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Simple Summary: Long-necked animals like giraffes face the challenge of adequately supplying
blood to the brain. The heart of such tall animals must work harder to pump blood over a 2 m head-
to-heart distance against the force of gravity compared to a short-necked animal. Does a mechanism
exist to assist tall animals in overcoming this challenge? We found that there is a possibility of a
mechanism that can enhance blood flow to the brain and a subsequent increase in oxygen supply,
which will reduce the heart’s workload to pump blood over a 2 m distance in a Giraffe. In short-
necked animals, the workload on the heart is less to supply blood to the brain adequately; therefore,
no additional mechanism is necessary. We, however, suggest that a similar mechanism might have
been functional in dinosaurs with extremely long necks to help with adequate blood supply to the
brain by comparing relevant giraffe physiology and anatomy with existing data on paleontology.

Abstract: Adult giraffes reach heights of 4.5 m with a heart-to-head distance of over 2 m, making
cranial blood supply challenging. Ultrasound confirmed that the giraffe jugular vein collapses during
head movement from ground level to fully erect, negating the possibility of a siphon mechanism in
the neck. We showed that a short-length siphon structure over a simulated head-to-heart distance
for a giraffe significantly influences flow in a collapsible tube. The siphon structure is determined
according to brain case measurements. The short-length siphon structure in a shorter-necked ostrich
showed no significant increase in flow. The shorter head-to-heart distance might be the reason for the
lack of effect in ostriches. A siphon mechanism situated in the cranium is certainly possible, with a
significant effect exerted on the amount of pressure the heart must generate to allow adequate cranial
blood perfusion in a long-necked giraffe. The study validated that a cranial-bound siphon structure
can operate and will be of significant value for adequate cranial blood perfusion in long-necked
species such as giraffes and might also have existed in extinct species of long-necked dinosaurs.

Keywords: giraffe; siphon; cerebral blood supply; ostrich; dinosaur

1. Introduction

Effective circulation in long-necked animals is controversial, contentious and has been
mentioned before by several scientists [1–4]. In fact, Ref. [5] discussed the lack of siphon
effects in giraffes. However, research on the effect of gravity on anatomical structures such
as the heart and blood vessels, and the subsequent effect thereof on blood pressure and
cardiac workload of tall animals, must still be expanded in addition to the current literature.
The vascularisation of giraffes is yet to be conclusively resolved. As described by [6], the
earth’s gravitational force notably affects blood pressure. Three forces are described to
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exert an effect on the flow of a liquid in a tube structure: gravitational force, accelerative
or kinetic energy force, and the force of viscosity or friction of the liquid. The circulation
in mammals is described as a closed-tube system; therefore, the force of gravity hampers
blood flow in the upward flow direction within the system [7]. Since the upward direction
of blood flow in the closed vascular system is hampered by gravitational force, an energy
source is essential to overcome resistance and power blood flow. Therefore, blood flow in
the arteries is affected by gravity. The energy generated by the pumping of the heart powers
the flow of blood [7–11]. Hence, the cardiac workload in larger animals will be greater to
counteract the forces of gravity in the direction of blood toward the head and the body’s
peripheral resistance to blood flow. A higher cardiac workload is essential to sustain higher
blood pressure [12]. Ref. [7] proposed a siphon mechanism where energy is recovered from
blood returned to the heart via the jugular vein, creating the energy that is necessary to
fuel arterial flow against gravitational force along the neck of the giraffe without adding
to the workload of the heart. For a siphon mechanism to be at work, there has to be a
continuous flow of blood in the arterial and venous systems [13]. In humans sitting in an
upright position, negative pressures are measured [6]. Therefore, the intracranial sinuses
and the veins sustain negative pressures and consequently support an operational siphon.
Even though studies showed that the jugular veins collapse under negative gravitational
pressure, the intracranial venous sinus system has not been considered as an alternative
for a siphon mechanism where circulation is not ceased due to collapse since it is enclosed
by the rigid structure of the braincase where collapse is minimal [7,13–18]. Such extensive
focus has been placed on the jugular veins that the importance and functionality of the
vertebral veins in cerebral blood circulation have been largely ignored. Similarly, it is
assumed that vertebral veins will mirror the phenomenon of collapsing under negative
gravitational pressures. External structures and structures surrounding vertebral veins
play a vital role in collapsibility [8,9,13,15,18]. Even though the siphon concept from the
head to the heart has been extensively researched, cerebral functionality has been neglected.
In a giraffe, a siphon positioned dorsal then caudal in the cranium can be of significant
importance for blood outflow in the cranium. Functionally, brain circulation includes
several mechanisms and commodities, including intracranial fluid pressure and the spatial
effect on hydrostatic pressure [19]. The possibility of the intracranial venous sinuses as
the only path in conjunction with the jugular vein unlocks the opportunity for a siphon
mechanism to operate within the cranium of a giraffe. The constant flow requisite for
the siphon is then governed by blood flow through intracranial venous sinuses and the
collapsible jugular vein [15]. The amount of blood flow through the jugular and vertebral
veins in the giraffe has not been comparatively measured. The average systemic blood
pressure in humans is 50–150 mmHg [20,21].Flow through capillaries is constant within
this pressure margin. Therefore, blood flow through the giraffe brain is not dependent on
the pressure within this margin. Cerebral vascular resistance is the relationship between
cerebrospinal fluid pressure and total pressure drop across the vascular bed. The difference
in pressure between the capillary and venous pressure determines the gradient, and thus
the resistance to flow, across the vascular bed. In the brain, intravascular pressure drops
from mean arterial to venous pressure in large veins (sinuses) [21]. The resistance of a
single arteriole is high. Still, the effective resistance of the capillary bed is low due to a large
number of parallel capillaries branching from a single arteriole. If a cranial bound siphon
exists, it can reduce cerebral venous pressure; therefore, the pressure gradient is reduced,
aiding blood movement through the brain parenchyma. The simplest and easiest way for
the pressure gradient between the arterial and venous sides to aid blood flow through the
brain is by decreasing venous pressure, which is precisely what a siphon mechanism will
do; this is why research into the vascularisation of the giraffe brain should be expanded
and studied in more detail.

