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Abstract: Hemodynamic relevance of differently located stenoses of the internal jugular veins remains
undetermined. It particularly concerns nozzle-like strictures in the upper parts of these veins and stenotic
jugular valves located at the end of this vein. This study was aimed at understanding flow disturbances caused
by such stenoses. Computational fluid dynamics software, Flowsquare+, was used. We constructed 3-
dimensional models of venous outflow, comprising two alternative routes: tube representing the internal
jugular vein and irregular network representing the vertebral veins. At the beginning of the tube representing
the internal jugular vein, differently-shaped and sized short strictures, representing nozzle-like strictures were
built in. At the end of this tube, differently-shaped membranes, representing the jugular valve, were built in.
With the use of computational fluid dynamics modeling, we studied how these two obstacles influenced the
outflow. We found that the most relevant outflow disturbances were evoked by nozzle-like strictures in the
upper part of the internal jugular vein that were either small, long or asymmetrically positioned. Very tight
stenotic valves and septum-like malformed valve were equally hemodynamically relevant. These findings
suggest that both upper and lower strictures of the internal jugular vein can be of clinical significance.

Keywords: computational fluid dynamics; flow separation; internal jugular vein; numerical
modeling

1. Introduction

The internal jugular veins (IJVs), the paired veins located in the neck, constitute the primary
blood outflow route from the brain. Still, actually outflow routes from the head, particularly from the
cranial cavity, depend on body posture. While in the horizontal (supine, prone and lateral decubitus)
body positions at least one of the IJV is open, enabling an unrestricted venous outflow, in the upright
(sitting and standing) body positions the IJVs collapse due to the gravitational effects (negative
transmural pressure). Consequently, a substantial part of the outflow is shifted towards alternative
routes, primarily to the vertebral venous plexus and vertebral veins, which are situated alongside the
cervical part of the vertebral column [1-7]. This outflow pathway is composed of the vertebral veins,
the epidural venous plexus and other adjacent tiny veins. Since the veins in the vertebral outflow
route are of small dimeter, even if their total cross-sectional area is comparable to that of the IJVs,
flow resistance in this pathway is much lower in comparison with the non-collapsed IJVs. Therefore,
a majority of cerebral venous outflow utilizes the jugular route. This situation changes when the head
is elevated (in the standing or sitting individual). In this body position about 80-90 % of blood flows
out through the vertebral veins and adjacent venous plexuses, contrasting with approximately 30%
or even less in the horizontal position. Of note, venous outflow in the upright body position is
facilitated by the gravity. Therefore, a high flow resistance in the vertebral route does not
substantially affect the cerebral venous outflow. On the other hand, at least theoretically, pathological
strictures in the IJVs should compromise cerebral venous outflow in the horizontal body positions,
even if the vertebral outflow route is not narrowed.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Currently, it remains controversial if such a compromised cerebral venous outflow is of any
clinical relevance, considering the abundance of collateral venous channels in the neck. Still, several
studies claimed for impaired venous outflow as a cause of neurodegenerative and
neuroinflammatory diseases [8-15]. Therefore, understanding the physical background of the
compromised venous outflow from the brain is important. A majority of the strictures in the IJV are
either found in the upper part of this vein, at the level of the jugular foramen, or in the lower part,
where stenosis is usually caused by abnormal morphology of the jugular valve (the only valve of this
vein, located just above junction of the IJV with the brachiocephalic vein) [16-18]. There is an ongoing
debate which of these strictures are more relevant. Since the investigations on blood vessel flow in
living subjects are difficult to perform, are invasive and often not possible to conduct due to bioethical
aspects, the computational flow modeling (CFM) can provide a surrogate insight into the
biomechanics of blood flow. Our previous research, utilizing computational flow simulations,
suggested that strictures located at the level of the jugular foramen are probably more
hemodynamically relevant [19]. It is in line with the results of clinical studies that evaluated flow and
morphology of the IJVs with the use of magnetic resonance imaging [20-22]. Yet, in this in silico study
we used 3D models of the IJVs, still without alternative outflow pathways. In the current paper, we
used more reliable models comprising both jugular and vertebral outflow pathways. Models
comprising both jugular and vertebral outflow pathways have already been validated and described
in another paper published by our team [23]. Here, we present the results of next step of this research,
which evaluated flow disturbances caused by differently shaped, positioned and sized strictures in
the upper and lower parts of the IJV.

