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Abstract
Ménière’s disease (MD) is a pathology

of the inner ear, the symptoms of which
include tinnitus, vertigo attacks, fluctuating
hearing loss, and nausea. Neither cause nor
cure are currently known, though animal
experiments suggest that disruption of the
inner ear circulation, including venous
hypertension and endolymphatic hydrops,
to be hallmarks of the disease. Recent evi-
dence for humans suggests a potential link
to strictures in the extracranial venous out-
flow routes. The purpose of the present
work is to demonstrate that the inner-ear
circulation in humans is disrupted by
extracranial venous outflow stricture and to
discuss the implications of this finding for
MD. The hypothesis linking extracranial
venous outflow strictures to the altered
dynamics of central nervous system (CNS)
fluid compartments is investigated theoreti-
cally via a global, closed-loop, multiscale
mathematical model for the entire human
circulation, interacting with the brain
parenchyma and cerebrospinal fluid (CSF).
The fluid dynamics model for the full
human body includes submodels for the
heart, pulmonary circulation, arterial sys-
tem, microvasculature, venous system and
the CSF, with a specially refined description
of the inner ear vasculature. We demon-
strate that extracranial venous outflow stric-
tures disrupt inner ear circulation, and more
generally, alter the dynamics of fluid com-
partments in the whole CNS. Specifically,
as compared to a healthy control, the com-
putational results from our model show that
subjects with extracranial outflow venous
strictures exhibit: altered inner ear circula-
tion, redirection of flow to collaterals,

increased intracranial venous pressure and
increased intracranial pressure. 

Our findings are consistent with recent
clinical evidence in humans that links
extracranial outflow venous strictures to
MD, aid the mechanistic understanding of
the underlying features of the disease and
lend support to recently proposed biophysi-
cally motivated therapies aimed at reducing
the overall pressure in the inner ear circula-
tion. More work is required to understand
the finer details of the condition, such as the
associated dynamics of fluids in the peri-
lymphatic and endolymphatic spaces, so as
to incorporate such knowledge into the
mathematical models in order to reflect the
real physiology more closely.

Introduction
The potential link between anomalous

strictures in the main extracranial venous
outflow routes, alterations of the dynamics
of the CNS fluid compartments, including
venous hypertension, and CNS pathologies
is becoming an active subject of interdisci-
plinary research. Alperin et al.1 linked
extracranial (as well as intracranial) venous
outflow anomalies to Idiopathic Intracranial
Hypertension (IIH). Zamboni et al.2 associ-
ated extracranial venous outflow anomalies
to Multiple Sclerosis (MS); they called the
venous anomaly Chronic Cerebrospinal
Venous Insufficiency (CCSVI). More
recently, such venous strictures have been
associated to MD, a pathology of the inner
ear.3-7 The present research is motivated by
these recent works and by previous experi-
ments on animals8 and humans9 that identify
alterations of the inner ear circulation as a
distinguishing feature of MD. We present
results from a theoretical study that show
how anomalous strictures in the main
extracranial venous outflow routes cause
chronic venous hypertension throughout the
cerebral venous system, including the inner
ear circulation. This study addresses the
underlying biophysical mechanisms and
provides a partial explanation for i) the
empirical association between extracranial
venous outflow strictures and MD, ii) the
apparent success of reported clinical experi-
ence.

MD is a pathology of the inner ear. The
inner ear houses and protects the neurologi-
cal structures employed by the hearing
(cochlear apparatus) and equilibrium func-
tions (vestibular apparatus);10,11 it is located
in the petrous part of the temporal bone and
consists of the external bony labyrinth and
the internal membranous labyrinth. The
space between these two surfaces is filled

with perilymph, a fluid whose ionic compo-
sition is similar to that of interstitial fluid
(ISF) and cerebrospinal fluid (CSF), rich in
sodium and calcium and poor in potassium.
Perilymph is in contact with the CSF via the
cochlear aqueduct, which drains the fluid
towards the subarachnoid space. The mem-
branous labyrinth contains endolymph,
whose ionic composition is high in potassi-
um, thus more comparable to intracellular
fluid. Since production of endolymph is
continuous, a constant removal from the
inner ear is needed. The endolymphatic
duct, the canal responsible for this function,
runs within the vestibular aqueduct, from
the central part of the membranous
labyrinth to a terminal swelling known as
the endolymphatic sac, which is located
between two layers of dura mater and from
which endolymph is reabsorbed into the
subdural space.12