In the discussion of the possibility of a siphon mechanism in the cranium, the excep-
tionally developed anastomotic connection between the carotid artery and the vertebral
artery in giraffes can all be part of the list of structures that. in conjunction. aid in the
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effective blood circulatory control in long-necked giraffes [22]. Ref. [23] commented that
veins in the cranium of sauropod dinosaurs could be inhibited from characteristic collapse
via a similar structure to the vertebral venous plexus. Moreover, in humans, Ref. [9] showed
that the tough dura mater is divided to avoid cerebral vein collapse. Ref. [23] propose
that sauropods may have had mechanisms, such as intracranial sinuses and dura mater,
analogous to human ones in order to successfully manage cerebral venous collapse due to
negative blood pressure in the brain. Is this a possible mechanism in long-necked individu-
als, such as giraffes and sauropod dinosaurs, as part of the mechanisms in place to handle
negative cranial pressures? Several other authors have stated that a siphon mechanism is
not operational in the giraffe [3,16,17,24,25]. One such argument is that giraffes have very
high arterial blood pressure, which suggests an additional workload on the heart to push
the blood column towards the brain for adequate perfusion. In support of this argument
are the analyses done on blood pressure and body mass association, where blood pressure
increases with an increase in mammal body mass [25]. However, when the blood pressures
of house sparrows and ostriches were compared, the ostrich did not have significantly
higher blood pressure, as would be expected for the long-necked ostrich where there is
an additional workload on the heart working against gravity [25]. Birds are known to
have higher blood pressure in comparison to mammals [26], and it was found that blood
pressure is not related to body mass [25]. Therefore, the siphon mechanism cannot be
refuted only by the presence of high arterial blood pressure.

A siphon mechanism in birds and sauropod dinosaurs is a definite possibility if
circulating venous blood from the brain can be diverted into either the internal jugular
veins or the intracranial venous sinuses or partially into both. This mechanism will ensure
continuous blood flow, which is a prerequisite for a siphon to operate and makes sense
if the sauropod and the giraffe drinking behaviour are considered [23]. However, in the
giraffe, a basilar artery is rudimentary, but in dinosaurs and birds, the basilar artery is fully
functional [27,28]. Additionally, future research should also aim to investigate if the basilar
vein is present in dinosaurs. We have not observed a basilar vein in the giraffe. A study was
done on thermoregulation in penguins (Spheniscus demersus) and stated that the function of
the vertebral venous plexus is to reduce pressure at the spinal cord level as well as function
as the primary pathway for cerebral venous blood return when erect [29]. [30] argued that
dinosaurs, the evolutionary precursors of birds, cannot cope with the low pressures since
numerous arteries and veins that run along the necks of dinosaurs and birds are entirely
exposed and thus vulnerable to collapse.

In this study, we aimed to to the following.
Firstly, to illustrate the jugular vein reaction during the head movement from ground

level to fully erect.
Secondly, to determine if continuous flow is possible in a collapsible tube resembling

the length of a giraffe neck and also the length of an ostrich neck.
Lastly, to determine the effect of a cranial-bound siphon mechanism in giraffes

and ostriches.

2. Materials and Methods

The study included five giraffe specimens and will test if a siphon is operating in the
neck of giraffes and ostriches (n = 5). The possibility of a siphon operating in the cranium
will also be investigated (UFS-AED2020/0083).

2.1. Experiment Part 1: Measurement of the Carotid Artery and Jugular Vein at Upright Posture

This part of the study and experiment was conducted on one male giraffe (G. Camelopardalis).
The experiment was conducted on only one giraffe due to the following factors:

1. Giraffes are highly susceptible to capture-related death;
2. Restricted accessibility to highly sophisticated and expensive technological equipment

to use in the field (none available for animal studies);
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3. Limited human cardiac radiologists available to operate the human, technical equip-
ment in the field with large herbivores.

A Pneudart 389 dart gun was chemically used to immobilise a single male giraffe in
the rump area. A 2 cc dart (Motsumi) with a 2.5” twin-port wire barbed needle was used.
The dart was loaded with the captured drug A3080 (Thiafentanil). The dart contained
1 mL of A3080 (10 mg/mL) and 1 mL of sterile water. The dart must be filled to its
total volume to prevent an unbalanced flight. A3080 is an opioid drug known as the
immobilisation or knock-down drug [31]. Within 10 min, the characteristic high-trot
behaviour of the effects of the captured drug was evident. The giraffe was roped down
and kept on the ground. Immediately, post recumbency, the antagonistic drug M5050
(Diprenorphine) (1 mL M5050) was administered intravenously to allow regaining of
consciousness, and improved breathing is evident within 20 s post-administration. This
is essential as giraffes are extremely sensitive to immobilising drugs due to the drug’s
adverse effects on blood pressure. Side effects of opioid medicines include respiratory
depression, continuous excitement, inflexibility, rigid muscles, hyperthermia, hypertension
and gut motility depression [31]. Failure to reverse the immobilising drugs can easily
result in death [31,32]. After administering the antagonist drug, the giraffe regains full
consciousness and is awake during measurements. The eyes were covered with a mask,
and the ears were stuffed with cotton wool and taped to prevent stimulation via sound or
sight from adding to the stress experienced by the animal due to the capture procedure. In
order to conduct all the measurements, the giraffe was kept in sternal recumbency, and the
head was moved to obtain an upright and downward position (Figure 1).

Measurements were conducted with a SonoScape S8 Exp Ultrasound device fitted
with a 3.6–5 MHz convex probe. Blood vessels of the giraffe lay deep within the neck, and
therefore a convex probe was used with a lower frequency to obtain deeper penetration.
The areas selected for measurements were shaven clean, and coupling gel was applied to
the shaven areas. The diameter of the proximal and distal common carotid artery and the
internal jugular vein in a head-upright and head-down position was measured by applying
the convex probe to the sites in the neck.
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2.2. Experiment Part 2: Braincase Measurements

This part of the study again allowed scientists to obtain access to a giraffe (n = 5) and
ostrich (n = 5) skulls. The braincase was measured in the skulls of n = 5 adult giraffes
(n = 2 female, n = 3 male), n = 5 adult ostriches (n = 2 female, n = 3 male) and n = 1 sauropod
dinosaur (Sarmientosaurus) by using a calliper (RS Pro Imperial, Metric vernier calliper).
The cranium was thus measured from top to bottom to determine the possible length of a
siphon mechanism that might operate in the cranium. The blood flow increase percentage
to the brain was calculated using the following calculation:

braincase measurement (mm) × 100 = percentage increase blood flow and thus O2 delivery neck lengt
measurement (mm)

(1)

