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Canine cerebral circulation: a review
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Abstract

The cerebral vascular system (CVS) of mammals is a complicated three-dimensional
structure that supplies brain parenchyma with oxygenated blood and nutrients, drains
deoxygenated blood and catabolites out from it and participates in cerebrospinal fluid (CSF)
resorption, maintenance of intracranial pressure (ICP) stability, and brain thermoregulation.
A thorough understanding of the morphology and function of CVS is essential for human
as well as veterinary neurologists and neurosurgeons as it helps to diagnose intracranial
pathological processes, to choose an optimal therapeutic approach for the specific patient
concerning configuration and possible anomalies of their CVS, and to execute intracranial
surgical procedures. The number of brain operations in dogs has rapidly grown, which
prompted the authors to review the literature on the complex issue of canine intracranial
blood vessels. The research strategy involved a PubMed, MEDLINE (Ovid), EMBASE
(Ovid), and Clarivate Analytics Web of Science search from January 1960 to January 2024
using the terms ‘canine brain blood vessels’ and ‘cerebral haemodynamics in dogs’ in the
English language literature; references from selected papers were also scanned, and relevant
articles were included.

Dog, intracranial vascular system, anatomy, physiology

Epidemiological studies as well as everyday practice indicate that head injuries, their
complications, and various pathological processes affecting the brain, meninges, and
skull in humans also occur in dogs and cats (Hopkins and Wheeler 1991; Wessmann
etal. 2009; Pleasas et al. 2013; Przyborowska et al. 2013; Cosme et al. 2015; Jones
et al. 2018; Miller et al. 2019; Kishimoto et al. 2020). The structure and function
of the mammalian central nervous system (CNS) are similar. Pigs, dogs, cats, and rats
are regularly used in experiments and preclinical trials. There are owners ready to
cover charges for the treatment of their pets. Therefore, intracranial interventions in
cats and dogs have become more frequent. They are challenging procedures (Forward
et al. 2018). One of the main hazards of craniotomy and brain surgery is an inadvertent
lesion of a vital brain vessel, which can potentially cause severe complications with
impending catastrophic consequences (Morton et al. 2022). These reasons inspired the
authors to report on the basic structural and functional features of the cerebral vascular
system of dogs.

Survey of canine intracranial blood circulation

The intracranial vascular system (IVS) of mammals consists of an arterial and venous part
interconnected with cerebral capillaries, surrounded with cerebrospinal fluid (Fahmy et al.
2021). The IVS maintains not only adequate brain perfusion but also plays an important
role in cerebrospinal fluid (CSF) resorption, intracranial pressure (ICP) homeostasis, and
cerebral thermoregulation (Wellens et al. 1975; Bezuidenhout 2013a; Bezuidenhout
2013b; Fahmy et al. 2021; Proulx 2021; Lavinio 2022).
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Canine cerebral arterial system

The brain arteries in dogs carry oxygenated blood from the heart to intracranial
structures. The wall of cerebral arteries and arterioles consists of three concentric layers.
The innermost layer (tunica intima) comprises a thin sheet of squamous epithelium and
the internal elastic lamina. The middle layer (tunica media) comprises circularly arranged
smooth muscle cells with some elastin and collagen fibres. The outermost layer (tunica
adventitia) is composed mainly of collagen fibres, fibroblasts, and (in pial arterioles and
arteries) perivascular nerves (Bezuidenhout 2013a; Skerrit 2018).

Five pairs of arteries (branches of the paired internal carotid arteries - ICAs or the single
basilar artery - BA) supply the canine brain. Four of them constitute the cerebral arterial
circle (circulus arteriosus cerebri Willisi, the circle of Willis) situated on the ventral surface
of the brain around the hypothalamus, mamillary bodies, and hypophyseal stalk (Tanaka
et al. 2018). The fifth pair supplies the ventral regions of the cerebellum and brain stem
via the caudal cerebellar arteries (Wellens et al. 1975; Gillilan 1976; Tanuma 1981,
Skerrit 2018; Camstra et al. 2020). The rostral section of the cerebral arterial circle
consists of paired rostral cerebral and middle cerebral arteries (the cranial divisions of the
ICA). The lateral section of the circle consists of paired caudal communicating and caudal
cerebral arteries (the caudal divisions of the ICA). The dorsal section of the cerebral arterial
circle includes paired rostral cerebellar arteries originating from the dorsal communicating
arteries (the terminal branches of the BA). The fifth pair of arteries supplying the canine
brain are the caudal cerebellar arteries (branches of the BA). The caudalmost arterial
branches of the BA are labyrinthine arteries (which supply the inner ear, as well as facial
and vestibulocochlear nerves) and rami ad pontem (which supply the pons and trigeminal
nerves) (Pais et al. 2009; Skerrit 2018; De Lahunta et al. 2021). In all 55 dogs studied
by Tanuma (1981), the Willis circle was entirely closed, usually through the single rostral
communicating artery (Fig. 1). The canine cerebral arterial system is posterior circulation
dominant. Detailed surveys showed that a significant portion of oxygenated blood to the
brain of dogs comes from the paired vertebral arteries (VAs) via the ventral spinal artery
and the BA (the midline continuation of the ventral spinal artery) and the lesser portion
comes from the common carotid arteries (CCAs) via their thinner and tortuous branches -
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Fig. 1. Diagram of the main arterial supply of the canine brain; dorsal view.