2. Materials and Methods

For the purpose of this study, CFM software, the Flowsquare+ (Nora Scientific, Japan), was used.
All the computations were executed in the Intel BOXNUCS8i7BEH2 mini PC (Intel, Santa Clara, CF,
USA) equipped with the Intel® Core™ i7 processor and the Intel® Iris® Plus Graphics 655 graphic
card.

The 3-dimensional models were 180 mm long along the axis of flow, and 60 mm and 30 mm
along other axes. The mesh size of the models in any direction was 0.25 mm and contained about 7
million of active cells. It comprised the initial inflow field representing the cerebral circulation, which
branched into two alternative outflow routes: the tube representing the internal jugular vein and the
irregular network representing the vertebral veins and the epidural venous plexus that in humans
form the vertebral outflow route. Then these two alternative pathways again joined together to form
the outflow field. To facilitate the simulations, we modelled only one side of the cerebral venous
outflow: one internal jugular vein and one side of the vertebral venous pathway. The tubular-shaped
model of the internal jugular vein was 125 mm long and at the outflow had the cross-sectional
diameters of 10 mm and 12 mm (cross-sectional area of 0.94 cm?). Model of the vertebral venous
pathway had a similar length as the model of the internal jugular vein, and had at the outflow cross-
sectional area of about 0.75 cm?, still main part of the vertebral pathway was divided into many thin
irregular parallel channels. During simulations ten probes measuring flow parameters were
positioned inside the models: two probes in the inflow field, two probes in the middle part of the IJV,
three probes in the terminal part of the IJV, just above the jugular valve, and three probes in the
terminal part of the vertebral pathway (Figure 1). Details of validation of this model were presented
in our previous paper [23].
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Figure 1. Model of the cerebral venous outflow comprising the internal jugular vein (above) and the
vertebral venous plexus (below); magenta squares represent the probes — in these areas flow
characteristics was measured. Flow is from the left to the right. In this model there are no stenoses in
the internal jugular vein, consequently most of the outflow utilizes the jugular pathway.

The flow was simulated during the 2500 consecutive steps, each of them lasting 0.28 ms, which
in total was equivalent to 0.7 s of the real-time flow. Using our computer set, it took around 24 hours
of computational time for each case. Parameters of the fluid were set up to be similar to those
observed during blood flow in the IJV. Velocity component along the long axis of the model for the
initial field, which area was 2.08 cm?, was set up at 8 cm/s, which enabled the inflow of fluid into the
model without strictures in the jugular route at the level of 400 ml/min, which was equal to
aproximatelly 50% of the physiological cerebral blood flow [23]. Initial pressure was 750 Pa
(equivalent to 7.65 cm H20; a physiological pressure in the IJV in the supine body position). Dynamic
viscosity of the fluid: 2.78 x 103 kg/m/s (which is the dynamic viscosity of whole blood at 37° C).
Density of the modelled fluid was constant, it was 1055 kg/m3, which is the density of blood at room
temperature [24,25].

We augmented the model of cerebral venous outflow in the supine body position, which has
been validated in our previous study [23], with two strictures (Figure 2). The first one was positioned
at the beginning of the IJV, mimicking the nozzle-like stenosis evoked by a narrow jugular foramen,
an enlarged transverse process of the atlas, or an elongated styloid process of the temporal bone. Such
pathological strictures can be seen in some patients, particularly those ptresenting with neurological
symptoms [12]. The second strictured was positioned at the end of the IJV, mimicking the stenotic
jugular valve. Such aberrant jugular valves are also found in some patients [14].

Figure 2. Model of the cerebral venous outflow comprising the internal jugular vein (above) and the
vertebral venous plexus (below); magenta squares represent the probes. Flow is from the left to the
right. There are 2 strictures in the internal jugular vein: in the beginning (white arrow) and at its end
(black arrow). In the model with stenoses part of the flow is shifted towards the vertebral pathway.