2.3. Experiment Part 3: Blood Flow Simulation

An inverted U-Shaped simulation experiment of blood circulation from the heart to
the head and back to the heart was conducted against an outdoor wall. An experiment
conducted by [23]) to test if a siphon can operate in the sauropod dinosaurs will be used
as a guide to fit the neck measurements of a giraffe (2.0 m) and ostrich (1 m). The siphon
mechanism was tested by simulating blood flow from the heart via the carotid artery to the
brain and returning blood from the brain via the jugular vein back to the heart. The tubing
represents arteries and veins in a giraffe and ostrich with the neck raised from ground level
to an upright posture. Plastic PVC tubing (10 mm diameter) was constructed against an
outside wall (Figure 2). A tape measure was used to measure 1 m and 2 m height from
ground level, indicated by the orange dotted lines with arrows, to represent neck length,
i.e., distance from the heart (ground level) to the head, in ostrich and giraffe, respectively.
A 10-litre bucket was filled with water (temperature of 25 ◦C), and a submersible electric
pump (Grech HJ-542) was fitted to the plastic piping and placed at the bottom of the bucket,
providing constant pressure. The turquoise bucket with the pump, indicated by a blue
block, represented the heart pumping blood towards the brain, indicated by the red cross.
The green line indicates the carotid artery. Three variations of tubing were used to represent
the jugular vein section (blue line), to test blood flow in (1) non-collapsible PVC tubing,
(2) collapsible tubing, (3) collapsible tubing with a siphon section add-in, indicated by a red
line, at cranial level (Figure 3). The siphon section add-in was 60 mm long for the ostrich
and 100 mm for the giraffe. A bucket with markings representing the jugular vein was
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placed at ground level at the outlet end of the tube to measure water pumped through
the inverted u-tube structure. The pump was started and ran for 1 min, whereafter it was
switched off. Water flow was measured for 1 min with the amount of water in the receiving
bucket measured. Water flow measurements for both the ostrich and the giraffe were
repeated ten times for each of the three variations and were calculated in litres per second.
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2.4. Statistics

The significance level chosen is 0.05. We used the standard analysis of variance
(ANOVA) approach to determine whether the groups differ on average. We used the
Kruskal–Wallis approach to check whether the groups vary in a more generic sense of
systematically larger or smaller values in one group versus the other.

3. Results
3.1. Experiment Part 1: Measurement of the Carotid Artery and Jugular Vein in an
Upright Posture

A young giraffe bull aged 7–8 years was skillfully and successfully immobilised with
a trained and experienced giraffe capture team for the cardiology radiologists to perform
the sonar. This can be considered as a preliminary pilot study to investigate in more detail
in the future. The duplex ultrasound examination with the ultrasound device measured the
dimensions as indicated in the table (Table 1) and figure (Figure 5) below. The proximal and
distal measurements of the common carotid artery for both the head-up and head-down
positions were relatively similar, showing no signs of size change or collapse. The proximal
and distal measurements of the internal jugular vein, however, are notably further apart
in both the head-up and head-down positions, indicating the effect of head position on
size, and thus on flow, in the internal jugular vein. In the head-up position, the proximal
and distal measurements of the internal jugular vein are remarkably far apart, with the
proximal measurement markedly smaller than the distal measurement, indicating collapse
at this position.

Table 1. Diameter of the proximal and distal common carotid artery (CCA) and the internal jugular
vein (IJV) in a head-upright and head-lowered position.

Head Position Diameter (mm) CCA Diameter (mm) IJV
Proximal Distal Proximal Distal

Head Up 13.8 13.9 4.6 13.9
Head Down 13.1 13.3 12.6 16.1

3.2. Experiment Part 2: Braincase Measurements

Skull samples were retrieved for giraffes (n = 5) and ostriches (n = 5) to measure the
brain case of each skull (Figure 6). A 3D endocast figure was available to measure the
braincase for a sauropod dinosaur, Dinosuaria: Sauropoda, Sarmientosaurus musacchioi
(n = 1) [33]. The neck length of Sarmientosaurus is unknown, but sauropod necks ranged
from 9–12 m in length [1]. We used average neck lengths for giraffes to calculate the blood
flow increase percentage.

In giraffes, blood flow to the brain will be enhanced by 5 per cent and in ostriches
by 6 per cent, with the existence of a cranial-bound siphon mechanism. In sauropods, the
estimation of blood flow to the brain will be enhanced from 0.7 per cent in a sauropod
with a 9 m-long neck, i.e., head to heart distance, to 0.6 per cent in a sauropod with a 12-m
long neck.

3.3. Experiment 3: Blood Flow Simulation

Blood flow simulations for ostriches (Table 2A) and giraffes (Table 2B) were obtained
and expressed in litres per second. Density plot of flow simulation values for each mea-
surement (L/s) (collapsible tube, non-collapsible tube, collapsible tube with siphon) for
each species (Figure S1).

A box plot visually illustrated the distribution of the values for each measurement for
both ostriches and giraffes (Figure 7) and is supported by the statistical tests.
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collapsible tube, collapsible tube with siphon) for each species, with outliers included as indicated by
white circle.

The analysis of the variance approach indicated that differences between species,
measures, and species–measures interaction were significantly different (Table 3). The
normality test of residuals (Shapiro–Wilk) showed a p-value of <0.05, however.

The Kruskal–Wallis, a non-parametric test, was implemented to test for group differ-
ences. The p-value of p < 0.05 showed a significant difference between groups.

The Pairwise Wilcox Test was implemented to investigate non-parametric differences
between groups. Table 4 shows the differences between groups. All the groups showed
significant differences between groups except for the ostrich group, where the siphon data
were not significantly different from the collapsible tube data. This might be due to the
short cranial structure not having a notable effect on the relatively more straightforward
neck of the ostrich, with the effect only notable at a longer neck length, such as in the
giraffe’s case.
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Table 2. (A). Flow simulations for an ostrich in a collapsible, non-collapsible, and collapsible tube
with a siphon structure. (B). Flow simulations for giraffes in a collapsible, non-collapsible, and
collapsible tube with a siphon structure.

