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REVIEW

A review of cerebrospinal fluid circulation 
with respect to Chiari‑like malformation 
and syringomyelia in brachycephalic dogs
Ryan Jones1*, Srdjan Cirovic2 and Clare Rusbridge1,3 

Abstract 

Cerebrospinal fluid (CSF) plays a crucial role in maintaining brain homeostasis by facilitating the clearance of meta-
bolic waste and regulating intracranial pressure. Dysregulation of CSF flow can lead to conditions like syringomy-
elia, and hydrocephalus. This review details the anatomy of CSF flow, examining its contribution to waste clearance 
within the brain and spinal cord. The review integrates data from human, canine, and other mammalian studies, 
with a particular focus on brachycephalic dogs. Certain dog breeds exhibit a high prevalence of CSF-related condi-
tions due to artificial selection for neotenous traits, making them valuable models for studying analogous human 
conditions, such as Chiari-like malformation and syringomyelia associated with craniosynostosis. This review discusses 
the anatomical features specific to some brachycephalic breeds and the impact of skull and cranial cervical conforma-
tion on CSF flow patterns, providing insights into the pathophysiology and potential modelling approaches for these 
conditions.

Keywords  Brachycephaly, CSF flow system, Glymphatic, Canine CSF anatomy, Craniosynostosis, Subarachnoid space, 
Choroid plexus, Incidence, Mesencephalic aqueduct

Introduction
Cellular metabolic activity generates waste, which 
requires clearance to maintain tissue homeostasis. 
Within the brain, waste clearance is facilitated by cer-
ebrospinal fluid (CSF), an ordinarily clear fluid composed 
of inorganic ions, proteins, glucose, and cells [1]. This 
fluid flows in a pulsatile manner within fluid-cavities of 
the brain and spinal cord, performing a variety of func-
tions; elimination of waste metabolites, dampening of 

hydraulic shock, and buffering of intracranial pressure 
changes [2]. As such, conditions associated with CSF flow 
dysregulation (Chiari(-like) malformation, syringomyelia, 
hydrocephalus, etc.) have the potential to be severely det-
rimental to health. This review presents the fluid system 
in terms of macroscale bulk CSF flow components within 
the brain and spinal canal, and in terms of microscale 
components which facilitate the metabolite exchange and 
waste clearance. Human, canine, and other mammalian 
data are reviewed focussing on common traits.

The CSF flow system is next discussed in the context of 
two CSF related conditions (Chiari(-like) malformation 
and syringomyelia) in brachycephalic dogs. Owing to 
artificial selection for neotenous characteristics in breed-
ing, such dogs have extremely high prevalence of CSF 
related conditions when compared to humans. Therefore, 
brachycephalic dogs offer a unique opportunity to study 
conditions analogous to human craniosynostosis-related 
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disorders, serving as a "spontaneous model" for Chiari-
like malformation and syringomyelia. Specific anatomical 
features, their effect on CSF flow patterns, related patho-
logical conditions, prevalence, and clinical outcomes are 
discussed.

Macroscale flow
CSF flow is highly complex, exhibiting temporal and spa-
tial variations in velocity and direction [3]. Classically, as 
per the Weed-Dandy-Cushing CSF flow hypothesis, it 
was generally accepted that CSF flows unidirectionally 
(caudally directed) through the ventricular system. How-
ever, this convention is under significant scrutiny with 
contemporary evidence favouring a bidirectional flow 
system [4–7].

The ventricular system, shown in Fig.  1 is comprised 
of fluid-filled cavities located within the brain and spi-
nal parenchyma, extending to an auxiliary cavity at the 
caudal end of the spinal cord. The lateral ventricles are 
connected to the third ventricle by the intraventricular 
foramen (foramen of Monro in humans) which is, in turn, 
connected to the fourth ventricle via the mesencephalic 
(cerebral) aqueduct. The ventricular system concludes at 

the terminal ventricle, which is connected to the fourth 
ventricle via the central canal of the spinal cord and is 
located at the conus medullaris. There is evidence that 
the terminal ventricle and spinal subarachnoid space 
(SAS) are communicating in the dog [8], however, this is 
not the case for all mammalian species [9]. The fluid cavi-
ties of the ventricular system are open and communicat-
ing, permitting the movement of fluid within the brain 
and spinal cord [10]. It should be noted that, while the 
central canal is patent in dogs [8, 11], this is not generally 
the case in adult humans [12, 13]. In dogs, the mesence-
phalic aqueduct is distended towards the rostral aspect of 
the cerebellum. This presents as an additional pyramidal 
fluid-filled cavity between the third and fourth ventricles 
bounded caudally by the rostral lobe of the cerebellum, 
dorsally by the tectum, and ventrally by the tegmentum 
of the midbrain. This cavity is separate yet connected 
to the mesencephalic aqueduct, seemingly innominate 
within veterinary literature, and may affect fluid flow 
within the aqueduct.

CSF is also present within the meningeal structures, 
specifically within the SAS which surrounds the brain 
and spinal cord. This space is bound by the pia mater 

Fig. 1  The macroscale cerebrospinal fluid (CSF) flow system; key anatomical locations for studying canine CSF flow; a The brain and spinal cord 
in the mid-sagittal plane, red indicates the choroid plexus, black arrows indicate flow directionality. b The ventricular system in the coronal plane. c 
The spinal canal in the transverse plane
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(inner), and dura mater (outer), which are connected 
by arachnoid trabeculae. As such, the SAS is character-
ised as porous, with CSF flowing around the arachnoid 
trabeculae network [14]. Eide & Ringstad, 2024 found 
that the SAS is compartmentalised by a semipermeable 
membrane in humans, allowing for directed transport 
of solutes along cerebral arteries [15]. A similar observa-
tion has been made in mice [16, 17]; however, this finding 
has been contested [18–21]. The ventricular system and 
SAS are contiguous [22], connected at the lateral aper-
tures of the fourth ventricle (also termed the foramen 
of Luschka), some species (including primates and some 
rodents) possess an additional pathway called the fora-
men of Magendie, which extends posteriorly from the 
fourth ventricle. This opening is not present in dogs [23].