Arterial blood supply of the inner ear is
provided by the labyrinthine artery, which
usually branches from the anterior inferior
cerebellar artery or, more rarely, directly
from the basilar artery. The labyrinthine
artery is in fact a set of arterioles, whose
small diameters contribute to the attenua-
tion of arterial pressure and intense blood
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flow, thus ensuring smooth blood supply to
the inner ear.10,12 The inner ear venous blood
drainage is provided essentially by three
veins, subject to individual variability: i)
The vein of the cochlear aqueduct (VCAQ),
also known as vein of the cochlear canalicu-
lus. This vein runs parallel to the cochlear
aqueduct (endolymph), it drains the basal
turn of the cochlea, the saccule and part of
the utricle, and empties into the superior
bulb of the internal jugular veins (IJVs). ii)
The vein of the vestibular aqueduct (VVA)
is another prominent vessel for venous
drainage of the inner ear; sometimes, the
anterior and posterior vestibular veins are
present, and they all drain blood from the
semicircular canals and the utricle, they
merge into the VVA, which runs within the
vestibular aqueduct and parallel to
endolymphatic duct, and empties into the
inferior petrosal sinus or in the jugular bulb.
However these veins are not always present
in the inner ear vasculature. iii) The
labyrinthine vein (LABV), or internal audi-
tory vein. Blood from the vestibular aque-
duct is mainly drained by the LABV, which
runs parallel to the labyrinthine artery,
drains venules both from the cochlear and
the vestibular apparatus and ends in the sig-
moid sinus, in the superior petrosal sinus or
in the transverse sinus. In this paper we
shall assume subjects to lack the VVA,
which is a possible anatomical variation.

MD is characterized by attacks of nau-
sea, tinnitus, vertigo and fluctuating hearing
loss. The normal onset of MD is unilateral,
but the condition often extends to the other
ear, with a registered 40% of bilateraliza-
tion cases observed in the first 5 years.5
Hearing loss is initially temporal, but fre-
quently worsens to permanent, or severe
deafness. The symptoms of MD are quite
common and typical of many other patholo-
gies. This means that the number of MD
diagnosed patients is probably smaller than
the effective number of MD diseased sub-
jects. Historically, MD was first described
in 1861 by the French physician Prosper
Ménière, but its aetiology remains uncer-
tain, up to now. Genetic factors, autoim-
mune mechanisms, environmental condi-
tions, infection consequences and even
iatrogenic or psychological causes have all
been considered through many decades,
without finding a strong or predominant
correlation of any of these with MD. None
of these factors have resulted to be a neces-
sary and sufficient condition for the devel-
opment of the disease.13 As the origin of
MD is uncertain, no universally accepted
therapy for this pathology has so far been
found.

In spite of these uncertainties, we
believe that biophysical aspects may play

an important role in altering the circulation
of fluids in the inner ear. A persistent anom-
alous condition in the inner ear, called
endolymphatic hydrops.14-16 has been
observed in MD patients; such condition is
characterised by an increase of the
endolymphatic volume and pressure in the
membranous labyrinth. The causes of EH
are still uncertain, but it seems reasonable to
suggest that obstruction of the endolym-
phatic sac, or duct, produces a backlog of
fluid in the endolymphatic space, which
leads to the increase in volume and pres-
sure. Moreover, it has recently been sug-
gested that a potential origin of MD could
be the altered cerebral venous flow caused
by extracranial venous outflow strictures.3-7

The involvement of vascular mecha-
nisms in MD has already been proposed in
classical works.14-16 Animal experimental
research has strengthened the biophysical
viewpoint.8,9,17,18 A convincing demonstra-
tion of an association between anomalous
extracranial blood outflow and MD could
eventually lead to a well-documented and
accepted treatment of MD patients; medical
doctors have already made inroads in this
direction,3-7 with encouraging results. An
understanding of the basic mechanisms at
work would be useful to provide an expla-
nation for these results and also for possibly
optimising the procedures.