(A)

Collapsible Tube
(L/s)

Non-Collapsible
Tube (L/s)

Collapsible Tube
with Siphon (L/s)

1 0.075741182 0.149476831 0.075675676
2 0.076294278 0.106253795 0.076427558
3 0.075390415 0.106415324 0.075692042
4 0.075536851 0.105389943 0.076611579
5 0.075374179 0.104963263 0.076444250
6 0.075569470 0.105948237 0.076004343
7 0.076053890 0.106788711 0.076227812
8 0.075520552 0.105932203 0.075091182
9 0.075447295 0.107874865 0.075163750

10 0.075520552 0.106756138 0.075309306

(B)

Collapsible Tube
(L/s)

Non-Collapsible
Tube (L/s)

Collapsible Tube
with Siphon (L/s)

1 0.021934635 0.085543199 0.031357792
2 0.025544648 0.083542189 0.031535793
3 0.025624131 0.080673044 0.033929524
4 0.025393601 0.084899939 0.032800712
5 0.021890049 0.079708495 0.033695966
6 0.029674848 0.087774295 0.033103187
7 0.030685604 0.085345038 0.031206812
8 0.033103187 0.083642012 0.031826862
9 0.023430178 0.084951456 0.031783509

10 0.031022868 0.085637387 0.031544320

Table 3. ANOVA summary of species, measures and species: measures.

Df Sumsq Meansq Statistic p Value

Species 1 0.024 0.024 669.655 ≈0
Measure 2 0.027 0.013 380.667 ≈0

Species: Measure 2 0.001 0.001 19.5570 ≈0

Table 4. Non-parametrical differences between groups are illustrated utilising the Pairwise Wilcox Test.

Group 1 Group 2 p Value

Giraffe Non-Collapsible Giraffe Collapsible 0.000
Giraffe Siphon Giraffe Collapsible 0.003
Giraffe Siphon Giraffe Non-Collapsible 0.000

Ostrich Collapsible Giraffe Collapsible 0.001
Ostrich Non-Collapsible Giraffe Non-Collapsible 0.000
Ostrich Non-Collapsible Ostrich Collapsible 0.001

Ostrich Siphon Ostrich Collapsible 0.427
Ostrich Siphon Ostrich Non-Collapsible 0.000

4. Discussion

Long-necked giraffes experience several physiological challenges due to their extraor-
dinary physique. Detailed tests on captive giraffes showed that these animals have a very
high blood pressure of approximately 200–400 mmHg [24,34,35]. At this pressure, specific
key physiological issues arise. For instance, the heart must pump blood to the brain against
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gravitational force and would encounter vascular friction towards the brain, located nearly
2 m above the heart. Movement of the head from ground level to fully erect should result
in fainting, with gravity pulling blood away from the brain towards the heart. Due to the
force of gravity, the giraffe’s blood pressure in standing upright position is similar to the
blood pressure of other mammals [5,8].

Additionally, when the head is moved from fully erect to ground level, a large blood
column rushes to the brain along the gravitational gradient, which should result in brain
damage. The concerns of several researchers discussing a siphon model in long-necked
animals is that only the vessels in the cranium, intracranial venous sinuses and spinal
cord will not collapse due to the structural support of the structure of the cranium, the
spinal cord and the dura mater [36,37]. A study conducted on humans [13,38] showed that
when the blood leaves the protective structures of the braincase, the jugular veins collapse
under the opposing pressures of gravity. This is due to the increased opposing forces in the
cerebral veins, with the effect of a long distance between the head and heart of a human
with an elevated stance on the head. The alternative route is the vertebral veins, protected
from collapse by the vertebral structures and ligaments around them [13,18]. In the giraffe,
we observed no anastomotic connection to the vertebral veins, negating the possibility of
blood moving to the vertebral veins. This alternative route is then utilised. Therefore, a
siphon mechanism is operative in humans sitting in the upright position, with cooperative
pressures in the vasculature and sub-atmospheric pressure in the cerebral spinal fluid,
preventing vascular collapse [36]. Veins and arteries in the brain are similarly protected
in mammals by the cerebral bony structures and the cerebrospinal fluid pressure in the
brain [13,18].

Similarly, the blood can be directed towards the vertebral veins in mammals. However,
this cannot be true for species like the giraffe. The giraffe has no basilar artery [27,28], and
we have not observed a basilar vein. The rudimentary basilar, therefore, cannot fulfil the
role of an alternative route for supplying blood to the circle of Willis [39,40]. We suggest
that future research should specifically confirm the absence of the basilar vein in giraffes.
One argument against the siphon mechanism arises from the exceptionally high blood
pressure of long-necked animals such as giraffes. The argument specified that high blood
pressure forces blood from the heart to the head without needing a siphon [24,25]. In a
study conducted on blood pressure in mammals, blood pressure scales with body mass [25].
Also, for a siphon mechanism to be operative, continuous flow is a prerequisite [13]. Similar
to other scientists [7,14–17], we showed through ultrasound and by mimicking the blood
flow with collapsible tubing that the jugular veins of giraffe do collapse when the head is
moved from ground level to fully erect. The jugular venous collapse was also confirmed by
several studies [2,14,15,41]. They concluded that the jugular veins had a very small lumen
through which blood leaks and that the cranial part of the jugular veins retains a blood
column, resulting in a small cross-sectional area in the cranial region. This is, however,
because more prominent veins from the neck area join the jugular vein below this point
and not due to the influence of pressure differences in the jugular vein.

Ref. [5] showed through ultrasound that a steady flow resumes in the collapsed jugular
vein but negates the existence of a siphon because the vascular resistance in the jugular
vein countervails negative pressure due to gravitation. Furthermore, Ref. [5] showed that
the cranial part of the jugular vein also collapsed at the head-up position, which is different
from this study’s findings. A possible influence might be due to the substantial effect of the
Alpha-2 agonist (Medetomidine) on blood pressure [31], which was used in conjunction
with the opioid drug in the study of [5]. The opioid effects were reversed in both the present
study and by [5], but they did not reverse the alpha-2 agonist. Additionally, jugular venous
pressures vary extensively in different studies [4,5,24,42], necessitating further research. We
agree with the findings of [5] that the siphoning effect, along the entire length of the neck,
cannot operate in the giraffe; the siphoning effect, which would be even more elaborate in
a 12 m sauropod dinosaur, would also not be operational.
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Several researchers’ concerns about vessel collapse in a siphon mechanism are negated
in vessels within the cranium and intracranial venous sinuses. Vessel collapse does not
occur due to the structural support of the structure of the cranium, the spinal cord, and
the pressures of the cerebrospinal fluid [36,37]. Veins and arteries in the brain are equally
protected in mammals by the cerebral bony structures and the cerebrospinal fluid pressure
in the brain [13,18]. A siphon operating in the head to perfuse the brain is thus possible.
Therefore, if a siphon is cranium-bound, the venous pressure in the brain and, subsequently,
the intracranial pressure will be lower, resulting in enhanced brain perfusion. This can
possibly add to other mechanisms to allow adequate circulation in long-necked animals.
Refs. [13,38] proposed that the siphon mechanism has always been investigated in total, but
restriction to cerebral circulation has not received adequate attention. Articles favouring
the siphon principle all concluded that extensive amounts of energy would be saved
with an operative siphon mechanism [8,23,36,43,44]. A siphon will lessen the amount
of work that needs to be exerted by the heart to circulate blood across the considerable
distance between the head and heart of a giraffe [30]. What influence would a siphon
mechanism exert if it only existed in the cranium? How much blood is needed to adequately
support cranial function in giraffes, long-necked birds such as the ostrich and ultimately
sauropod dinosaurs?