Recent evidence favours pulsatile multidirectional CSF 
flow. Ependymal cells lining the ventricles contain cilia 
which project into the CSF, these cilia may drive com-
plex intraventricular circulatory flow patterns within the 
ventricles [24, 25]. There is evidence to suggest that cilia 
motion generates bidirectional flow in embryos, ensuring 
the proper formation of the central canal [26]. In a com-
putational study, Siyahhan, et al., 2014 investigated flow 
within the lateral ventricles, finding that near-wall flow 
dynamics are dominated by ependymal cilia action and 

that macroscale pulsatile flow was driven by ventricular 
expansion and contraction, in addition to choroid plexus 
influx [27], see section: Choroid Plexus Influx. Oscilla-
tions permit the bidirectional exchange of fluid across 
different anatomical regions and can be perturbed by a 
multitude of systems over different characteristic time-
scales (cardiac ∼ 10

0
Hz , respiratory ∼ 10

−1
Hz , func-

tional hyperemia (cerebral blood flow coupled to neural 
metabolic activity) ∼ 10

−2
Hz [22]), the predominate 

driving forces of pulsatile CSF movement are the cardiac 
and pulmonary systems [28–30].

CSF flow is coupled to the cardiac cycle [31–33]. Fein-
berg, et al., 1987 used quantitative Magnetic Resonance 
Imaging (MRI) to measure CSF flow directionality, dis-
covering vascular-driven movement of the brain paren-
chyma [34]. During systole, the influx of blood into the 
brain’s vasculature compresses the ventricular system 
and the SAS within the cranium. This results in caudally 
directed CSF flow through the foramen magnum and 
along the spinal SAS. During diastole, as cerebral blood 
volume decreases, CSF flow is directed rostrally [35], 
this system is shown in Fig.  2b. Alperin et al. 2000 fur-
ther demonstrated synchronized flow patterns between 
arterial inflow, venous outflow, and transcranial CSF 
flux throughout the cardiac cycle. They observed an 

Fig. 2  A system diagram of the a total macroscale CSF flow system. b Perturbations driven by the cardiac and pulmonary systems within the i. 
cranial and ii. spinal subarachnoid space (SAS). Q indicates the volumetric flow rate of blood within the epidural venous system during inhalation



Page 4 of 19Jones et al. Fluids and Barriers of the CNS           (2025) 22:25 

imbalance between net arterial influx and net venous and 
CSF efflux during the cardiac cycle. The sum of the vol-
umes of brain tissue, CSF, and blood was constant when 
averaged over a cardiac cycle, but not at each instant of 
time. These observations were used to quantify cranial 
volume fluctuations over the cardiac cycle and determine 
cranial compliance; a measure of volumetric change per 
unit of applied pressure [36].

Ventilation also plays a role in instigating CSF flow 
due to changes in intrathoracic and abdominal pres-
sure. It generally accepted that CSF flows rostrally dur-
ing inhalation, and caudally in exhalation [28, 37, 38], 
this has been explained as a consequence of the Monro-
Kellie doctrine; rostral CSF flow during inhalation com-
pensates for the simultaneous venous drainage from the 
head and neck, driven by reduced intrathoracic pressure 
[39]. However, this may be an oversimplification, as spi-
nal epidural veins play a significant role in the relation-
ship between CSF dynamics and intrathoracic pressure. 
Epidural veins are present throughout the entire length 
of the spinal canal, these veins are a factor in determin-
ing the directionality of CSF flow within the spinal canal. 
As these veins are valveless, flow can initiate within the 
vessels in any direction allowing them to transmit pres-
sure differences between systems; illustrated in Fig.  2b, 
in which Q represents fluid flux. Lloyd, et al., 2020 found 
that during inhalation, negative intrathoracic pressure 
pulls venous blood towards the thorax, draining the tho-
racic epidural veins, see Q1; Fig. 2bii. The drained blood 
volume is replaced by flow from the cervical and lum-
bar epidural veins (Q2 and Q3 respectively; Fig. 2bii), if 
the efflux from the thorax is greater than the cumulative 
influx from the lumbar and cervical veins, bidirectional 
CSF flow is observed flowing rostrally from the lumbar 
spine and caudally from the cervical spine (Q1 > Q2 + Q3; 
Fig. 2bii). This is due a reduction in subarachnoid pres-
sure increasing the capacity of the spinal canal; greater 
efflux from the thoracic epidural veins reduces the epi-
dural space, decreasing the pressure of the thoracic spi-
nal canal inhibiting rostral displacement of cervical CSF 
and increasing rostral displacement in the lumbar spinal 
canal. During exhalation, abdominal and intrathoracic 
pressures return to their resting state, so CSF flows in the 
opposing direction to the inspiratory case. Conversely, 
if the efflux from the thoracic epidural veins is less than 
or equal to the cumulative efflux from the cervical and 
lumbar regions (Q1 ≤ Q2 + Q3, Fig. 2bii), the convention-
ally accepted flow is observed [40]. The influence of the 
epidural venous plexus on CSF dynamics has also been 
observed in alligators, for which the effects of respiration 
are amplified due to their lack of epidural fat. Taylor et al. 
observed a direct link between epidural and CSF pres-
sures, particularly within the spinal canal, whereas in the 

cranium cardiac pulsations were dominant. However, it 
is expected that differences in the spinal venous anatomy 
create a more complex relationship between the venous 
and CSF systems in alligators than humans, and indeed, 
dogs [41]. There is also evidence that that ventricular 
CSF flow is affected by ventilation. Spijkerman et al. used 
phase contrast MRI to observe net CSF flow in the mes-
encephalic aqueduct, finding caudally directed net flow 
in exhalation, and rostrally in inhalation [42].

The cardiac and pulmonary systems drive CSF on dif-
ferent timescales. Higher frequency cardiac driven CSF 
velocity is greater than ventilation induced flow, whereas 
lower frequency ventilation driven fluid exhibits greater 
displacement of the CSF [43]. Additionally, in the lumbar 
region, cardiac driven flow is at near-zero velocity, signif-
icantly less than ventilation driven flow. Therefore, venti-
lation dominates flow in the lumbar region [37].