The first clinical studies of the potential
link between MD and extracranial venous
anomalies are quite encouraging. Di
Berardino and collaborators7 conducted a
study on 52 subjects with cochleo-vestibu-
lar disturbances. The patients were divided
into a first group of 24 patients diagnosed
with unilateral MD and a second group of
28 subjects suffering from unilateral distur-
bances but not diagnosed as MD patients
(not-MD). Magnetic resonance venography
(MRV) and echo-color Doppler (ECD) were
conducted on all subjects to examine the
extracranial venous outflow. The MRV
technique revealed anomalous venous
drainage in 20 MD patients (83%) and in 16
not-MD (57%), while the ECD technique
detected abnormalities in 15 MD cases
(62%) and in 6 not-MD (21%). Most fre-
quently, the observed anomalies were asym-
metries of the outflow within IJVs and ver-
tebral veins.

One of the first surgery treatments
based on the assumed link between MD and
CCSVI was reported by Bruno et al.5 The
first step in their procedure included a group
of 50 MD diagnosed patients, who had pre-
viously undergone several conventional
therapies, with no benefits. Their study also
included a healthy control group of 100
subjects. In the MD group, 45 out of 50
(90%) were diagnosed with the CCSVI con-

dition, while in the control group only 3 out
of 100 subjects (3%) were found to be
affected by CCSVI. In the 45 positive MD
patients, 20 were also examined by means
of venography that confirmed in all the
cases, bilateral lesions in the IJVs and in
three cases, also a lesion in the azygos vein
(AV). At a later stage, these patients under-
went bilateral percutaneous transluminal
angioplasty (PTA) of the affected IJVs and
the AV, aimed at enlarging the cross-sec-
tional of the narrowed vessel and restoring
venous outflow. Six months after the sur-
gery, 19 out of 20 patients showed clear
improvement of the symptoms, with more
rare episodes of vertigo and higher hearing
capacity; 1 patient out of 20 showed re-
stenosed IJVs, which is known to be the dis-
advantage of PTA. A more recent work on
the same topic is that of Bruno et al.6

The available animal experimental evi-
dence, the indications of an association
between MD and CCSVI conditions in
humans as well as the encouraging results
from surgical treatment using PTA, warrant
a more detailed, quantitative study of the
CCSVI link trying to identify the basic
mechanisms at work. Measurements have
revealed altered venous flow in CCSVI
affected subjects and invasive pressure
measurements in extracranial districts have
confirmed the expected result of (local)
venous pressure increases caused by the
strictures. Intracranial pressure measure-
ments in CCSVI subjects, to the best of our
knowledge, do not currently exist. We note
however that for the IIH condition associat-
ed to dural sinus anomalies, invasive pres-
sure measurements do actually exist.19,20

These dural sinus pressure measurements
show the expected venous sinus hyperten-
sion. Pressure measurements in other dis-
tricts, e.g. deep cerebral veins and inner ear
fluids, resulting from intracranial or
extracranial strictures in humans are, to the
best of our knowledge, not available. It is
here where mathematical models may also
prove useful; potentially, they could provide
quantification of relevant haemodynamical
variables, including pressure.

In the context of disturbed brain haemo-
dynamics, Müller and Toro21 proposed the
first global, closed-loop multiscale mathe-
matical model to study this phenomenon. In
this model, the geometry for the cerebral
and extracranial venous system is individu-
ally defined by means of segmentation of
patient-specific MRI data. The model was
later enhanced22 to include one intracranial
compartment and Starling resistors to better
describe the physiology of cerebral veins,
CSF dynamics, and to more fully account
for the interaction of fluid compartments in
the CNS. See also the related work of
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Caiazzo et al.23 The enhanced global model
of Müller and Toro22 has been used to study
the effect of extracranial venous stenoses on
intracranial haemodynamics by Müller et
al.24 the effect of venous valve malfunction
on cerebral haemodynamics25 and to pro-
duce some preliminary results on CCSVI
and sudden sensorineural hearing loss.26 In
these studies, it is demonstrated that dis-
turbed brain haemodynamics and intracra-
nial venous hypertension occur as a result
of extracranial strictures in the neck veins
and the AV. For a review on these works in
the broader context of neurological diseases
potentially related to extracranial venous
anomalies, see the review paper by Toro.27