1 - internal carotid artery (a. carotis interna); 2 - basilar artery (a. basilaris); 3 - middle cerebral artery (a. cerebri
media); 4 - rostral cerebral artery (a. cerebri rostralis); 5 - caudal communicating artery (a.communicans caudalis);
6 - caudal cerebral artery (a. cerebri caudalis); 7 - rostral communicating artery (a. communicans rostralis);
8 - rostral cerebellar artery (a. cerebellaris rostralis); 9 - caudal cerebellar artery (a. cerebellaris caudalis);
10 - labyrinthine artery (a. labyrinthica); 11 - internal ophthalmic artery (a. ophthalmica interna); 12 - internal
ethmoidal artery (a. ethmoidalis interna).
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the internal carotid arteries — ICAs (Orsi et al. 2006; Skerrit 2018; Camstra et al. 2020;
Sevcikova et al. 2023). There are also several extra-intracranial arterial anastomoses
in the orbit (via branches of the ophthalmic arteries), in the nasal cavity (via branches
of the internal ethmoidal arteries), as well as significant both-sided anastomoses between
the maxillary arteries and ICAs, or between the vertebral arteries and ICAs at the neck
(Orsi et al. 2006; Skerrit 2018; Camstra et al. 2020; De Lahunta et al. 2021).

Variations of the canine cerebral arterial system

The extra-intracranial arterial anastomoses in dogs and cats are significant, hence
ischaemic stroke is a rare clinical entity in these animals (Gillilan 1976; Wessmann
et al. 2009). The internal carotid artery divides into the rostral cerebral artery, middle
cerebral artery, and the dorsal communicating artery (Tanuma 1981; Bezuidenhout
2013a; Tanaka et al. 2018). Frequently the internal carotid artery (ICA) firstly gives
of the dorsal communicating artery, then divides into the rostral cerebral and middle
cerebral arteries. This type of ICA division was observed in 85.5% of specimens on the
right side and 81.8% on the left side (Tanuma 1981). The ICA also can first give of the
dorsal communicating artery, then divide into the rostral cerebral artery and the middle
cerebral artery. This type of ICA division was observed in 10.9% of specimens on the right
side and in 9.1% on the left side (Tanuma 1981).

Variations of the canine circle of Willis also occur. Tanaka et al. (2018) ascertained
the typical configuration of this arterial structure in 82% of dogs, aplasia of the
precommunicating segment of the rostral cerebral artery in 14% of dogs, and aplasia
of the rostral communicating artery in 4% of dogs (Tanaka et al. 2018). In all 55 dogs
studied by Tanuma (1981), the Willis circle was entirely closed in all specimens (Tanuma
1981). The rostral cerebral arteries having a common trunk occurred in 87.3%, a single
rostral communicating artery occurred in 9.1%, and a double rostral communicating artery
occurred in 3.6%. Asymmetry of the diameter of the rostral cerebral arteries was observed
in 14.5% of specimens (Tanuma 1981).

Canine cerebral capillary network

The brain capillaries in dogs form a dense, three-dimensional, and mutually interconnected
network. Their mesh-like structure provides these tiny vessels (5—-10 pm in diameter) with
an extremely large surface area, facilitating their vital role in nutrient exchange (Wellens
et al. 1975; Bezuidenhout 2013a; Skerrit 2018). The brain capillaries have thin, non-
fenestrated walls (by contrast to the rest of the extracerebral capillaries possessing micro
apertures in their walls), composed of the tunica intima, but contain neither smooth
muscle cells nor elastic fibres. The brain arterioles, capillaries, and venules are lined by
extended astrocytic cellular processes and scattered pericytes (Bezuidenhout 2013a;
Daneman and Prat 2015; Skerrit 2018). The tunica intima, consisting of a simple layer
of specialized squamous endothelial cells interconnected by tight junctions encased by
a basement membrane and surrounded by pericytes, creates the blood-brain barrier (BBB)
separating the contents of these specific blood vessels from the brain interstitium (Wellens
et al. 1975; Skerrit 2018; Procter et al. 2021). The substance movement through the
cerebral capillary wall can occur paracellularly (between endothelial cells) or transcellularly
(across endothelial cells). The intact BBB is permeable to oxygen, water, and small
lipid-soluble molecules. Still, with the help of junctional complexes and by expression
of membrane receptors and pumps, the BBB tightly regulates the movement of nutrients,
wastes, and more complex molecules between circulating blood and the brain environment
(Braun etal. 2017; Smith etal. 2019; Procter etal. 2021). The pericytes are also metabolic
sentinels that control and help to increase blood flow when stimulated (D’ Alecy and Feigl
1972; Smith et al. 2019). Disruption of the intimate cooperation between endothelial
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cells and pericytes leads to alterations in cerebral blood flow, to neuroinflammation, and
transcytosis, contributing to the breakdown of the BBB (Procter et al. 2021).