Figure 2 summarises this macroscale CSF flow system 
highlighting flow directionality, and the impact of cardiac 
and pulmonary systems on CSF circulation within the 
cranial and spinal SAS.

Valsalva manoeuvre and cough
During normal breathing, inhalation is associated with 
negative thoracic pressure, during exhalation the thoracic 
pressure is driven towards equilibrium; however, the 
dynamics of this system are sensitive to abrupt manoeu-
vres like coughing, sneezing, or Valsalva manoeuvre. 
Coughs and sneezes are known to generate CSF move-
ment [44, 45] Abrupt increases in intrathoracic and 
intraabdominal pressure generates blood flow into the 
spinal canal, compressing the spinal dura and driv-
ing CSF rostrally [40]. Similarly, a Valsalva manoeuvre 
describes a case of increased thoracic pressure when 
exhaling against the glottis driving blood from the tho-
rax to the epidural veins. This compresses the spinal 
dura, and results in the movement of CSF within the 
spinal SAS [46]. There are four phases associated with 
the Valsalva manoeuvre: 1. increased intrathoracic pres-
sure, 2. reduced venous return, followed by baroreflex 
activation, 3. Pulmonary vasculature refills with blood, 
4. Increased venous return [47]. During phases 1 and 2, 
spinal CSF pressure increases due to the distension of the 
epidural veins, higher spinal pressure relative to intracra-
nial pressure decreases the flow of CSF across the fora-
men magnum. During phases 3 and 4, breathing returns 
to normal. Spinal pressure decreases due to the collapse 
of the epidural veins, higher intracranial pressure relative 
to spinal pressure promotes CSF flow across the fora-
men magnum. Generally, CSF flow between the head and 
spine decreases during, and increases immediately, after 
the Valsalva manoeuvre [48].
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Microscale flow
Choroid plexus influx
The choroid plexus is a highly vascular epithelium which 
lines some of the internal surface of the cerebral ventri-
cles, composed of a monolayer of epithelial cells lined 
with microvilli to increase the functional surface area. 
They function as a site of influx of CSF into the ven-
tricular system, consisting of two-phases; passive ultra-
filtration of blood plasma across fenestrated capillaries, 
and active transport into the ventricles [4], illustrated 
in Fig.  3. The precise molecular mechanisms through 
which choroidal plexus secretion are a matter of debate 
[49, 50], however it is generally accepted that the influx is 
dependent on the exchange of ions and H2O between the 
ventricular CSF and the interstitial space of the choroid 
plexus. The classical (Weed-Dandy-Cushing) CSF flow 
hypothesis postulates that all/most of the CSF influx to 
the ventricular system originates in the choroid plexus 
[51], however, this traditional view has been increasingly 
scrutinized, with debates surrounding the relative contri-
bution of the choroid plexus to overall CSF influx [52–
58]. Despite these debates, it remains widely accepted 
that the choroid plexus serves as a key site of CSF pro-
duction. In the dog, the choroid plexus of the fourth ven-
tricle comprises around 55% of the total choroid plexus 

surface area, with the lateral ventricles contributing 38% 
and third ventricle only 7% [59]. Consequently, the fourth 
ventricle is likely a critical site of CSF influx [49].

The glymphatic system
The CSF of the brain and spine is in continuous exchange 
with the interstitial fluid of the parenchyma, facilitating 
the clearance of interstitial solutes. The system through 
which rapid exchange of CSF and interstitial fluid occurs 
has been termed the glymphatic system, due to its func-
tional parallels with the lymphatics system.

As depicted in Fig.  4c, at the cortical surface cerebral 
arteries branch into pial arteries which run throughout 
the SAS, these arteries penetrate the brain parenchyma 
branching further into arterioles. Penetrating arterioles 
are surrounded by a para-vascular space (also termed the 
Virchow-Robin space, or peri-vascular space in some lit-
erature) containing CSF, forming a continuous network 
with the CSF of the SAS [60].

Since its initial description in the mid 1800’s [61–63], 
evidence for fluid exchange across the para-vascular 
space has long been debated. In an early investigation, 
Weed observed the retrograde passage of fluid from the 
venous system to the parenchyma, suggesting the exist-
ence of a space associated with the cerebral blood vessels 

Fig. 3  Anatomy of the choroid plexus, indicating the route of cerebrospinal fluid production; passive ultrafiltration of plasma across fenestrated 
capillaries, and active transport across the choroid plexus epithelium
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[64]. For much of the twentieth century, it was gener-
ally accepted that fluid efflux from the parenchyma was 
via “preferred routes”, including the para-vascular space 
[65, 66]. In this hypothesis, solutes were moved through 
the para-vascular space via diffusion, but along these 
preferred routes by dispersion (a combination of advec-
tion and diffusion) [67]. This hypothesis began to shift 
as studies indicating that the para-vascular space also 
functions as an influx route emerged [68, 69]. Iliff et  al. 
investigated the entrance of CSF into the brain paren-
chyma using various in-vivo imaging techniques. Their 
study concluded that bulk flow facilitates the transport 
of amyloid-beta through the brain interstitial space, and 
that this transportation was inhibited by the reduction 
of aquaporin-4 water channels achieved through dele-
tion of the Aqp4 gene [70]. This has implications for the 
development of neurodegenerative diseases which have 
been associated with the accumulation of certain waste 
proteins (amyloid-beta, tau, alpha-synuclein) [71]. For a 
more comprehensive review of early investigations into 

the para-vascular space, readers are directed to Wardlaw 
et al. and Hladky and Barrand [67, 72].