We constructed models with following types of upper IJV strictures:
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e no stenosis in the upper part of the IJV (cross-sectional area 0.94 cm?);

e minor elliptically-shaped stenosis in the upper part of the IJV (cross-sectional area 0.42 cm?);

e  minor irregularly-shaped stenosis in the upper part of the IJV (cross-sectional area 0.60 cm?);

e  major elliptically-shaped stenosis in the upper part of the IJV (cross-sectional area 0.24 cm?);

e  major elliptically-shaped stenosis in the upper part of the IJV (cross-sectional area 0.24 cm?) with
opening positioned eccentrically;

e major elliptically-shaped stenosis in the upper part of the IJV (cross-sectional area 0.24 cm?) with
a longer narrowed segment (12 mm instead of 2,5 mm);

e very narrow elliptically-shaped stenosis in the upper part of the IJV (cross-sectional area 0.07
cm?);

e very narrow elliptically-shaped stenosis in the upper part of the IJV (cross-sectional area 0.07
cm?) with opening positioned eccentrically;

e major stenosis in the upper part of the IJV comprising 2 eccentrically positioned openings (cross-
sectional area 0.48 cm?);

e  major stenosis in the upper part of the IJV comprising eccentrically positioned short flattening
(cross-sectional area 0.48 cm?);
We also constructed different types of valves in the lower part of the IJV:

e novalve;

e  bicuspid valve, distance between leaflets: 4.3 mm (opening located centrally, 4.3 mm x 8..5 mm);

e  bicuspid valve, distance between leaflets: 1.5 mm (opening located centrally, 1.5 mm x 8..5 mm);

e septum instead of a valve, almost completely obstructing the IJV (opening located next to the
wall, 1.5 mm x 8.5 mm).

Of note, valve leaflets and the septum, unlike actual intraluminal structures located in the IJVs,
in our study were immobile, since the CFD software used did not allow for the building a mobile and
elastic material. In total, we examined 10 models exhibiting different types and shapes of the stricures;
morphologies of these strictures are presented in Table 1. The total flow in the jugular and vertebral
channels were measurted with the above-described probes. The model with collapsed IJV, which has
been validated in our previous paper, was used as the reference (Model 11 in Table 1).

Table 1. Characteristic of the strictures in the modelled internal jugular vein, flow volumes in the
jugular and vertebral pathways.

Cross Flow Flow
Shape of . Valve in volume . Total flow
sectional Length . volume in Jugular/
the upper the in the in the
Type of areaat of the . the Vertebral
nozzle- lower internal outflow
the model . the level upper . vertebral . flows
like . part of jugular field
. of upper stricture . plexus . [%/%]
stricture . IJjv vein . [mL/min]
stenosis . ; [mL/min]
[mL/min]
Model
without
UPPET MO gg4eme M0 novalve 321 35 356 90/10
stenosis  stricture stricture
and no
valve
Model
with
minor
2  upper 0.42 cm? 2.5 mm no valve 664 170 834 80/20
stenosis
and no

valve
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5
Model bicuspid
without valve,
dppet o . no  distance o, 187 766 76/24
stenosis stricture stricture between
and wide leaflets:
valve 4.3 mm
Model bicuspid
without
upper valve,
4 stenosis, "°  094eme DO distance g 785 57/43
stricture stricture between
and
narrow leaflets:
1.5 mm
valve
Model
. with bicuspid
irregularly
valve,
shaped distance
5 minor v 0.60 cm3® 2.5 mm 398 301 699 57/42
. between
stenosis,
and leaflets:
1.5 mm
narrow
valve
Model
with
elliptically bicuspid
shaped, valve,
centrally 024 cm® 2.5 mm JSENCE g, 294 576 49/51
positioned between
stenosis, leaflets:
and 1.5 mm
narrow
valve
Model
with
lipticall
elliptically bicuspid
shaped,
. valve,
eccentric- distance
7 cally 0.24 cm® 2.5mm 250 295 545 46/54
ositioned between
p ) leaflets:
stenosis,
1.5 mm
and
narrow
valve
Model
,Wl,th bicuspid
elliptically
valve,
shaped, .
distance
8 centrally 024 cm?® 12 mm 396 448 844 47/53
.. between
positioned
lon leaflets:
g' 1.5 mm
stenosis,

and
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narrow
valve
Model
with
elliptically bicuspid
shaped,
valve,
centrally distance
9 positioned 0.07 cm® 2.5 mm 280 337 617 45/55
between
severe
stenosis leaflets:
/ 1.5 mm
and
narrow
valve
Model
with
elliptically
shaped, bicuspid
eccentric- valve,
cally 007 cm® 2.5 mm TSN o 167 293 43/57
positioned between
severe leaflets:
stenosis, 1.5 mm
and
narrow
valve
Model
without
upper
i Stenosis . mo m "0 septum 26 35 61 43/57
and stricture stricture
septum
instead of
valve
Model
with two
elliptically bicuspid
shaped,
. valve,
eccentric- 0.48 cm? distance
12 cally (2x0.24 25 mm 250 295 545 46/54
ositioned cmd) between
p leaflets:
stenoses,
1.5 mm
and
narrow
valve
Model
with bicuspid
eccentri- valve,
11 i
oy 048 cm® 2.5 mm SN 1oy 158 279 43/57
positioned between
short leaflets:
flattening, 1.5 mm