Canine cerebral venous system

The cerebral venules and veins collect the low-pressure deoxygenated blood from the
brain capillaries (Bezuidenhout 2013b; Gada et al. 2015; Balik 2019). The cerebral
veins emerge from the surface of the brain, bridge the subarachnoid space filled with
cerebrospinal fluid (that is why they are also known as bridging veins), and drain into the
dural venous sinuses (DVSs). The DVSs then transport the venous blood from the cranium
into the systemic circulation via paired maxillary, internal jugular, and vertebral veins as
well as via the internal vertebral venous plexuses (Aurboonyawat etal. 2007; Mortazavi
etal. 2012; Bezuidenhout 2013b; Gada et al. 2015; Skerrit 2018; Walsh et al. 2020).
The cerebral veins are valveless, thin-walled vessels reinforced by loose collagen networks
but lacking tunica media and tunica adventitia (Bezuidenhout 2013b; Balik 2019). The
subdural portion walls of cerebral veins are 10-600 pum thick, and the subarachnoid space
portion walls are 50-200 pm thick (Mortazavi etal. 2012). The DVSs of dogs are located
between the external (periosteal) and internal (meningeal) layers of the dura mater and, in
some places, within channels inside the diploé of the skull bones (Reinhart et al. 1962;
Armstrong and Horwitz 1971; Bezuidenhout 2013b a 2018). The walls of DVSs are
composed of connective tissue consisting of collagen and elastin fibres with fibrocytes,
sometimes also myocytes, and a dense microvascular arterial network. The inner surface
of DVSs is covered by a thin layer of endothelial cells (Balik 2019; Walsh et al. 2020).
The intracranial veins are connected with extracranial venous networks by emissary veins
piercing the skull through bone foramina (Mortazavi etal. 2012; Bezuidenhout 2013b).

Canine DVSs form a dorsal and ventral group which are interconnected (Figs 2 and 3).
The dorsal group of DVSs encompasses the dorsal sagittal sinus (DSS), the straight sinus
(StS), and paired transverse sinuses (TSs). The ventral group of DVSs comprises paired
cavernous sinuses (CSs), unpaired ventral and dorsal intercavernous sinuses (VIcS, DIcS),
paired sigmoid sinuses (SSs), the basilar sinus (BS), the connecting ventral interbasilar
sinus (VIbS) and, in some cases, also the dorsal interbasilar sinus (DIbS) and paired dorsal
and ventral petrosal sinuses (DPSs, VPSs). The DSS begins with a junction of the right and
left vein of the nasal cavity, approximately at the central part of the cribriform plate, and
continues in the falx cerebri to the point where the DSS joins with the straight sinus (StS).
The StS begins at the caudal margin of the cerebral falx (falx cerebri) as a junction of the
great cerebral vein (GCV) and the vein of the corpus callosum (VCC). Caudally, inside the
diploé of the occipital bone, the DSS merges with the paired transverse sinuses (TSs) and
creates the confluence of the sinuses (CSs) also known as the torcular Herophili (Reinhard
etal. 1962; Armstrong and Horwitz 1971; Carreira etal. 2011; Bezuidenhout 2013b;
Carreira and Ferreira 2016; Skerrit 2018). From the CSs, the TSs continue laterally
inside the transverse canals for about two-thirds of their lengths, then inside the transverse
grooves, until they terminate by division into the temporal sinuses (TeSs) and sigmoid
sinuses (SSs). The TeSs continue to the right and left temporal meatus, then empty into
the right or left maxillary vein (MV). The SSs bend ventromedially and caudally on their
course to the right or left jugular foramen (JF). The SSs merge with the right or left VPS to
create the left or right internal jugular vein (IJV), and the right or left vertebral vein (VV).
The DSS, TSs, SSs, and BSs, together with the vertebral plexus, constitute the main venous
drainage system of the brain (Reinhard et al. 1962; Armstrong and Horwitz 1971;
Bezuidenhout 2013b). The paired cavernous sinuses (CSs) extend from the right and
left orbital fissures to the right or left petrooccipital canal. Each of the CSs communicates
with the right or left ophthalmic plexus rostrally and via the right or left petrosal vein with
ventral vertebral plexus caudally (Reinhard et al. 1962; Bezuidenhout 2013b).
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Fig. 2. Diagram of the canine brain venous system; lateral view.

1 - nasal vein (v. nasalis); 2 - dorsal sagittal sinus (sinus sagittalis dorsalis); 3 - dorsal cerebral veins
(vv. cerebri dorsales); 4 - transverse sinus (sinus transversus); 5 - confluence of the sinuses (confluens sinuum);
6 - occipital emissary vein (v. emissaria occipitalis); 7 - temporal sinus (sinus temporalis); 8 - dorsal petrosal sinus
(sinus petrosus dorsalis); 9 - ventral cerebral vein (v. cerebri ventralis); 10 - sigmoid sinus (sinus sigmoideus);
11 - basilar sinus (sinus basilaris); 12 - ventral petrosal sinus (sinus petrosus ventralis); 13 - cavernous sinus
(sinus cavernosus); 14 - straight sinus (sinus rectus); 15 - vein of the corpus callosum (v. corporis callosi);
15a - tributaries of the vein of the corpus callosum; 16 - internal cerebral vein (v. cerebri interna); 16a - tributaries
of the internal cerebral vein; 17 - great cerebral vein (v. cerebri magna); 18 - thalamostriate vein (v. thalamostriata).

Fig. 3. Diagram of the canine brain venous system; dorsal view.