The para-vascular space is bound internally by the 
blood vessel basal membrane, and externally by astro-
cyte end-feet, which contain aquaporin-4 water chan-
nels. These channels have been proposed to facilitate 
the entry of CSF into brain parenchyma, enabling 
metabolite exchange through more rapid osmosis [22, 
73], however the evidence for this is contested [74]. 
Astrocyte end-foot size is proportional to blood vessel 
diameter, this variation is predicted to maintain near 
constant flux of fluid from the para-vascular space to 
the extracellular space of the parenchyma [75]. Accord-
ing to the glymphatic hypothesis, CSF in the para-arte-
rial space may enter the parenchyma across astrocyte 
end-feet to exchange with interstitial fluid. The fluid 
then moves through the interstitium towards the para-
venous space where it may efflux across astrocyte end-
feet. This proposed bulk flow across the parenchyma 
from the para-arterial to para-venous spaces results in 

Fig. 4  The glymphatic system. a Trans-ependymal fluid exchange within the internal surface of the ventricles. b Transverse anatomy 
of the para-vascular space surrounding penetrating vessels. c Glymphatic fluid exchange across the outer brain parenchyma and surface vessels
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the clearance of solutes from the parenchyma to the 
venous system, however, evidence for bulk flow across 
the parenchyma is heavily debated [57, 67].

The shape of the para-vascular space is critical for 
maintaining function (Fig. 4b). Rivas et al. found that the 
para-vascular space of surface arteries are open [76]. For 
an open channel, cross-sectional geometry affects the 
hydraulic resistance [77]. In leptomeningeal arteries, the 
outer boundary of the para-vascular space is flattened 
in the direction perpendicular to the skull, reducing the 
mean wall shear stress and hydraulic resistance by allow-
ing a greater volume of fluid to be further from the vas-
cular wall. With sufficient flattening, the outer wall can 
contact the vessel wall, dividing the para-vascular space 
into two distinct domains [22, 77, 78]. As penetrating arte-
rioles branch into the cortex, para-vascular spaces become 
continuous with the basal lamina of the associated vessel. 
This is a porous matrix that provides continuity between 
the fluid spaces of the arterioles and venules [79]. For a 
channel filled with porous medium, cross-sectional shape 
does not affect hydraulic resistance provided cross-sec-
tional area is held constant [22].

Net CSF flow within the para-vascular space is antegrade 
to the direction of blood flow within the associated blood 
vessel [60], and is characteristically pulsatile. Some stud-
ies attribute this pulsatile CSF flow to peristaltic pumping 
of the arterial vessel wall. In the proximal sections of major 
cerebral arteries, this flow is driven by the wave-like motion 
of the arterial walls, while in distal regions, it is propelled by 
an oscillating pressure gradient created by upstream pump-
ing [80–83]. Conversely, Kedarasetti et al., found that, while 
peristalsis may drive oscillatory flow within the para-vascu-
lar space, net directional flow is driven by pressure gradients 
present in the system [84]. Other driving mechanisms such 
as functional hyperaemia, vasomotion (spontaneous arterial 
wall motion due to the contraction of vascular smooth mus-
cle cells), and ventilation likely contribute to flow dynamics 
on differing timescales [85].

Within the ventricular system, the CSF may exchange 
with the interstitial fluid of the parenchyma across ependy-
mal cells which line the internal surface of the ventricles, 
depicted in Fig. 4a. There is rapid exchange of H2O between 
the intercellular fluid in the ependyma, and the CSF of the 
ventricles. Exchange between the intercellular fluid and 
interstitial fluid is comparatively slower [86]. This system of 
trans-ependymal flow provides a constant influx and efflux 
of fluid across the internal surfaces of the ventricles and has 
been observed by several studies [87, 88]. Strecker et al. used 
quantitative audio-radiography to examine the migration of 
labelled albumin into the periventricular extracellular space 
in normal and hydrocephalic dogs. Additionally, they found 
that diffusion was likely the mechanism of transport in the 
normal dog [89].

Intramural peri‑arterial drainage (IPAD)
In addition to glymphatic circulation, another potentially 
complimentary theory of interstitial fluid drainage has been 
proposed [7, 90–92]. The IPAD model suggests that inter-
stitial fluid and waste solutes are cleared via the peri-arterial 
space, this space lies between the layers of vascular smooth 
muscle cells and basement membranes of penetrating arte-
rioles and is distinct from the para-vascular space (Figs. 4b, 
5). Interstitial solutes enter the peri-arterial space and move 
through the vessel wall retrograde to arterial blood flow [93]. 
Carare et  al. observed the diffusive movement of soluble 
fluorescent tracers along the basement membranes of capil-
laries and arteries, indicating the peri-vascular clearance of 
solutes from the brain.

This flow is driven by vasomotion of the vascular 
smooth muscle cells, pushing fluid in the direction 
of the contraction wave, which propagates from the 
intracerebral arterioles towards large surface arteries 
[94]. Figure 6 shows a system diagram that integrates 
both the IPAD and glymphatic systems. For an exten-
sive review of the glymphatic and IPAD systems, read-
ers are directed to Hladky and Barrand [67].

Efflux routes
Lymphatic efflux
It is known that CSF can efflux from the brain and spine 
via the lymphatic system, where it returns to the venous 
system [95–98]. However, the precise routes of egress are 
under debate.

There is evidence that CSF can efflux from the brain 
through perineurial sheaths surrounding cranial nerves. 
Direct continuity exists between the cranial SAS, and 

Fig. 5  Intramural peri-arterial drainage (IPAD) fluid exchange 
across the outer brain parenchyma and surface vessels
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perineurial sheath of the olfactory nerve (I). This facili-
tates the flow of CSF across the cribriform plate to the 
nasal mucosa into nasal lymphatics. Murine studies have 
found that these lymphatics drain further to cervical 
lymph nodes, and appear to be a major efflux pathway of 
CSF [99–101]. Walter et al. investigated the distribution 
of India ink when injected into the SAS of the rat brain. 
They found that CSF drains to the nasal lymphatics along 
olfactory nerves, eventually draining into cervical lymph 
nodes [102]. Furthermore, Zakharov et  al. identified 
direct continuity between the SAS and perineurial space 
of the olfactory nerve [103].

The optic nerve (II) is enclosed by a SAS, through 
which CSF flow has been observed [69, 104, 105]. de la 
Motte investigated optic nerve associated lymphatics in 
rabbits via light and electron microscopy. They found 
that tracer is carried by CSF flow into the SAS of the 
optic nerve, eventually draining into the deep cervical 
lymph nodes [106]. However, Lüdemann et al. found that 
CSF in the optic nerve sheath drains into orbital tissue 
via an interstitial route, ultimately flowing to conjunctival 
lymphatic vessels [104].