In contrast to earlier studies, Ref. [45], in a review of the cardiovascular system of
giraffes, summarised that the giraffe heart is, in several aspects, not different in comparison
to other mammals. Although it is well documented that the structure of the heart of
mammals is marcroscopically and microscopically different from that of currently living
reptiles, future studies can also investigate direct similarities between their hearts and
those of sauropods. The giraffe heart mass is within the limits of a typical mammalian
heart [5,34,46]. Furthermore, the giraffe heart also has typical mammalian ventricular wall
stress [25,46]. The thick walls and small left ventricular lumen, together with a higher tempo
for the same cardiac output under very high pressure and the shape of the heart, are the
features enabling the normal-sized giraffe heart to generate increased blood pressure [45].
The highly effective, smaller-than-expected giraffe heart, generating extreme pressures for
efficient blood circulation, can benefit from the most minor decrease in energy to pump
blood to the head. We have shown through simulations that in a collapsible tube, flow is
significantly influenced by a short-length siphon structure over a simulated head-to-heart
distance for a giraffe, with the length of the siphon structure determined according to
brain case measurements. However, the short-length siphon structure in a shorter-necked
ostrich did not show significant value. The shorter head-to-heart distance might be the
reason for the lack of effect in the ostrich. Ostriches form part of the order Struthioniformes,
described as one of the earliest groups descending from dinosaurs; they are thus classified
as the oldest bird group [47]. Struthioniformes have notably small endocranial volumes
indicating a less metabolically active brain [48,49]. The effectiveness of a small siphon in
the cranium is also influenced by the amount of blood needed to adequately perfuse the
brain and thus provide enough energy according to the metabolic activeness of the brain in
a specific species [50](Hu et al., 2018). If less blood is needed due to a less metabolically
active brain, the pressure generated by the heart is lower, with correspondingly lower
energy usage. Higher metabolically active brains are associated with mammals [49,51] and
decreased metabolic activity in the brains of the ostrich [49,51], and sauropod dinosaurs
are a valuable route to investigate [51–53]. The mechanisms operating in giraffes can
subsequently be extrapolated to mechanisms that might have been operative in sauropod
dinosaurs [54], with a head-to-heart distance of over 9m [23]. The brain of dinosaurs is
described as reptile-like, suggesting metabolically less active brains compared to birds and
even less active ones in mammals [33,51]. Similar to ostriches, due to the less active brain
in dinosaurs, less blood is needed to perfuse the brain adequately. The heart of a giraffe
with a small intraventricular cavity and a thick ventricular wall and high tempo, producing
significantly high arterial pressures [45], lead to suggestions by [23,46] that in long-necked
dinosaurs, a heart similar to a giraffe heart, generating very high arterial pressures without
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being out of proportion in mass, is a possibility. With a smaller-than-expected efficient
heart and the additional help of a cranial bound siphon, brain perfusion can be successfully
executed in extremely long-necked sauropod dinosaurs.

A cranial-bound siphon mechanism will undoubtedly significantly affect the amount
of pressure the heart must generate to allow adequate blood perfusion to the brain of the
long-necked giraffe. As previously stated, we believe that no single mechanism is respon-
sible for the physiological challenges giraffes face. The cranial-bound siphon structure,
a smaller-than-expected, highly efficient heart [25,46,55], carotid-vertebral anastomotic
connection [28] and a carotid rete structure [39,44,56] all contribute to meet physiolog-
ical challenges originating from a unique body shape and size in giraffe. A unison of
mechanisms in combination allows the giraffe to function effectively. Therefore, this tiny
percentage increase in the effectivity of blood flow and subsequent increase in oxygen
delivery efficiency due to the mechanism of a cranial-bound siphon adds to the features
that allow the successful existence of this long-necked mammal.

5. Conclusions

While numerous studies have investigated single mechanisms that might assist long-
necked animals, especially giraffes, to face the physiological challenges due to their unique
build, we believe that a group of mechanisms work in unison to enable efficient cerebral
blood supply when the head is in the upright position. This study discusses another
mechanism that adds to the group of mechanisms allowing the giraffes to overcome
the challenge of a long head-to-heart distance. Our study also allows future research to
determine if some of these mechanisms were also functional in dinosaurs with extreme
neck lengths and to shed light on the intricate vascularisation of the giraffe brain and how
it functions to support long-necked animals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12233348/s1, Figure S1: Density plot of flow simulation
values for each measurement (L/s) (collapsible tube, non-collapsible tube, collapsible tube with
siphon) for each species.

Author Contributions: Conceptualisation: M.S.v.d.W., W.D. and F.D.; methodology: M.S.v.d.W.;
formal analysis: S.v.d.M.; investigation: M.S.v.d.W.; writing—original draft: M.S.v.d.W.; writing—
review & editing: F.D., W.D., J.G. and S.v.d.M. All authors have read and agreed to the published
version of the manuscript.

Funding: This project was funded by the Kroonstad Dierehospitaal and Midlands Veterinary Whole-
salers Pty Ltd. This work is based on the research supported wholly/partially by the National
Research Foundation (NRF) of South Africa (Grant Number: RA201126576714).

Institutional Review Board Statement: Ethics approval nr. UFS-AED2020/0083 and approval
obtained from the Animal Ethics Research Committee at the UFS, SPCA and DESTEA.

Informed Consent Statement: Informed consent was obtained from subjects involved in the study.

Data Availability Statement: The data and code are available at https://www.doi.org/10.38140/ufs.
19947713 (accessed 28 November 2022).