and

reprints202403.1639.v1
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normal

valve

Model collapsed

ith i 1

wit o 1.nterna N9 hovalve 49 87 136 36/64
collapsed stricture jugular stricture

IJjv vein

3. Results

Our previous flow simulations in the model, in which the IJV did no exhibit any strictures,
revealed that 84% of the fluid flew through the IJV. In the current study, with a longer time of
simulated flow, we got a similar result (90%). In our 3-D models with two alternative outflow
pathways, a shift from the jugular to vertebral pathway was interpreted as the sign of
hemodynamically relevant flow resistance evoked by stenotic lesions in the IJV (nozzle-like upper
stricture or stenotic abnormal valve located downstream). We also interpreted the degree of such a
shift as the level of hemodynamic relevance of the stenosis. Quantitative results of the simulations
are presented in Table 1.

We found that a significant shift from the jugular to the vertebral pathway can be evoked by
both upper and lower lesions (Table 1). Regarding the nozzle-like strictures located upstream, flow
resistance resulting in shifting the flow towards the vertebral outflow route seemed to be more
significant if such a stenosis was:

e narrower (models 6 and 9);

e longer (model 8);

e  eccentrically positioned (models 7, 10 and 13);
e  irregularly shaped (models 5 and 12).

Regarding stenoses of the jugular valve located downstream, the shift was more pronounced if
the distance between stiff valve leaftets was smaller (model 3 vs. model 4). Abnormally shaped valve
forming a septum (model 11) resulted in the most signficant flow disturbances.

Some qualitative examples of flow pattern in the settings of different strictures are shown in
Figures 3-6.

Figure 3. Model of the cerebral venous outflow comprising the internal jugular vein (above) and the
vertebral venous plexus (below); flow is from the left to the right. There is a significant stenosis at the
beginning of the jugular pathway and stenotic valve downstream.
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Figure 4. Model of the cerebral venous outflow comprising the internal jugular vein (above) and the
vertebral venous plexus (below); flow is from the left to the right. There is a significant stenosis at the
beginning of the jugular pathway and no valve downstream.

Figure 5. Model of the cerebral venous outflow comprising the internal jugular vein (above) and the
vertebral venous plexus (below); flow is from the left to the right. Upper part of the jugular pathway
is unrestricted and there is a stenotic valve downstream.

Figure 6. Model of the cerebral venous outflow comprising the internal jugular vein (above) and the

vertebral venous plexus (below); flow is from the left to the right. Upper part of the jugular pathway
is unrestricted, while downstream there is a septum nearly completely obstructing the outflow.

4. Discussion

Usually, albeit the IJVs exhibit slightly irregular shape and there is asymmetry regarding their
size (typically the right IJV is wider than the left one), there are no strictures in these veins that could
significantly alter the cerebral venous outflow. Of note, the IJVs represent major outflow route from
the brain in the horizontal body position, also during the sleep. Recently, is has been hypothesized
that an impaired cerebral venous outflow can affect function of the glymphatic system, which is
responsible for cleansing the brain from noxious metabolites, including pathological proteins [26,27].
Importantly, glymphatic system is mainly active during the sleep, therefore an unrestricted venous
outflow from the brain during the sleep is potentially indispensable. Although, for the time being,
direct observations proving that there is indeed a causative association between venous
abnormalities and neurological pathologies are lacking, it is known that malformed IJVs are more
often seen in neurological patients in comparison with healthy controls [13,15].