Ma et  al. demonstrated that the trigeminal nerve (V) 
exhibits a perineurial pattern in mice, and as such rep-
resents a potential efflux route for CSF from the cra-
nial SAS to the orbit [96]. This study also demonstrated 
tracer efflux associated with the facial nerve (VII), drain-
ing towards the mandibular and deep cervical lymph 
nodes. Additionally, there is some evidence that the ves-
tibular nerve (VIII) plays a role in CSF efflux in rabbits, 
however, this route of efflux requires more investigation 
[107]. Finally, studies have shown that CSF efflux may 
occur through the jugular foramina. This route is associ-
ated with three cranial nerves, the glossopharyngeal (IX), 

vagus (X), and accessory (XI). These vessels then drain 
into the deep cervical lymph nodes [96].

The meningeal lymphatics system represents a further 
extensive route of CSF clearance in the brain. This system 
consists of a network of thin, elastic meningeal (dural) 
lymphatic vessels filled with viscous fluid, which drains 
due to elastic deformation of the vessel walls [108]. In the 
rostral (anterior) cranium, meningeal lymphatic vessels 
are located in the dura covering the olfactory recesses, 
and are associated with the rostral and middle meningeal 
arteries. In the caudal and skull base, meningeal lym-
phatic vessels are found along the sigmoid and transverse 
sinuses, and in the basal dura overlaying the cerebellum 
[109]. The meningeal lymphatics system drains to the 
deep cervical lymph nodes [110].

Lymphatic vessel morphology is dependent on the 
vessel location, as such dorsal and basal meningeal lym-
phatic vessels are structurally distinct. Dorsal meningeal 
lymphatic vessels are located within dural folds along the 
superior sagittal and transverse sinus, they are structur-
ally comprised of a continuously sealed zipper-like pat-
tern of endothelial cells. By contrast, basal meningeal 
lymphatic vessels are located along the petrosquamosal 
and sigmoid sinuses, and are composed of a discontinu-
ously sealed button-like pattern of endothelium. Com-
paratively, basal meningeal lymphatics possess a larger 
vessel diameter than their dorsal counterparts. Fur-
thermore, unlike dorsal meningeal lymphatic vessels, 
basal lymphatics exhibit extensive blunt-ended capillary 
branches associated with the SAS of the cranium. These 
morphological differences suggest that basal meningeal 
lymphatics are more likely to be involved in macromo-
lecular drainage and CSF drainage [96].

Fig. 6  A systems diagram integrating the glymphatic and Intramural peri-arterial drainage (IPAD) pathways
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Lymphatic vessels are also involved in the clearance of 
CSF from the SAS of the spine. A network of meningeal 
lymphatic vessels predominately associated with spinal 
nerve routes has been described at the cervical and 1st 
thoracic vertebrae. This network drains to the deep cervi-
cal and prevertebral lymph nodes [111]. In the rest of the 
spine, murine studies have found evidence of continuity 
between the SAS of the spinal cord, and lymphatic sys-
tem [112].

Arachnoid villi
Arachnoid villi (or granulations depending on their size) 
are known to drain a small portion of CSF [113], these 
are arachnoid membrane projections into the dural 
sinuses and lateral lacunae comprised of collagen con-
nective tissue and arachnoid cell clusters. The arachnoid 
granulations act as unidirectional pressure-dependent 
valves, when CSF pressure exceeds venous pressure, flow 
is permitted to the venous sinus. In the case that intrave-
nous pressure is greater than CSF pressure, the arachnoid 
villi collapse closing the valve and inhibiting flow into the 
sinuses [114, 115]. As such, the arachnoid granulations 
function as accessory drainage sites in cases of increased 
intracranial pressure in mice [116] and dogs [117].

It was originally thought that that the arachnoid gran-
ulations represent a major site of CSF efflux, however, 
recent contradictory evidence indicated that these sites 
contribute to a lesser degree than initially proposed. An 
MRI study by Radoš et al. revealed significant age-related 
variability in the number, size, and distribution of arach-
noid granulations. Notably, some individuals displayed 
no arachnoid granulations in their dural sinuses, suggest-
ing that their absence does not impair intracranial home-
ostasis. This finding indicates that arachnoid granulations 
are not essential for CSF efflux [118], it is worth noting 
that their methodology would not detect the smaller 
arachnoid villi. In the dog, Schurr, et al., 1953 studied the 

effect obliteration of the SAS by covering the surface with 
gauze. They observed that blocking efflux sites associ-
ated with arachnoid villi did not induce signs of hydro-
cephalus unless the optic and olfactory routes were also 
obstructed [119].

Choroid plexus efflux
The choroid plexus is considered to be an accessory site 
of CSF efflux [120, 121]. A murine study by Akai et  al. 
found that colloidally dispersed gold particles effluxed 
from the CSF of the lateral ventricles. It was postulated 
that this clearance was regulated by molecular size [122].

The various efflux routes presented are illustrated sche-
matically in Fig. 7.

Total flow system
A schematic of the total CSF system is presented in Fig. 8, 
which encapsulates the key anatomical pathways involved 
in CSF influx, circulation, and efflux. Arrows indicate the 
fluid flow directionality; this clearly shows the contem-
porary progression towards a multidirectional fluid flow 
system with multiple different subsystems.

Influencing factors
Sleep
The parenchyma of the brain is porous, and can there-
fore be described by its volume fraction, a ratio of the 
extracellular space and total volumes. However, the vol-
ume fraction of the extracellular space of the brain is 
dynamic and is sensitive to several different states (E.g. 
sleep, spreading depolarisation, and epilepsy [22]). Using 
in-vivo imaging, Xie et  al. explored the effect of sleep 
state on the clearance of amyloid-beta from the murine 
brain. They found that the sleep state is associated with 
a 60% increase in the interstitial space, driving a signifi-
cant increase in waste protein exchange [123]. Further-
more, Bojarskaite et al. hypothesised that different parts 

Fig. 7  A system diagram of the cerebrospinal fluid efflux routes
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of the sleep-cycle contribute to fluid clearance uniquely. 
They found that sleep dependent changes in the vascu-
lar dynamics of pial arteries and penetrating arterioles 
mirrored changes in the size of the para-vascular spaces, 
and that these changes likely significantly enhance solute 
clearance from the brain [124].