Acknowledgments: Gerhard Neethling for permitting us to chemically immobilise a giraffe and do
the measurements with the Doppler Sonar on his farm. Corna Serfontein, a vascular radiologist,
and Hennie Cloete, a cardiac clinical technologist, at Bloemfontein Mediclinic, for their willingness
to bring their expensive, fragile equipment into the field and take the measurements of the giraffe.
Thank you to Corna Serfontein for giving us an extensive report on her findings. Willem Daffue and
Chris van der Walt for chemical immobilisation of the giraffe and Kroonstad Dierehospitaal for the
use of the animal hospital premises; and their staff, especially Ben Koloti and Daniel Mthembu, for
assistance with experimental work.

Conflicts of Interest: The authors declare no conflict of interest.

https://www.mdpi.com/article/10.3390/ani12233348/s1
https://www.mdpi.com/article/10.3390/ani12233348/s1
https://www.doi.org/10.38140/ufs.19947713
https://www.doi.org/10.38140/ufs.19947713


Animals 2022, 12, 3348 16 of 17

References
1. Choy DS, J.; Altman, P. The cardiovascular system of Barosaurus: An educated guess. Lancet 1992, 340, 534–536. [CrossRef]

[PubMed]
2. Mitchell, G.; Bobbit, J.P.; Devries, S. Cerebral perfusion pressure in giraffe: Modelling the effects of head-raising and -lowering. J.

Theor. Biol. 2008, 252, 98–108. [CrossRef] [PubMed]
3. Mitchell, G.; Maloney, S.K.; Mitchell, D.; Keegan, D.J. The origin of mean arterial and jugular venous blood pressures in Giraffes.

J. Exp. Biol. 2006, 209, 2515–2524. [CrossRef] [PubMed]
4. Mitchell, G.; Skinner, J.D. How giraffe adapt to their extraordinary shape. Trans. R. Soc. S. Afr. 1993, 48, 207–2108. [CrossRef]
5. Brondum, E.; Hasenkam, J.M.; Secher, N.H.; Bertelsen, M.F.; Grondahl, C.; Peterson, K.K.; Buhl, R.; Aalkjaer, C.; Baandrup, U.;

Nygaard, H.; et al. Jugular venous pooling during lowering of the head affects blood pressure of the anesthetised giraffe. Am J
Physiol. Regul. Integr. Comp. Physiol. 2009, 297, R1058–R1065. [CrossRef]

6. Hicks, J.W.; Munis, J.R. The siphon controversy counterpoint: The brain need not to be “baffling”. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2005, 289, R629–R632. [CrossRef]

7. Hicks, J.W.; Badeer, H.S. Gravity and the circulation: ‘open’ vs. ‘çlosed’ systems. Am. J. Physiol. 1992, 262, R725–R732. [CrossRef]
8. Badeer, H.S. Does Gravitational Pressure of Blood Hinder Flow to The Brain of The Giraffe? Comp. Biohem. Physiol. 1986, 83A,

207–211. [CrossRef]
9. Greenberg, M.S. Handbook of Neurosurgery, 6th ed.; Thieme Publishing: New York, NY, USA, 2006; p. 605.
10. Lillywhite, H.B.; Seymour, R.S. Heart position in snakes: Response to “Phylogeny, Ecology, and Heart Position in Snakes”. Physiol.

Biochem. Zool. 2011, 84, 102–106. [CrossRef]
11. Seymour, R.S.; Arndt, J.O. Independent effects of heart-head distance and caudal blood pooling on blood pressure regulation in

aquatic and terrestrial snakes. J. Exp. Biol. 2004, 207, 1305–1311. [CrossRef]
12. White, C.R.; Seymour, R.C. The role of gravity in the evolution of mammalian blood pressure. Evolution 2013, 68, 901–908.

[CrossRef] [PubMed]
13. Gisolf, J.; van Lieshout, J.J.; van Heusden, K.; Pott, E.; Stok, W.J.; Karemker, J.M. Human cerebral venous outflow pathway

depends on posture and central venous pressure. J. Physiol. 2004, 560, 317–327. [CrossRef] [PubMed]
14. Hicks, J.W.; Badeer, H.S. Siphon mechanism in collapsible tubes: Application to circulation of giraffe head. Am. J. Physiol. 1989,

256, R567–R571. [CrossRef] [PubMed]
15. Pedley TJBrook, B.S.; Seymour, R.S. Blood pressure and flow rate in the Giraffe jugular vein. Philos. Trans. Biol. Sci. 1996,

351, 855–866.
16. Seymour, R.S.; Johansen, K. Blood flow uphill and downhill: Does a siphon facilitate circulation above the heart? Comp. Biochem.

Physiol. A 1987, 88, 167–170. [CrossRef]
17. Seymour, R.S.; Hargens, A.R.; Pedley, T.J. The heart works against gravity. Am. J. Physiol. 1993, 265, R715–R720. [CrossRef]
18. Valdueza, J.M.; Von Munster, T.; Hoffman, O.; Schreiber, S.; Einhaupl, K.M. Postural dependency of the cerebral venous outflow.

Lancet 2000, 355, 200–201. [CrossRef]
19. Munis, J.R.; Lozada, T.J. Giraffes, siphons and starling resistors, Cerebral perfusion pressure revisited. J. Neurosurg. Anesthesiol.

2000, 1, 290–296. [CrossRef]
20. Lassen, N.A. Cerebral blood flow and oxygen consumption in man. Physiol. Rev. 1959, 39, 183–238. [CrossRef]
21. Vedel, G.A.; Holmgaard, F.; Rasmussen, L.S.; Paulson, O.B.; Thomsen, C.; Danielsen, E.R.; Langkilde, A.; Goetze, J.P.; Lange, T.;

Nilsson, J.C. Perfusion Pressure Cerebral Infarct (PPCI) trail—The importance of mean arterial pressure during cardiopulmonary
bypass to prevent cerebral complications after cardiac surgery: Study protocol for a randomised controlled trial. Trials 2016, 17,
247. [CrossRef]

22. Sisson, S.; Grossman, J.D. The Anatomy of the Domestic Animals, 6th ed.; WB Saunders: Philadelphia, PA, USA, 1967.
23. Hughes, S.; Barry, J.; Russel, J.; Bell, R.; Gurung, S. Neck length and mean arterial pressure in the sauropod dinosaurs. J. Exp. Biol.