1 - nasal veins (v. nasalis dextra et sinistra); 2 - dorsal sagittal sinus (sinus sagittalis dorsalis); 3 - dorsal cerebral
vein (v. cerebri dorsalis); 4 - transverse sinus (sinus transversus); 5 - confluence of the sinuses (confluens sinuum);
6 - occipital emissary vein (v. emissaria occipitalis); 7 - temporal sinus (sinus temporalis); 8 - dorsal petrosal sinus
(sinus petrosus dorsalis); 9 - ventral cerebral vein (v. cerebri ventralis); 10 - sigmoid sinus (sinus sigmoideus);
11 - basilar sinus (sinus basilaris); 12 - ventral petrosal sinus (sinus petrosus ventralis); 13 - cavernous sinus (sinus
cavernosus); 14 - rostral intercavernous sinus (sinus intercavernosus rostralis); 15 - caudal intercavernous sinus
(sinus intercavernosus caudalis).
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Variations of the canine cerebral venous system

The physiologic variations in the size and shape of the skull in different breeds
of dogs can influence the morphology of their intracranial venous system (Evans and
de Lahunta 2013; Carreira and Ferreira 2016; De Simone et al. 2017). For example,
the DSS in brachycephalic dogs has a triangular shape, being narrowest at its rostral part
and widest at its caudal part. In mesaticephalic and dolichocephalic dogs the DSS has
a butterfly shape, being widest at both ends and narrowest in the middle (Carreira et al.
2011). The TS is shortest in mesaticephalic dogs, in brachycephalic dogs is of medium
length, and it is longest in dolichocephalic dogs. The TS is narrowest in mesaticephalic
dogs, in dolichocephalic is of a medium width, and in brachycephalic dogs it is widest.
The left side of the TS is usually smaller than the right. In dolichocephalic dogs, the TS has
a caudocranial trajectory, and in the brachycephalic and mesaticephalic dogs the TS has
a craniocaudal trajectory (Carreira and Ferreira 2016).

The straight sinus (StS) usually drains into the caudal part of the DSS before it enters
the foramen for the DSS, but it may pursue an independent course via an adjacent
accessory foramen and join the confluence of the sinuses within the occipital bone (Evans
and de Lahunta 2013). The DSS also frequently bifurcates after the StS has entered
it (Bezuidenhout 2013b).

The two CSs (right and left) are connected by rostral and caudal intercavernous sinuses.
The smaller caudal intercavernous sinus may be absent (Bezuidenhout 2013b).

The two BSs (right and left) are the venous links between the SSs and the internal ventral
vertebral venous plexus. They are connected by ventral and dorsal interbasilar sinuses. The
dorsal interbasilar sinus may be absent (Bezuidenhout 2013b).

Haemodynamic parameters

The brain depends more than any other organ of the body on an adequate, relatively
constant, and regulated blood supply (Schaller 2004; Griine et al. 2015). Cerebral
vessels must effectively deliver oxygen, glucose, and other nutrients to the brain, removing
carbon dioxide, lactic acid, metabolic products, and wastes (Lavinio 2022). The heart
rate in healthy dogs ranges from 140 to 190 beats/min (Hibino and Matsuura 1985;
Mishina et al. 1997), the systolic blood pressure is 90-140 mmHg (Mishina et al.
1997; Garofalo et al. 2012), the diastolic blood pressure is 70-80 mmHg (Mishina
et al. 1997). At rest, the canine brain receives approximately 14% of cardiac output, i.e.,
~930 ml/min in an animal weighing 20 kg (Milnor and Bertrand 1958). The intracranial
blood volume in dogs is about 100-130 ml (of which =15% is situated in the cerebral
arteries, ~40% in the cerebral veins and sinuses, and ~45% in the cerebral microcirculation)
at any moment (Milnor and Bertrand 1958; Wellens et al. 1975; Gobbel et al. 1991;
Lavinio 2022). There are several mechanisms preventing brain damage in physiologic
conditions. Cerebral blood flow (CBF) is elevated by increased pCO, and decreased
pH and/or pO,. In opposite situations, the CBF is reduced by decreased pCO, and increased
pH and/or pO, (Itoh and Suzuki 2012; Griine et al. 2015). Also, intravascular factors
(such as red blood cell flow, leukocyte adhesion, the release of vasoactive mediators,
and expression of glycoproteins on the endothelial cells) may be involved in the control
ofmicrocirculation (Itoh and Suzuki2012;Nader etal. 2019). Autoregulation mechanisms
help to maintain a relatively steady cerebral blood pressure despite fluctuations in systemic
blood pressure (Busija et al. 1981; Baskurt and Meiselman 2003). The brain vascular
architecture forms an effective collateral network ensuring permanent blood flow through
cerebral capillaries (Lavinio 2022). The incoming oxygenated blood is conveyed by
precapillary arterioles and the outcoming deoxygenated blood is drained away by venules
(Gillilan 1976; Busija et al. 1981). Dilatation of small arteries and arterioles increases
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the microvascular pressure gradient and capillary flow (Itoh and Suzuki 2012; Gada
et al. 2015; Griine et al. 2015; Smith et al. 2019; Lavinio 2022).