Posture
It has been proposed that body position can influence 
CSF drainage. Lee et  al. quantified CSF and interstitial 
fluid exchange during the supine, prone, and lateral posi-
tions in rodents. They found the most efficient clearance 
in the lateral position, with the least occurring in the 
prone posture. As the lateral position is the preferred 
sleeping position, they propose that this evolved to opti-
mise waste clearance in sleep and that posture plays an 
implicit role in increased CSF clearance in sleep [125].

Klarica et  al. investigated CSF pressure gradients 
in cats using an experimental model [126]. Anesthe-
tised cats were fixed in sternal recumbency relative to 
an adjustable platform, which was rotated between 90 
(upright) and 270 (head-down) degrees, including 0 
degrees (horizontal). Pressure transducers were con-
nected via cannulas to the lateral ventricle and lumbar 
SAS. The fore- and hindlimbs were outstretched. They 
found that, in an upright position, CSF pressure it the 
foramen magnum was at near atmospheric levels, and as 
such the pressure in the cranial vault was negative (sub-
atmospheric). In the lumbar spine, a pressure gradient 
was observed proportional to the vertical distance to the 

foramen magnum, narrowing the cervical SAS, causing 
the dura to adhere to the spinal cord, and expanding the 
dural lumbar sac. Conversely, when in a horizontal posi-
tion, pressures inside the lateral ventricles and lumbar 
SAS where similar [126]. Similar observations have been 
made in humans [127]. In alligators, an investigation by 
Taylor et  al. found that posture influenced the relative 
contribution to CSF pressure pulsation between the car-
diac and ventilatory systems, with cardiac dominating in 
head-down tilt, and ventilatory in head-up tilt. This rela-
tionship applied to both the cranial and spinal CSF pres-
sure [41]; investigation into CSF pressure gradients in the 
dog remain absent.

Several studies have examined the impact of postural 
changes on CSF flow in humans. Alperin et  al. observed 
CSF flow in the cervical SAS during horizontal and upright 
position, finding a reduction in CSF oscillatory volume, 
and increased intracranial compliance when upright. A 
reduction in intracranial volume when upright leads to 
increased compliance, and reduced cranial blood and 
CSF volume [128]. A subsequent study found that the spi-
nal canal contributed more to the overall cranio-spinal 
compliance when in the supine position, while the cra-
nium provided a greater proportion when upright. They 
proposed that the spinal canal therefore plays a role in 
buffering intracranial pressure during postural change. 
Additionally, it was observed that the lower-pressure CSF 
system was more sensitive to postural change that the rela-
tively higher-pressure vascular system [129]. In another 
study, Muccio et al. used MRI to investigate the effect of 

Fig. 8  A system diagram of the cerebrospinal fluid flow system, arrows indicate flow directionality
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postural change in humans, finding greater CSF flow oscil-
lation during the supine position compared to upright, 
and thus potentially greater CSF exchange. This change 
was driven by increased diastolic flow velocity, and systolic 
phase duration when supine [130].

Some studies on locomotion in reptiles have revealed 
that dynamic changes in posture significantly influence 
CSF flow dynamics [131, 132]. However, the significant 
anatomical and functional differences between mammals, 
such as dogs, and alligators prevent direct comparison.

Ageing and hypertension
Studies have found that ageing is associated with a 
decline in CSF influx. In mice, aging is related to a 
decline in drainage towards the lymphatic system, in 
addition to changes in the integrity of meningeal lym-
phatic vessels resulting in reduced functionality. Addi-
tionally, aging is associated with brain atrophy with 
ventricular and SAS enlargement. As such, CSF turn-
over is hypothesised to decrease [133]. Additionally, 
hypertension has been associated with variation in vas-
cular elasticity, inhibiting the arterial wall motion that 
is hypothesised to drive para-vascular CSF flow [134].

Brachycephaly
The cranial index is an anthropometric measure to 
describe the ratio between the widest interzygomatic dis-
tance and inion-to-prosthion distance of the skull. This 

parameter is used in veterinary research to categorise the 
cranial morphology of dogs and cats. In this system there 
exist three major categories: dolichocephaly, mesaticeph-
aly (mesocephaly) and brachycephaly, bounded by cranial 
indices of 0.39, 0.52, and 0.81 respectively [10]. However, 
other attempts have been made to numerically define dif-
ferent skull morphologies, Regodón et  al. postulate that 
characteristic shortening of the cranium observed in 
brachycephalic dog breeds indicates compensatory per-
pendicular development of the cranium relative to the 
facial axis. As such, they define brachycephaly as a crani-
ofacial angle between 9 and 14 degrees [135]. Alternatively, 
brachycephaly has been defined as the ratio between the 
length of the cranium, and the length of the skull [136]. 
More broadly, brachycephaly can be characterised by a 
rounded head, and shortened muzzle, in more extreme 
cases this can result in a dorsally rotated snout [137]. The 
characteristic conformational changes of the skull associ-
ated with canine brachycephaly are illustrated in Fig. 9.

The morphological diversity displayed by each distinct 
category is a result of generations of human artificial 
selection in breeding [138]. During normal foetal devel-
opment, the bones of the cranium are initially separated 
and slowly ossify at a rate regulated by a mechanosen-
sory system within the dura. Through this system, the 
skull develops in response to the increasing brain mass, 
with the ultimate shape of the skull being dependent on 
the growth of the cranial sutures [2]. Craniosynostosis is 
a developmental deformity of the infant skull due to the 

Fig. 9  Conformational changes to the skull associated with brachycephaly in the a transverse plane. b Sagittal plane. Blue arrows indicate 
the direction of tissue movement with increasing disease severity
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premature ossification of cranial sutures. The resultant 
shape of the skull is defined by Virchow’s law which states 
that compensatory growth occurs parallel to the pre-
maturely closed suture as the skull cannot expand per-
pendicularly [139]. The aforementioned morphological 
categories are cases of complex craniosynostosis in which 
the premature fusion of multiple sutures gives rise to the 
characteristic cranial morphology. As craniosynostosis 
is congenital, these characteristics are then inherited in 
breeding.