2016, 219, 1154–1161. [CrossRef] [PubMed]
24. Hargens, A.R.; Gershuni, D.H.; Danzig, L.A.; Millard, R.W.; Pettersson, K. Tissue Adaptations to gravitational stress: Newborn

versus Adult Giraffes. Physiologist 1988, 31, S110–S113.
25. Seymour, R.S.; Blaylock, A.J. The principle of LaPlace and scaling of ventricular wall stress and blood pressure in mammals and

birds. Physiol. Biochem. Zool. 2000, 73, 389–405. [CrossRef] [PubMed]
26. Bishop, C.M. Heart mass and maximum cardiac output of birds and mammals: Implications for estimating the maximum aerobic

power input of flying animals. Philos. Trans. R. Soc. London. Ser. B Biol. Sci. 1997, 352, 447–456. [CrossRef]
27. Frackowiak, H.; Jakubowski, H. Arterial vascularisation in the giraffe brain. Ann. Zool. Fenn. 2008, 45, 353–359. [CrossRef]
28. O’Brien, H.D.; Gignac, P.M.; Hieronymus, T.L.; Witmer, L.M. A comparison of postnatal patterns in a growth series of giraffe

(Artiodactyla: Giraffa Camelopardalis). Dev. Biol. Evol. Stud. Zool. PeerJ 2016, 4, e1696. [CrossRef]
29. Albas, A.; Hoogland, P.V.J.M.; Kotze, S.H. A possible thermoregulatory role of the Internal Vertebra Venous plexus in Penguin,

Spheniscus demersus. In Proceedings of the 37th Annual Congress of the Anatomical Society of Southern Africa (ASSA), Pretoria,
South Africa, 1 April 2007.

30. Seymour, R.S.; Lillywhite, H.B. Why vascular siphons with sub-atmospheric pressures are physiologically impossible in sauropod
dinosaurs. J. Exp. Biol. 2016, 219, 2078–2079. [CrossRef]

http://doi.org/10.1016/0140-6736(92)91722-K
http://www.ncbi.nlm.nih.gov/pubmed/1354287
http://doi.org/10.1016/j.jtbi.2008.01.017
http://www.ncbi.nlm.nih.gov/pubmed/18329049
http://doi.org/10.1242/jeb.02277
http://www.ncbi.nlm.nih.gov/pubmed/16788035
http://doi.org/10.1080/00359199309520271
http://doi.org/10.1152/ajpregu.90804.2008
http://doi.org/10.1152/ajpregu.00810.2004
http://doi.org/10.1152/ajpregu.1992.262.5.R725
http://doi.org/10.1016/0300-9629(86)90562-1
http://doi.org/10.1086/658082
http://doi.org/10.1242/jeb.00882
http://doi.org/10.1111/evo.12298
http://www.ncbi.nlm.nih.gov/pubmed/24152198
http://doi.org/10.1113/jphysiol.2004.070409
http://www.ncbi.nlm.nih.gov/pubmed/15284348
http://doi.org/10.1152/ajpregu.1989.256.2.R567
http://www.ncbi.nlm.nih.gov/pubmed/2916707
http://doi.org/10.1016/0300-9629(87)90465-8
http://doi.org/10.1152/ajpregu.1993.265.4.R715
http://doi.org/10.1016/S0140-6736(99)04804-7
http://doi.org/10.1097/00008506-200007000-00029
http://doi.org/10.1152/physrev.1959.39.2.183
http://doi.org/10.1186/s13063-016-1373-6
http://doi.org/10.1242/jeb.137448
http://www.ncbi.nlm.nih.gov/pubmed/26944489
http://doi.org/10.1086/317741
http://www.ncbi.nlm.nih.gov/pubmed/11009393
http://doi.org/10.1098/rstb.1997.0032
http://doi.org/10.5735/086.045.0418
http://doi.org/10.7717/peerj.1696
http://doi.org/10.1242/jeb.140988


Animals 2022, 12, 3348 17 of 17

31. Kock, M.D.; Burroughs, R. Chemical and Physical restrain of Wild Animals: A Training and Field manual for African Species, 2nd ed.;
IWVS: Greyton, South Africa, 2012.

32. Deacon, F.; Daffue, W.; Nel, P.; Higgs, R. Effective field immobilisation and capture of giraffe (Giraffa camelopardalis). Animals 2022,
12, 1290. [CrossRef]

33. Martinez RD, F.; Lamanna, M.C.; Novas, F.E.; Ridgely, R.C.; Casal, G.A.; Martinez, J.E.; Vita, J.R.; Witmer, L.M. A Basal
Lithostrotian Titanosaur (Dinosauria: Sauropoda) with a Complete Skull: Implications for the Evolution and Paleobiology of
Titanosauria. PLoS ONE 2016, 11, e0151661. [CrossRef]

34. Ostergaard, K.H.; Bertelsen, M.F.; Brondum, E.T.; Alkjaer, C.; Hasenkam, J.M.; Smerup, M.; Wang, T.; Nyengaard, J.R.; Baandrup,
U. Pressure profile and morphology of the arteries along the giraffe limb. J. Comp. Physiol. B 2011, 181, 691–698. [CrossRef]

35. Peterson, K.K.; Horlyck, A.; Ostergaard, K.H.; Andresen, J.; Skovgaard, N.; Telinius, N.; Laher, I.; Bertelsel, M.F.; Grondahl,
C.; Smerup, M.; et al. Protection against high intravascular pressure in giraffe legs. Am. J. Physiol. Regul. Integr. 2013, 305,
R1021–R1030. [CrossRef] [PubMed]

36. Dilenge, D.; Perey, B.; Geraud, G.; Nutik, S. Angiographic demonstration of cervical vertebral venous plexus in man. J. Can. Assoc.
Radiol. 1975, 26, 77–81. [PubMed]

37. Rushmer, R.F.; Beckman, R.L.; Lee, D. Protection of the cerebral circulation by cerebrospinal fluid under the influence of radial
acceleration. Am. J. Physiol. 1948, 157, 355–365.