Intracranial pressure and cerebral circulation

The mammal skull (cranium) represents a firm, non-expandable container with a fixed
volume after its sutures and fontanelles are closed (Cushing 1925; Wilson 2016). The
intracranial pressure (ICP) is determined by the reciprocal relationship between the volume
of intracranial space and the volume of three essential uncompressible elements inside it. They
are brain tissue, blood in cerebral vessels, and cerebrospinal fluid (Cushing 1925; Iencean
and Ciurea 2008; Wilson 2016). Physiological values of ICP measured/monitored in the
lateral brain ventricles in adult healthy dogs in a supine position usually range from 5 to 12 mmHg
(Kolecka et al. 2019; Sturges et al. 2019). ICP fluctuates by pulsations (approximately
1 mmHg difference between systole and diastole) and breathing (approximately 5—10 mmHg
difference between inspirium and expirium). At the same time, it is significantly influenced
by the body’s position (horizontal/vertical) and by abrupt changes in intrathoracic or
intraabdominal pressure caused by barking, sneezing, straining, running, and jumping. The
fluctuating subatmospheric intrapleural pressure helps to keep dilated the intrathoracic parts of
caval veins (vena cava cranialis, vena cava caudalis) and supports the return of deoxygenated
blood from the brain to the right heart atrium and ventricle (Hibino and Matsuura 1985;
Schaller 2004; Zamboni et al. 2012; Wilson 2016; Sturges et al. 2019).

The original Monro-Kellie hypothesis/doctrine, perfected in the year 1925 by Cushing,
states that the sum of brain volume plus CSF volume plus cerebral blood volume in an
intact skull remains constant (Cushing 1925; Schaller 2004; Wilson 2016; Anile
et al. 2021). Therefore, any increase in one of these parameters causes a reduction in one
or both of the remaining two. As the venous pressure is much lower than the arterial and
the total volume of blood in the intracranial veins and dural venous sinuses exceeds the
volume of blood inside the brain arteries, the circulating arterial blood volume is minimally
affected by changes in ICP (Wilson 2016; Anile et al. 2021). However, the pulsatile
arterial blood flow generates the synchronous pulsations of the brain, which positively
influence the intracranial circulation (D’ Alecy and Feigl 1972; Baskurt and Maiselman
2003; Driver et al. 2020), and in addition, the intracranial pressure (ICP) provides for the
stability of the diameter of thin-walled cerebral veins (Wilson 2016; Anile et al. 2021).
The continuous blood flow in the intracranial venous system is maintained by the residual
intracapillary pressure (vis a tergo), by the transmission of brain pulsations (vis a latere), and
supported by the progressively decreasing (in a vertical position of the dog even negative)
pressure in the intracranial venous sinuses, jugular veins, vertebral venous plexuses (vis
a fronte) (Schaller 2004; Famaey et al. 2015; Gada et al. 2015). Several experiments
in dogs have shown that CSF pressure is higher than the pressure within the DVSs and
that an acute elevation of CSF pressure is not followed by increased pressure in the dural
sinuses possessing considerably stronger walls (Carreira et al. 2011; Balik 2019; Walsh
2020 et al.). These data imply the presence of a pressure gradient supporting the transport
of CSF to the dorsal sagittal sinus and capillaries in its arachnoid villi. It also demonstrates
that the CVS, together with diploic and emissary veins, can compensate for the acute
changes in CSF pressure when they act as a low-pressure runoff for the subarachnoid veins
(Shulman et al. 1964; Anile et al. 2021).

The deoxygenated blood from the brain and skull of mammals is drained to the systemic
circulation via the compressible and incompressible venous passages. The blood flow
in the collapsible thin-walled tubes located in the superficial layers of the canine neck
(e.g., maxillary veins, external and internal jugular veins) is determined by the Starling
resistor mechanism in the non-collapsible vessels located inside the rigid vertebral
canal (composed of vertebrae, intervertebral discs, and ligaments) by Poiseuille’s law
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(Holt 1959; Katz et al. 1969; Pfitzner 1976; Luce et al. 1982; Rosar and Peskon
2001; Gada et al. 2015; De Simone et al. 2017).

Poiseuille’s law deals with the flow of liquids in narrow tubes with stationary diameters
(Baskurt and Meiselman 2003). According to this law, the velocity of the continuous
movement of the fluid in the tube (e.g., blood vessel) is directly proportional to the pressure
gradient between both ends of the tube and the fourth power of its radius and is inversely
proportional to the viscosity of the given fluid and the length of the tube (Pfitzner 1976;
Baskurt and Meiselman 2003; Gada et al. 2015).

The Starling resistor mechanism provides not only the stability of blood flow via the thin-
walled (collapsible) cerebral draining veins subjected to the influence of the vaccilating
ICP, but also prevents the siphoning of blood from intracranial veins into the systemic
circulation and excessive transfer of CSF from the intracranial to the spinal compartment
(Luce et al. 1982; Wilson 2016; De Simone et al. 2017). The Starling resistor (also
termed a choke point) is an area of constriction located at the place of interconnection
between the cortical bridging vein and the DSS when the pressure inside the sinus becomes
negative due to alteration of the dog’s posture from horizontal to vertical. The higher CSF
pressure in this situation compresses the junction of the bridging vein with the DSS and
hampers venous overdrainage (Luce et al. 1982; Hibino and Matsuura 1985; Famaey
et al. 2015; Gada et al. 2015). Due to the accrued backward power, the pressure in the
cerebral veins before the constriction point exceeds the pressure of the CSF at the same
time. Accordingly, the Starling resistor mechanism helps to maintain the pressure gradient
between the liquid compartments in the brain — the arterial pressure is higher than the
cerebral venous pressure, the cerebral venous pressure is higher than the CSF pressure,
and the CSF pressure is higher than the pressure in the dural venous sinuses (Hibino and
Matsuura 1985; Wilson 2016). Vice versa, the Starling resistor mechanism supports
CSF resorption into the systemic blood via the capillaries of arachnoidal villi located inside
the DSS (Hibino and Matsuura 1985; Bezuidenhout 2013b; Wilson 2016; Proulx
2021). In the vertical position of the canine body (for instance, in a sitting dog), the cervical
veins collapse due to the influence of higher external (atmospheric) pressure. By contrast,
the rigid vertebral column prevents the collapse of vertebral venous plexuses and spinal
epidural veins in the same situation (Luce et al. 1982; Schaller 2004).