Brachycephaly in dogs is a result of artificial selection 
for neotenous characteristics such as a broad domed fore-
head, flattened muzzle, and a rounded, less angular face 
[140]. In the context of craniosynostosis, brachycephaly 
is associated with the premature closure of the skull-base 
sutures predominately the basispheno-presphenoid and 
spheno-occipital synchondroses [141], giving rise to cal-
varial doming, however brachycephaly can present with 
the premature closure of other cranial sutures depending 
on the severity. Additionally, brachycephalic dogs present 
with wide zygomatic arches and rostro-caudal shortening 
of the muzzle, in some flat faced breeds the snout may 
be angled upwards (airorhynchy) rostrally and the junc-
tion between the frontal and nasal bone (stop) becomes 
increasingly acute (craniofacial hypoplasia) [137, 142].

There is an increasing body of evidence to suggest 
that the lymphatic system represents a major efflux 
route for CSF especially via the olfactory nerve, see sec-
tion: Lymphatic Efflux. This pathway encircles the olfac-
tory nerve fibres which penetrate the cribriform plate 
of the ethmoid bone within the rostral cranial fossa. 
A study by Sokołowski et  al. used computed tomogra-
phy morphometric analysis of the rostral cranial fossa 
to determine the ratio between the rostral cranial fossa 
and cranial cavity across different dog breeds spanning 
the three major conformational categories. They found 
that a reduced rostral cranial fossa volume was present 
in brachycephalic dogs and hypothesises that this may 
impede CSF efflux through the cribriform plate due to 
a reduction in the lymphatic vessel surface area [143]. 
Additionally, further conformational changes including 
craniofacial hypoplasia and airorhynchy, associated with 
flat faced brachycephaly in dogs, may impede efflux via 
the olfactory nerve route due to a reduction in the nasal 
mucosa [2].

In addition to the olfactory nerve route, it is likely that 
other lymphatic efflux pathways are similarly inhibited by 
brachycephaly. Brachycephalic dogs present with stenosis 
of the jugular foramen [144], which facilitates the passage 
of the basal meningeal lymphatic efflux via the sigmoid 
sinus and cranial nerve routes (IX, X, and XI). As such, 
it is probable that a reduction in the jugular foramen vol-
ume associated with brachycephaly will result in impaired 

CSF efflux through this region [2]. The structural changes 
associated with brachycephaly (reduced rostral cranial 
fossa volume, craniofacial hypoplasia, airorhynchy, and 
jugular foramen stenosis) collectively impair key CSF 
efflux pathways, likely disrupting intracranial fluid home-
ostasis, and predisposing brachycephalic breeds to CSF 
flow disorders. As such, these breeds provide a unique 
opportunity to explore conditions analogous to compa-
rable human disorders characterized by craniosynostosis, 
such as Chiari-like malformation and syringomyelia. The 
effects of brachycephaly on the fluid flow system are indi-
cated in Fig. 11.

Canine Chiari malformation
Canine Chiari(-like) malformation is a complex congeni-
tal condition associated with pain; however, the definition 
is contentious. In humans, Chiari malformation is a neuro-
logical herniation presenting with a reduced posterior fossa 
and caudal descent of the brainstem and cerebellum, this 
definition is categorised further into types depending on the 
presentation of the condition. This modern description is a 
deviation from the original description of the condition [145, 
146]. In 2006 it was determined that the veterinary condition 
should be named Chiari-like malformation to distinguish it 
from the human condition as dogs do not possess cerebel-
lar tonsils, and the severity of the condition is independent of 
cerebellar herniation severity [147]. Additionally, Chiari-like 
malformation was defined as “decreased caudal fossa volume 
with caudal descent of the cerebellum, and often the brain-
stem, into or through the foramen magnum” [146], however 
some authors support a broader definition. Knowler et  al. 
define Chiari-like malformation as “a malformation of the 
skull and cranio-cervical junction which compromises the 
neural parenchyma to cause pain and/or disrupt CSF circu-
lation which can result in syringomyelia” [147].

Brachycephalic dogs are predisposed to Chiari-like mal-
formation; premature cranial suture closure results in a 
decreased skull length leading to overcrowding of the brain 
parenchyma leading to caudal displacement of the brainstem 
and cerebellum. Overcrowding is exacerbated by a reduced 
caudal cranial fossa [148]. Chiari-like malformation related 
pain is further associated with increasingly severe brachy-
cephaly. Rusbridge and Knowler et al. detail the features of 
Chiari-like malformation related pain, shown in Fig. 10 [147, 
149]. The regions affected by Chiari-like malformation are 
summarised in Fig. 11.

Syringomyelia
Syringomyelia is a condition in which a fluid-filled cav-
ity (syrinx) forms within the spinal cord, the composi-
tion of this fluid is understood to be similar to CSF [1]. 
The United Kingdom Kennel Club (KC) and British 
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Veterinary Association (BVA) define syringomyelia with 
respect to both the age of the patient, and transverse 
width of the cavitation.

The aetiology of syringomyelia is diverse and poorly 
defined. In veterinary medicine syringomyelia is most 
commonly associated with Chiari-like malformation 
[2]. Driver et  al. found that more severe overcrowding 
of the cranial caudal fossa is positively correlated with 

syringomyelia, and that caudal cranial fossa parenchyma 
volume and syrinx width and ventricle size are also posi-
tively correlated indicating that syringomyelia occurs as 
a result of altered CSF dynamics [150]. However, Cou-
turier et  al. failed to identify any correlation between 
cranial caudal fossa volume and syringomyelia in a pop-
ulation of Chiari-like malformation affected dogs, they 
instead found that the only difference between dogs with 

Fig. 10  Conformational changes associated with Chiari-like malformation in the sagittal plane. Blue arrows indicate the direction of tissue 
movement with increasing disease severity