38. Dawson, E.A.; Secher, N.H.; Dalsgaard, M.K.; Ogoh, S.; Yoshiga, C.C.; Gonzalez-Alonso, J.; Steensberg Aand Raven, P.B. Standing
up to the challenge of standing: A siphon does not support cerebral blood flow in humans. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 2004, 287, R911–R914. [CrossRef] [PubMed]

39. Kieltyka-Kurc, A.; Frackowiak, H.; Zdun, M.; Nabzdyk, M.; Kowalczyk, K.; Tokacz, M. The arteries on the base of the brain in the
camelids (Camelidae). Ital. J. Zool. 2014, 81, 215–220. [CrossRef]

40. Melnikov, V.V. The Arterial System of the Sperm Whale (Physeter macrocephalus). J. Morphol. 1997, 234, 37–50. [CrossRef]
41. Badeer, H.S. Is the flow in the giraffe jugular vein a “free” fall? Comp. Biochem. Physiol. A 1997, 118, 573–576. [CrossRef]
42. McCalden, T.A.; Borsook, D.; Mendelow, A.D.; Shimell, C.J.; Vos, V.D.; Pieterse, P.C.; Klerk, B.D. Autoregulation and hemodynam-

ics of giraffe carotid blood-flow. S. Afr. J. Sci. 1977, 73, 278–279.
43. Badeer, H.S.; Hicks, J.W. Circulation to the head of Barosaurus revisited: Theoretical considerations. Comp. Biohem. Physiol. 1996,

114A, 197–203. [CrossRef]
44. Fukuta, L.; Kudo, H.; Sasaki, M.; Kiura, J.; Ismail Dahlan, B.; Endo, H. Absence of carotid rete mirabile in small tropical ruminants:

Implication for the evolution of the arterial system in artiodactyls. J. Anat. 2007, 210, 112–116. [CrossRef]
45. Aalkjaer, C.; Wang, T. The Remarkable Cardiovascular System of Giraffes. Annu. Rev. Physiol. 2021, 83, 1–15. [CrossRef] [PubMed]
46. Smerup, M.; Damkjaer, M.; Brondum, E.; Baandrup, U.T.; Kristiansen, S.B.; Nygaard, H.; Funder, J.; Alkjaer, C.; Sauer, C.;

Buchanan, R.; et al. The thick left ventricular wall of the giraffe heart normalises wall tension, but limits stroke volume and
cardiac output. J. Exp. Biol. 2016, 219, 457–463. [CrossRef] [PubMed]

47. Maloney, S.K. Thermoregulation in ratites: A review. Aust. J. Exp. Agric. 2008, 48, 1293–1301. [CrossRef]
48. Corfield, J.R.; Wild, J.M.; Haubner, M.E.; Parsons, S.; Kubke, M.F. Evolution of brain size in the Palaeognath lineage, with an

emphasis on New Zealand ratites. Brain Behaviour. Evol. 2008, 71, 87–99. [CrossRef]
49. Lefebvre, L.; Reader, S.M.; Sol, D. Brains, Innovations and Evolution in Birds and Primates. Brain Behav. Evol. 2004, 63, 233–246.

[CrossRef]
50. Hu, Q.; Nelson, T.J.; Snelling, E.P.; Seymour, R.S. Femoral bone perfusion through the nutrient foramen during growth and

locomotor development of western grey kangaroos (Macropus fuliginosus). J. Exp. Biol. 2018, 221, jeb168625. [CrossRef]
51. Hurlburt, G.R. Relative Brain Size in Recent and Fossil Amniotes: Determination and Interpretation. Ph.D. Thesis, University of

Toronto, Toronto, ON, Canada, 1996.
52. Hopson, J.A. Relative Brain Size and Behaviour in Archosaurian Reptiles. Ann. Rev. Ecol. Syst. 1977, 8, 429–448. [CrossRef]
53. Jerison, H.J. Brain Evolution and Dinosaur Brains. Am. Nat. 1969, 103, 575–588. [CrossRef]
54. Lillywhite, H.B.; Donald, J.A. Neural regulation of arterial blood pressure in snakes. Physiol. Zool. 1994, 67, 1260–1283. [CrossRef]
55. Mitchell, G.; Skinner, J.D. An allometric analysis of the giraffe cardiovascular system. Comp. Biochem. Physiol. Part A Mol. Integr.

Physiol. 2009, 154, 523–529. [CrossRef]
56. O’Brien, H.D. Cranial arterial patterns of the alpaca (Camelidae: Vicugna pacos). R. Soc. Open Sci. 2017, 4, 160967. [CrossRef]

[PubMed]

http://doi.org/10.3390/ani12101290
http://doi.org/10.1371/journal.pone.0151661
http://doi.org/10.1007/s00360-010-0545-z
http://doi.org/10.1152/ajpregu.00025.2013
http://www.ncbi.nlm.nih.gov/pubmed/24005251
http://www.ncbi.nlm.nih.gov/pubmed/808550
http://doi.org/10.1152/ajpregu.00196.2004
http://www.ncbi.nlm.nih.gov/pubmed/15191903
http://doi.org/10.1080/11250003.2014.901428
http://doi.org/10.1002/(SICI)1097-4687(199710)234:1&lt;37::AID-JMOR4&gt;3.0.CO;2-K
http://doi.org/10.1016/S0300-9629(96)00376-3
http://doi.org/10.1016/0300-9629(95)02136-1
http://doi.org/10.1111/j.1469-7580.2006.00667.x
http://doi.org/10.1146/annurev-physiol-031620-094629
http://www.ncbi.nlm.nih.gov/pubmed/33167747
http://doi.org/10.1242/jeb.132753
http://www.ncbi.nlm.nih.gov/pubmed/26643090
http://doi.org/10.1071/EA08142
http://doi.org/10.1159/000111456
http://doi.org/10.1159/000076784
http://doi.org/10.1242/jeb.188029
http://doi.org/10.1146/annurev.es.08.110177.002241
http://doi.org/10.1086/282627
http://doi.org/10.1086/physzool.67.6.30163897
http://doi.org/10.1016/j.cbpa.2009.08.013
http://doi.org/10.1098/rsos.160967
http://www.ncbi.nlm.nih.gov/pubmed/28405385

	Introduction 
	Materials and Methods 
	Experiment Part 1: Measurement of the Carotid Artery and Jugular Vein at Upright Posture 
	Experiment Part 2: Braincase Measurements 
	Experiment Part 3: Blood Flow Simulation 
	Statistics 

	Results 
	Experiment Part 1: Measurement of the Carotid Artery and Jugular Vein in anUpright Posture 
	Experiment Part 2: Braincase Measurements 
	Experiment 3: Blood Flow Simulation 

	Discussion 
	Conclusions 
	References