The intracranial and intraspinal CSF compartments freely communicate via the foramen
magnum (FM) (Evans and de Lahunta 2013). In the vertical position of the dog the CSF
pressure becomes atmospheric (zero point) at the level of FM, however, at the caudal end
of the spinal dural sack (saccus durae matris spinalis) it can rise to 30 mmHg, due to the
hydrostatic pressure of the CSF (Hibino and Matsuura 1985; Schaller 2004). The dura
mater in the skull tightly adheres to the inner surface of the skull. In contrast, there is a 2—-3 mm
thick compartment between the spinal dural sack and the wall of the vertebral canal, filled
with compressible adipose tissue and epidural venous plexuses. The volume of this space
in big dogs can reach up to 300 cm*® (De Lahunta et al. 2021). It helps to absorb the CSF
pressure fluctuations (Schaller 2004). The longitudinal axis of the skull, the vertebral
canal, and the centre lines of principal veins in the atlantooccipital region in dogs meet at an
obtuse angle (Schliemann 1966). When the dog’s head is reclined in the supine position
during general anaesthesia for abdominal surgery or imaging procedures, the jugular and
vertebral veins become stretched, significantly limiting venous outflow from the head.
It may cause intracranial venous congestion, increase the ICP, and damage the brain (Luce
etal. 1982; Hibino and Matsuura 1985).

The valveless craniospinal venous system anastomoses with the thoracic, abdominal,
pelvic and sacral veins and venous plexuses, thus providing a route for intraspinal
or intracranial propagation of cancer cells or bacterial emboli and spread of neoplastic
or septic metastases to the brain or spinal medulla (Gowin 1983).



413

Acknowledgement

The accumulation and study of literature dealing with the canine cerebral vascular system morphology and
function, intracranial pressure dynamic, and the preparation of the presented study were supported by the VEGA
grant No 1/0014/21 of the Scientific Grant Agency of the Ministry of Education, Science, Research and Sport
of the Slovak Republic and the Slovak Academy of Sciences.

References

Anile C, Ficola A, Santini P 2021: The intracranial system: A new interpretation of the Monro-Kellie doctrine.
Arch Anat Physiol 6: 1-7

Armstrong LD, Horowitz A 1971: The brain venous system of the dog. Developmental dynamics. Am J Anat
132: 479-490

Aurboonyawat T, Suthipongchai S, Pereira V, Ozanne A, Plasjaunias P 2007: Patterns of cranial venous system
from the comparative anatomy in vertebrates. Part I. Introduction and the dorsal venous system. Intervent
Radiol 13: 335-344

Balik V 2019: Histological structure of the major dural sinus walls in the posterior cranial fossa: a factor that
might matter in dural sinus surgery. World Neurosurg 128: 431-432

Baskurt OK, Meiselman HJ 2003: Blood rheology and hemodynamics. Semin Thromb Hemost 10: 1392

Bezuidenhout AJ 2013a: The Heart and Arteries. In: Evans HE, de Lahunta A (Eds): Miller’s Anatomy of the Dog.
Fourth Edition. Elsevier, St. Louis, pp. 428-504

Bezuidenhout AJ 2013b: Veins. In: Evans HE, de Lahunta A (Eds): Miller’s Anatomy of the Dog. Fourth Edition.
Elsevier, St. Louis pp. 505-534

Braun C, Sakamoto A, Fuchs H, Ishiguro N, Suzuki S, Cui Y, Klinder K, Watanabe M, Terasaki T, Sauer
A 2017: Quantification of transporter and receptor proteins in dog brain capillaries and choroid plexus:
relevance for the distribution in brain and CSF of selected BCRP and P-gp substrates. Mol Pharm 14:
3436-3447

Busija DV, Heistad DD, Marcus ML 1981: Continuous measurement of cerebral blood flow in anesthetized cats
and dogs. Am J Physiol 241: H228-H234

Camstra KM, Sriniovasan VM, Collins D, Chen S, Kan P, Johnson J 2020: Canine model for selective and
superselective cerebral intraarterial therapy testing. Neurointervention 15: 107-116

Carreira LM, Ferreira A, Burilo FL 2011: The dorsal sagittal venous sinus anatomical variations in brachycephalic,
dolichocephalic, and mesocephalic dogs and their significance for brain surgery. Anat Rec 294: 1920-1929

Carreira LM, Ferreira A 2016: Morphological variations in the transverse venous sinus anatomy of dogs and its
relationship to skull landmarks. Anat Histol Embryol 45: 308-318

Cosme JC, Silva MA, Santos RP, Andrade Junior PSC, Nunes LC 2015: Cerebral abscess in dog — a case report.
Rev Bras Med Vet 37: 15-19

Cushing H 1925: The third circulation and its channels. Lancet 2: 851-857

D’Alecy L, Feigl EO 1972: Sympathetic control of cerebral blood flow in dogs. Circ Res 31: 267-283

