebellar tract or
cerebellar dysfunction (photo taken by C. Rusbridge).

9.1.2. Proposed Contributory Pathophysiology in Brachycephaly

The authors propose that the tendency for brachycephalic animals to have ventricu-
lomegaly, and in more extreme cases hydrocephalus, is because of a combination of reduced
absorption of CSF through lymphatics and altered neuroparenchymal compliance and
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pulsatility. Contributary factors may include reduced movement of CSF due to apnea and
interruption of sleep, cranial venous stenosis, constricted CSF pathways through the lateral
apertures and craniocervical junction, and intrathoracic pressure gradients. However, if
there is expansion of the lateral and third ventricles only (tri-ventricular hydrocephalus)
with aqueduct stenosis, then mesencephalic developmental anomalies, including fusion of
the colliculi, are also likely [67].

9.2. Quadrigeminal Cistern Expansion
9.2.1. Characteristics

The quadrigeminal cistern is a midline dilatation of the subarachnoid space, which is
connected to the peri-cerebellar subarachnoid space caudally and medial cerebral hemi-
sphere subarachnoid space laterally. It is dorsal to the third ventricle and mesencephalic
aqueduct, but separated from the ventricular system by a thin membrane of pia mater and
ependyma [69]. Expansion of the quadrigeminal cistern may be seen in isolation or in con-
junction with dorsocaudal expansion of the third ventricle. The term supracollicular fluid
collection is used to describe any expansion of CSF-filled spaces rostral to the cerebellum
and dorsal to the colliculi and quadrigeminal plate (tectal plate; tectum). Supracollicular
fluid collection is a common incidental finding in brachycephalic animals, but may cause
clinical signs when sufficiently large enough to compress the adjacent occipital lobe or
cerebellum [70] (Figure 4).

(b)

Figure 4. MRI and CT of a two-year-old female Chihuahua with hydrocephalus, quadrigeminal cistern expansion, and
syringomyelia. (a) T2-weighted midsagittal brain and cervicothoracic spine. Yellow star, dilated lateral ventricle; green star,

dilated third ventricle; blue star, quadrigeminal cistern expansion with compression of the cerebellum, which is herniated

into the spinal canal. White arrow, craniocervical junction abnormality with cervical flexure, angulation of the odontoid peg,

and compression of the craniospinal junction. Red arrow, developing cervicothoracic syrinx. (b) Mid-sagittal reformatted

CT of the skull and cranial cervical spine. White arrow, craniocervical junction abnormality with cervical flexure, angulation

of the odontoid peg, and compression of the craniospinal junction (images created by C. Rusbridge and S.P. Knowler).

9.2.2. Proposed Contributory Pathophysiology in Brachycephaly

Pathogenesis of quadrigeminal cistern expansion is unproven. Although this sub-
arachnoid cistern is anatomically separated from the ventricular system, there is evidence
that the quadrigeminal cistern is connected to the third ventricle via the velum interposi-
tum and to the fourth ventricle via the dorsal medullary velum [71]. These valae are
subarachnoid extensions, and are hypothesized to function as an alternative CSF route
in circumstances of abnormal CSF circulation. In a chronic obstructive hydrocephalus
rodent model (kaolin injected into the cisterna magna, causing obstruction of the lateral
apertures), CSF flows from the third ventricle into the quadrigeminal cistern, and from
the lateral ventricle into the ambient cistern, suggesting that communication may develop
in some pathological states [72]. The authors hypothesize that, for certain brain and CSF
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pathway conformations, a pressure differential is created to allow one-way valve “balloon’
expansion of the quadrigeminal cistern.

9.3. Chiari-Like Malformation Associated Pain
9.3.1. Characteristics

Chiari-like malformation associated pain in dogs describes a syndrome of pain associ-
ated with brachycephaly and hindbrain herniation. It is often compared to Chiari type I
and 0 malformation in humans. However, it is more like the hindbrain herniation seen with
syndromic and complex craniosynostosis in humans, for example, Crouzon’s and Pfeiffer
syndrome [73]. Craniofacial insufficiency, combined with occipital bone insufficiency and
altered craniocervical junction conformation, results in neuroparenchymal disproportion
and obstruction of the CSF channels. The most common sign is postural pain (pain being
lifted or on rising and jumping), together with avoidance of exertion, signs of head and
spinal pain, variable sleep disturbance, and behavioral changes [74].