Interestingly, a decade ago, many multiple sclerosis patients were managed using endovascular
angioplasty of their narrowed IJVs. Unfortunately, although early results of such a treatment were
encouraging, positive outcomes in a long run were seen only in some subgroups of these patients
[28-30]. Therefore, this treatment modality is no longer a standard one. However, majority of
aforementioned endovascular procedures comprised balloon angioplasty of pathological jugular
valves. External compressions at the level of the jugular foramen were not addressed, while it is
known that such strictures are quite common in these patients [13,20,21]. This may account for
unfavorable results of clinical trials in multiple sclerosis patients. In addition, stenotic lesions of the
IJVs are found in other neurological pathologies, including Alzheimer’s and Parkinson’s diseases,
Ménieére disease and lateral amyotrophic sclerosis. Thus, addressing these venous abnormalities
potentially may have a prophylactic or therapeutic potential.
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Yet, hemodynamic relevance of different types of strictures in the IJV are difficult to assess in
living subject. Firstly, all investigations aimed at such an evaluation are more or less invasive and not
free from severe side effects. Therefore, clinical investigations are very difficult to conduct,
considering bioethical issues. Secondly, proper interpretation of these investigations (like catheter
venography, Doppler ultrasonography or magnetic resonance imaging) is not obvious [31].
Therefore, in silico flow modeling can provide a surrogate evaluation of hemodynamic significance
of particular types of these strictures.

In our previous paper, based on the results of computational flow simulations using the same
CFD package, we suggested that strictures located at the level of the jugular foramen are probably
more clinically relevant than pathological jugular valves [19]. Yet, in this study we evaluated the flow
only in models of the IJV, without alternative outflow through the vertebral pathway. Also, flow
disturbances evoked by stenoses were evaluated qualitatively, by an assessment of flow
characteristic. In the current study, we evaluated the flow quantitatively and with the alternative
outflow route, thus more similarly to real patients. In contrast to the former study, in the present one
we found that both types of strictures, located upstream and downstream, can significantly
compromise the outflow. Importantly, since severe flow impairments were caused by short nozzle-
like stenoses, especially those located eccentrically, probably flow separation and flow reversal were
the main source of an increased flow resistance and the shift of outflow towards the vertebral
pathway (Figures 3 and 4). But stenotic jugular valves, especially membrane-shaped (Figures 5 and
6), can equally evoke significant flow impairments.

Currently, the significance of irregular flows in blood vessels in medical literature is not
adequately understood. Doctors acknowledge that in most of blood vessels energy losses resulting in
drop of pressure come from friction. But in some blood vessels frictional energy losses are
accompanied by other types of losses, in physics commonly referred to as minor losses [32,33]. These
energy losses primarily result from flow separation that typically develops when a blood vessel bends
or suddenly expands. Except for aneurysms (pathologically enlarged arteries), the significance of
flow separation and associated minor losses has been largely ignored by medical research. But flow
abnormalities resulting in flow separation can severely impair blood flow, and IJVs are one of such
blood vessels where these phenomena could have clinical consequences [34].

We acknowledge that there are limitations to our study. Firstly, to facilitate simulations, we built
models comprising only one side of the cerebral outflow. Models with two IJVs could provide further
insight into this problem, especially if only one IJV is affected. Secondly, valve leaflets in our models
were stiff and immobile. Actually, they exhibit different levels of elasticity and movability. In our
another in silico study, we demonstrated that there is a dynamic interplay between stenosis located
upstream and the valve located downstream, and that a relevant stenosis changes the valve geometry
to the unfavorable one [35]. Thirdly, flow volume measurements using the “probes” were not very
precise. Yet, even such an approximate assessment could provide a useful insight into the problem
studied. Besides, flow modeling using our CFD package was probably prone to significant errors
developing when the flow resistance in the fields studied were high; thus we got very different total
flow volumes in particular models (see: Table 1).

Other limitations of this study are associated with the use of simplified models instead of real
morphology-based ones. Besides, an interplay between the veins and surrounding tissues should also
be modeled. It should also be mentioned that in this study the fluid was considered Newtonian.
Actually, blood is a non-Newtonian fluid. Since blood is shear-thinning fluid, slowing down its flow
is associated with a higher flow resistance than that of a Newtonian fluid, which probably resulted
in non-adequate flow modeling. However, the level of errors associated with non-Newtonian
characteristics of blood is difficult to estimate. Probably, at least regarding the problem studied in
this paper, it is not much relevant.

5. Conclusions

Numerical flow simulations of the flow in the IJVs suggest that both upper and lower strictures
of these veins can be of clinical significance. Therefore, clinical studies on these veins, especially in
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the context of neurological pathologies, should comprise morphological and functional assessment
of the entire course of the IJVs, from their origin in the cranial cavity to their junction with the
brachiocephalic veins in the neck. It particularly regards possible stenosis at the level of the jugular
foramen, as well as the jugular valve and other intraluminal structures located in the lower part of
the IJV.
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