Daneman R, Prat A 2015: The blood-brain barrier. Cold Spring Harb Perspect Biol 7: 2020412

De Lahunta A, Glass E, Kent M 2021: Neuroanatomy Gross Description and Atlas of Transverse Sections and
Magnetic Resonance Images. In: de Lahunta A, Glass E, Kent M (Eds): De Lahunta’s Veterinary Neuroanatomy
and Clinical Neurology. Elsevier, Philadelphia pp. 6-44

De Simone R, Ranieri A, Bonavita V 2017: Starling resistor, autoregulation of cerebral perfusion and the
pathogenesis of idiopathic intracranial hypertension. Panminerva Med 59: 76-89

Driver ID, Traat M, Fasano F, Wise RG 2020: Most small cerebral cortical veins demonstrate significant flow
pulsatility: a human phase contrast MRI study at 7T. Front Neurosci 14: article 415

Evans HE, de Lahunta A 2013: The skeleton. In Evans HE, de Lahunta A (Eds): Miller’s Anatomy of the Dog.
Fourth Edition. Elsevier, St. Louis, pp. 80-157

Fahmy LM, Chen Y, Xuan S, Haacke EM, Hu J, Jiang Q 2021: All central nervous system neuro- and vascular
communication channels are surrounded with cerebrospinal fluid. Front Neurol 12: 614636

Famaey N, Cui ZY, Musigazi GU, Ivens J, Depreitere B, Verbeken E, Sloten JV 2015: Structural and mechanical
characterisation of bridging veins: a review. J Mol Behav Biomed Mater 41: 222-240

Forward AK, Volk HA, DeDecker S 2018: Postoperative survival and early complications after intracranial
surgery in dogs. Vet Surg 47: 549-554

Gada G, Taibi A, Sissini F, Gambaccini M, Zamboni P, Ursino M 2015: A new hemodynamic model for the study
of cerebral venous outflow. Am J Physiol Heart Circ Physiol 308: H217-H231

Garofalo NA, Teixeira Neto FJ, Alvaides RK, de Oliveira FA, Pignaton W, Pinheiro RT 2012: Agreement between
direct, oscillometric and Doppler ultrasound blood pressures using three different cuff positions in anesthetized
dogs. Vet Anaesth Analg 39: 324-334

Gillilan LA 1976: Extra- and intra-cranial blood supply to brains of dog and cat. Am J Anat 146: 237-253

Gobbel GT, Cann CE, Iwamato HS, Fike JR 1991: Measurement of regional cerebral blood flow in the dog using
ultrafast computed tomography. Experimental validation. Stroke 22: 772-779

Gowin W 1983: Bedeutung des Wirbelsdulensystems bei der Metastasenbildung. Stralentherapie 159: 682-689



414

Griine F, Kazmaier S, Stolker RJ, Visser GH, Weyland A 2015: Carbon dioxide induced changes in cerebral blood
flow velocity: role of cerebrovascular resistance and effective cerebral perfusion pressure. J Cereb Blood Flow
Metab 35: 1470-1477

Hibino H, Matsuura M 1985: Cerebral venous sinus pressure in seated dogs: impact of PEEP, cervical venous
compression, and abdominal compression. Anesthesiol 63: 184-189

Holt JP 1959: Flow of liquids through “collapsible” tubes. Circ Res 7: 342-353

Hopkins AL, Wheeler SJ 1991: Subdural hematoma in a dog. Vet Surg 20: 413-417

Iencean SM, Ciurea AV 2008: Intracranial hypertension: classification and patterns of evolution. J Med Life 1:
101-107

Itoh Y, Suzuki N 2012: Control of brain capillary blood flow. J Cereb Blood Flow Metab 32: 1167-1176

Jones AM, Bentley E, Rylander H 2018: Cavernous sinus syndrome in dogs and cats: case series (2002-2015).
Open Vet J 8: 186-192

Katz Al, Chen 'Y, Moreno AH 1969: Flow through a collapsible tube. Biophys J 9: 1261-1279

Kishimoto TE, Uchida K, Chambers JK, Kok MK, Son NV, Shiga T, Hirabayashi M, Ushio N, Nakayama H 2020:
A retrospective survey on canine intracranial tumors between 2007 and 2017. J Vet Med Sci 82: 77-83

Kolecka M, Farke D, Failling K, Kramer M, Schmidt MJ 2019: Intraoperative measurement of intraventricular
pressure in dogs with communicating internal hydrocephalus. PLoS ONE 14: 0222725

Lavinio A 2022: Cerebral circulation II: pathophysiology and monitoring. BJA Educ 22: 282-288

Luce JM, Huseby JL, Butler J 1982: A Starling resistor regulates cerebral venous outflow in dogs. J Appl Physiol
53: 1496-1503

Miller AD, Miller CR, Rossmeisl JH 2019: Canine primary intracranial cancer: a clinicopathologic and
comparative review of glioma, meningioma, and choroid plexus tumors. Front Oncol 9: 1151

Milnor WR, Bertrand CA 1958: Estimation of venous blood volume in the dog by the indicator-dilution method.
Circ Res 6: 55-59

Mishina M, Watanabe T, Fuji K, Maeda H, Wakao Y, Takahashi M 1997: A clinical evaluation of blood pressure
through non-invasive measurement using the oscillometric procedure in conscious dog. J Vet Med Sci 59:
989-993