9.3.2. Proposed Contributory Pathophysiology in Brachycephaly

Many small breed dogs are predisposed to Chiari-like malformation, and may have
magnetic resonance imaging (MRI) evidence of brachycephaly with hindbrain herniation.
However, dogs with signs of pain have more extreme brachycephaly with craniofacial
and occipital bony tissue reduction [34,75]. The reduction in the rostral cranial fossa
results in rostrotentorial crowding, giving the rostral forebrain a flattened appearance with
reduced ventrally displaced olfactory bulbs. The caudal fossa is reduced rostrally by the
displaced forebrain and caudally by a short vertical supraoccipital bone. Some dogs have
comparatively big brains [76,77]. The cerebellum is flattened against the supraoccipital
bone, resulting in vermal indentation and herniation into or through the foramen magnum
(Figure 5). The mechanism of the pain is controversial. The most logical mechanism is by
obstruction of CSF pathways and reduced intracranial compliance, however, pain may be
maintained by a maladapted trigeminocervical complex [78,79].

Figure 5. Two-year-old female Cavalier King Charles spaniel with Chiari-like malformation and syringomyelia. (a) T2-

weighted mid-sagittal brain MRI. There is rostrotentorial crowding, giving the rostral forebrain a flattened appearance (blue

arrow), with reduced size and ventrally displaced olfactory bulbs (pink arrow). The caudal fossa is reduced rostrally by the

displaced forebrain and caudally by a short vertical supraoccipital bone (yellow arrow). The cerebellum is flattened against

the supraoccipital bone, resulting in caudal vermal indentation and herniation into or through the foramen magnum (red

arrow). (b) T2-weighted mid-sagittal cervicothoracic spinal MRI showing cerebellar vermis herniation (red arrow). There is

wide syringomyelia in the cervical (green star) and thoracic (orange star) spinal cord. This dog was presented with signs of

pain and fictive scratching (images created by C. Rusbridge and S.P. Knowler).
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9.4. Syringomyelia
9.4.1. Characteristics

Syringomyelia describes spinal cord cavitation (syrinx) with fluid similar to CSF [80].
Syringomyelia is associated with obstruction of CSF pathways, and has been reported
in a variety of disorders ranging from intracranial masses to spinal arachnoid diverticu-
lum. However, in veterinary medicine, by far the most common cause is associated with
Chiari-like malformation. A small syrinx may not be associated with clinical signs. Large
syringomyelia may cause signs of pain, scoliosis, weakness, and ataxia [74]. In dogs, a
large syrinx in the mid cervical region that extends to the superficial dorsal horn may have
signs of fictive scratching (Figure 5) [81].

9.4.2. Proposed Contributory Pathophysiology in Brachycephaly

In comparison to dogs with Chiari-like malformation only, dogs with syringomyelia
have more extreme brachycephaly with craniocervical junction deformation, including
cervical flexure, change in angulation of the odontoid peg, increased proximity of the
atlas to the skull (often referred to as atlanto-occipital overlapping), kinking or elevation
of the craniospinal junction, and loss of the cisterna magna [13,75,82-84]. Changes in
conformation of the spinal canal and cord may also contribute [85,86]. The authors propose
that syringomyelia develops due to a combination of reduced CSF absorption though nasal
lymphatics, reduced venous drainage, altered neuroparenchymal compliance, and reduced
CSF movement through the lateral apertures or craniocervical junction. Curvature of the
spinal canal and intrathoracic pressure gradient may contribute especially in the thoracic
spinal cord. The mechanism of development of syringomyelia is controversial. The most
accepted theory is that subarachnoid space obstruction results in a mismatch in timing
between the arterial pulse peak pressure and CSF pulse peak pressure. The perivascular
space changes in size during the cardiac cycle, and is widest when the spinal arteriole
pressure is low. Earlier arrival of peak CSF pressure compared to peak spinal arterial
pressure encourages the flow of CSF into the perivascular space, which acts as a leaky
one-way valve. From the perivascular space, fluid flows into the central canal, ultimately
resulting in a syrinx [87].

10. Conclusions

Dogs and cats with neonatal characteristics of a reduced muzzle and brachycephaly
have impaired CSF circulation, which predisposes ventriculomegaly, hydrocephalus,
quadrigeminal cistern expansion, Chiari-like malformation associated pain, and syringomy
elia. Reduction of the lymphatic absorption of CSF through the nasal and skull base lym-
phatics, in conjunction with restriction of CSF movement through the lateral apertures
and craniocervical junction, are hypothesized to be key features. Cranial venous steno-
sis, spinal canal conformation, chronic intermittent hypoxia, and thoracic cavity pressure
gradients may contribute. The ethics of choosing to breed animals with this predispo-
sition is questionable, despite their popularity as companion animals. Education of the
pet-buying public, avoiding breeding extreme animals, and screening at-risk breeding
stock is recommended.
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