Fig. 11  Regions of the cerebrospinal fluid flow system affected by a Brachycephaly, b Chiari(-like) malformation, and c Syringomyelia. Red indicates 
sites characteristically affected fluid flow, and consequently key regions of interest for modelling disease states
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or without syringomyelia was age; dogs with Chiari-
like malformation and syringomyelia were statistically 
older likely owing to the progressive nature of syringo-
myelia [151]. In addition to overcrowding, some studies 
have found that impaired venous drainage is associated 
with syringomyelia [144, 152–155]. The percentage of 
the caudal cranial fossa occupied by the venous sinuses 
is significantly smaller in Cavelier King Charles Spaniels 
with syringomyelia [152], and dogs affected with syringo-
myelia present with significantly smaller jugular foram-
ina volumes [144]. Abnormalities at the cranio-cervical 
junction have also been associated with syringomyelia. 
A more caudally located brainstem is associated with the 
development of syringomyelia [153], furthermore, there 
is a relationship between dorsal compressive lesions at 
the atlantoaxial junction, and syringomyelia with the 
severity being related to the compression index [154]. A 
2016 study found that there is a significant relationship 
between atlanto-occipital overlapping, and syringomy-
elia [155]. Rusbridge and Knowler propose that the aeti-
ology of syringomyelia is multifactorial, developing due 
to a combination of: reduced CSF absorption, reduced 
venous drainage, altered neuroparenchymal compliance, 
reduced CSF flow through the cranio-cervical junction or 
lateral apertures of the fourth ventricle [2].

The mechanism through which syringomyelia develops 
is a matter of debate, currently the most accepted theory 
centres around a delay between the peak arterial pressure 
and peak CSF pressure pulses [2]. The para-vascular space 
is dynamic, changing size throughout the cardiac cycle, 
due to variation in the diameter of penetrating arterioles. 
This space is at its widest when the arterial pressure is at 
its minimum and is narrowest at peak arterial pressure. If 
the CSF pressure waveform is out of phase with the arte-
rial pressure waveform such that peak CSF pressure occurs 
prior to peak arterial pressure, flow of CSF into the spinal 
cord is favoured over outflow into the SAS. In this case, the 
para-vascular space acts like a leaky one-way valve, result-
ing in preferential flow into the spinal cord [156]. This 
mechanism is largely based on the results of computational 
modelling studies and is as such limited by the simplifying 
assumptions inherent in such studies. More recent studies 
by the same research group raise doubts about the viabil-
ity of this hypothesis for physiologically plausible range of 
parameters. Both Lloyd et al. and Martinac et al. observed 
that the leaky valve can operate effectively only if the radial 
displacement magnitude of the penetrating artery wall is 
up to one order of magnitude higher than experimentally 
observed values [82, 157, 158]. Furthermore, Martinac 
et  al. demonstrated that physiologically implausible time 
delays between blood and CSF pulses were required for 
the leaky valve to operate, even when arterial displacement 
is maintained at unrealistically high levels [158].

For a discussion of the theories of syringomyelia patho-
genesis see [159]. In the case that a syrinx is already 
present in the spinal cord, the syrinx may increase in 
size through the “slosh” mechanism prosed by Williams 
[160], and further investigated by Cirovic and Rusbridge, 
and Bertram and Heil [46, 161]. Epidural venous disten-
tion during Valsalva manoeuvre initiates the movement 
of CSF in the spinal SAS, compressing the syrinx at one 
end. This generates movement of fluid within the syrinx 
towards the other end of the cavity, stressing the spinal 
cord tissue and resulting in enlargement of the syrinx 
[46]. The CSF flow systems affected by syringomyelia are 
summarised in Fig. 11.

Incidence of Chiari‑like malformation 
and syringomyelia in dogs
In humans, the prevalence of craniosynostosis, Chiari mal-
formation, and syringomyelia are low. Craniosynostosis 
affects approximately 0.05% of live births [162], whereas type 
1 Chiari malformation affects around 0.1% of the popula-
tion, of which 30% display concurrent syringomyelia [163]. 
In Italy, Ciaramitaro et  al. found the prevalence of Chiari 
malformation and syringomyelia to be 0.008% and 0.005% 
respectively [164], whereas in the Russian Federation, Kli-
mov et al. found the incidence of syringomyelia to be around 
0.01%, potentially owing to a familial predisposition in the 
Tartar population [165]. Comparatively, brachycephalic dogs 
have significantly higher reported incidence. The Cavalier 
King Charles spaniel has an estimated incidence of 77–100% 
for Chiari-like malformation, and 15–79% for syringomy-
elia, however, the incidence reported in literature varies sig-
nificantly depending on the population studied (veterinary 
clinics, breeding populations, etc.), exclusion/inclusion cri-
teria (age, clinical signs, etc.), and diagnostic criteria (MRI 
findings, owner reported, etc.). Similarly, Griffon Bruxellois 
have estimated incidence of 61–80% and 45–74% for Chiari-
like malformation and syringomyelia respectively. Complete 
incidence data for Chiari-like malformation and syringomy-
elia in brachycephalic dog breeds are provided in the supple-
mentary material [see Additional File 1]. It is worth noting 
that the statistical power of these prevalence studies is low, 
however, they demonstrate a significant increase in preva-
lence compared to humans, and an increased incidence with 
age. Therefore, modelling Chiari-malformation and syringo-
myelia in the context of brachycephalic dogs provides access 
to larger datasets than solely analysing the human condition.

Conclusion
The CSF flow system plays an essential role in main-
taining neural homeostasis by facilitating waste clear-
ance and regulating intracranial pressure. Disruptions 
in CSF flow can lead to severe neurological conditions, 
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as evidenced by the prevalence of Chiari(-like) malfor-
mation and syringomyelia in both humans and certain 
brachycephalic dog breeds. Brachycephalic dogs, due 
to their predisposition to CSF-related disorders, offer 
valuable insights into the mechanisms and potential 
therapeutic targets for similar human pathologies. This 
review has presented a complete synthesis of the con-
temporary understanding of CSF flow, collating evi-
dence from human, rodent, and mammalian studies. 
This literature has been used to generate a CSF flow 
system, which can be applied to analyse neurological 
conditions to improve our understanding of CSF flow 
dynamics and to develop more effective models for 
conditions arising from CSF dysregulation.
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