Mortazavi MM, Tubbs RS, Riech S, Verma K, Shoja MM, Zurada A, Benninger B, Loukas M, Cohen Gadol AA
2012: Anatomy and pathology of the cranial emissary veins: a review with surgical implications. Neurosurgery
70: 1312-1319

Morton BA, Selmic LE, Vitale S, Packer R, Santistevan L, Boudrieau B, Hinson W, Kent M, Hague DW 2022:
Indications, complications, and mortality rate following craniotomy or craniectomy in dogs and cats: 165 cases
(1995-2016). J Am Vet Med Assoc 260: 1048-1056

Nader E, Skinner S, Romana M, Fort R, Lemonne N, Guillot N, Gauthier A, Antoine-Jonville S, Renoux C,
Hardy-Dessources MD, Stauffer E, Joly P, Bertrand Y, Connes P 2019: Blood rheology: key parameters, impact
on blood flow, role in sickle cell disease and effects of exercise. Front Physiol 2019 10: 1329

Orsi AM, Domeniconi RF, Artomi SMB, Filho JG 2006: Carotid arteries in the dog: structure and histophysiology.
Int J Morphol 24: 239-244

Pais D, Arantes M, Casal D, Casimiro M, O’Neil JG 2009: Brain stem arteries in Canis familiaris — implications
in experimental procedures. Braz J Morphol Sci 26: 8-11

Pfitzner J 1976: Poiseuille and his law. Anaesthesia 31: 273-275

Pleasas IN, Jull P, Volk HA 2013: A case of canine discospondylitis and epidural empyema due to Salmonella
species. Can Vet J 54: 595-598

Procter TV, Williams A, Montague A 2021: Interplay between brain pericytes and endothelial cells in dementia.
Am J Pathol 191: 1917-1931

Proulx ST 2021: Cerebrospinal fluid outflow: a review of the historical and contemporary evidence for arachnoid
villi, perineural routes, and dural lymphatics. Cell Molec Life Sci 78: 2429-2457

Przyborowska P, Adamiak Z, Jaskolska M, Zhalniarovich Y 2013: Hydrocephalus in dogs. Vet Med 58: 73-80

Reinhard K, Miller M, Evans H 1962: The craniovertebral veins and sinuses of the dog. Am J Anat 11: 67-87

Rosar ME, Peskon CS 2001: Fluid flow in collapsible elastic tubes: a three-dimensional numerical model. New
York J Math 7: 281-302

Schaller B 2004: Physiology of cerebral venous blood flow: from experimental data in animals to normal function
in humans. Brain Res Rew 46: 243-260

Schliemann H 1966: Zur Morphologie und Entwicklung des Craniums von Canis lupus familiaris. Gegenbaurs
Morphol Jahrb 109: 501-603

Shulman K, Yarnell P, Ransohoff J 1964: Dural sinus pressure in normal and hydrocephalic dogs. Arch Neurol
10: 575-580

Skerrit G 2018: King’s Applied Anatomy of the Central Nervous System of Domestic Mammals. Second Edition,
John Wiley & Sons Ltd., Chichester, UK, 368 p.

Smith AF, Doyeux V, Berg M, Peyrounette M, Haft-Javaherian M, Larue A-E, Slater JH, Lauvers F, Blinder P,
Tsai P, Kleinfeld D, Schaffer CB, Nishimura N, Davit Y, Lorthois S 2019: Brain capillary networks across
species: a few simple organizational requirements are sufficient to reproduce both structure and function. Front
Physiol 10: 233



415

Sturges BK, Dickinson PJ, Tripp LD, Udaltsova I, LeCouter R 2019: Intracranial pressure monitoring in normal
dogs using subdural and 1ntraparenchymal miniature strain-gauge transducer. J Vet Intern Med 33: 708-716
Sevéikova MK, Figurova M, Sevéik K, Hluchy M, Domaniza M, LapSanskdé M, Drahovska Z, Zert
Z 2023: Ultrasound evaluation of extracranial cerebral circulation (the common, extemal and internal carotld
artery) in different breeds of dogs. Animals 13: 1584

Tanaka T, Akiyoshi H, Mie K 2018: Anatomical variations in the circle of Willis in canines. Anat Histol Embryol
47: 609-612

Tanuma K 1981: A morphological study on the circle of Willis in the dog. Okajima Folia Anat Jpn 58: 156-176

Walsh DR, Lynch JL, O’Connor DT, Newport DT, Mulvihill JJE 2020: Mechanical and structural characterisation
of the dural venous sinuses. Sci Rep 10: 21763

Wellens DL, Wouters LJ, De Reese RJ, Beirnaert P, Reneman RL 1975: The cerebral blood distribution in dogs
and cats. An anatomical and functional study. Brain Res 86: 429-438

Wessmann A, Chandler K, Garosi L 2009: Ischaemic and haemorrhagic stroke in the dog. Vet J 3: 290-303

Wilson MH 2016: Monro-Kellie 2.0: The dynamic vascular and venous pathophysiological components
of intracranial pressure. J Cer Blood Flow Metab 36: 1338-1350

Zamboni P, Menegatti E, Pomidori L, Morovicz S, Taibi A, Malagoni AM, Cogo AL, Gambaccini M 2012: Does
thoracic pump influence the cerebral venous return? J Appl Physiol 112: 904