In the present work, we extend the glob-
al model of Müller and Toro21,22 to include
submodels for the inner ear circulation.
Then we apply the extended model to study
the fluid dynamics resulting from the
CCSVI condition, with special attention
given to the inner ear haemodynamics. Prior
to the specific study of inner ear circulation
we perform in vivo validation of the extend-
ed global circulation for a specific, healthy
subject. Comparison of computed and MRI
measured blood flow is shown; the results
are satisfactory. The study of pathological
cases then follows by investigating the
altered fluid dynamics resulting from
extracranial venous strictures. Our results
show that extracranial outflow venous stric-
tures impede efficient cerebral venous
drainage, alter blood flow dynamics,
increase CSF pressure and cause chronic
venous hypertension throughout the cere-
bral venous system, including the inner ear
circulation.

The theoretical contribution of the pres-
ent paper is in line with both extracranial
venous strictures and altered intracranial
dynamics, as will be discussed later. The
rest of this paper is structured as follows.
After a section on materials and methods
we present our results, which include a val-
idation exercise on a healthy subject and
two anomalous cases, namely extracranial
venous stenosis and anomalous venous
valves. There follows a discussion of
results. Supplementary material is present-
ed in the Appendix.

Materials and Methods
In this paper we extend the global,

closed-loop, multiscale mathematical
model proposed by Müller and Toro21,22 to
include submodels for the inner ear circula-
tion. The original model contained 1D,
cross-sectional area averaged equations for
85 major arteries and 188 major veins, as

well as 0D compartmental models for
microcirculation beds,28 the heart,29 the pul-
monary circulation29 and the CSF.30 The
model also includes submodels for valves in
the venous system.25,31 The 1D model
describes the space (x) and time (t) variation
of vessel cross-sectional area A(x,t), blood
flow rate q(x,t) and pressure p(x,t). Starling
resistors are used in the cerebral venous
system to obtain a more realistic description
of the haemodynamics in the main regions
of interest. In the original model, the vessel
geometry for the main arteries and veins of
the body is mostly obtained from the litera-
ture, while MRI data from specific subjects
are used to describe the major cerebral and
extracranial venous vessels. See Utriainen
et al.32 for a detailed description of the
acquisition process of the MRI data. 

For the purpose of investigating the
influence of extracranial venous obstruc-
tions on the inner ear circulation we have
extended the Müller-Toro model21,22 by
adding inner-ear vessels to the global net-
work, utilising data from the literature.33-35

The anterior inferior cerebellar artery,
branching from the basilar artery, is added
to account for the inner-ear arterial blood
supply. To account for inner-ear venous
drainage we have incorprorated 1D repre-
sentations for the LABV and the VCAQ.
LABVs transport blood from the inner ear
venules and empty at the insertion of the
transverse sinus into the sigmoid sinus.
VCAQs, instead, are directly connected to
the superior bulbs of the IJVs. Moreover,
two 0D compartments accounting for the
inner ear microcirculation were also insert-
ed into the original vascular network.
Figure 1 gives a detailed illustration of the
cerebral and extracranial venous network
implemented in the present version of the
model. 

Results
Here we use the term CCSVI condition

in a generic sense to include a wide range of
extracranial venous malformations, such as
stenosis, hypoplasia, atresia and stenotic or
regurgitant venous valves. The anomalies
considered in this paper are stenoses and
stenotic valves in the IJVs and the AV; these
are the most frequently found anomalies in
CCSVI diagnosed subjects. In this section
we first carry out an in vivo validation of the
entire model for a healthy control, compar-
ing computed results against in vivo MRI
measurements. Then we simulate patholog-
ical cases, which is the main subject of this
paper.

Healthy control
An in vivo validation of the complete

model for a healthy subject in supine posi-
tion is performed here. Figure 2 depicts
computed profiles (full line) for pressure
and flow, over a cardiac cycle. The second
column shows computed pressure, while the
third column shows both computed (line)
and MRI-measured values for flow (sym-
bols). The comparison between computed
and measured values for flow is satisfactory,
considering the complexity of the full prob-
lem and the modelling simplifications
adopted; the agreement is satisfactory both
from the point of view of flow average val-
ues over the cardiac cycle as well as the
waveforms. For pressure, there are no
measured values available in the literature,
as far as we are aware. Recall that pressure
measurement is an invasive procedure.
However, some estimates can be found in
the literature. Such estimates are close to
the values computed by our model. For
example, Schaller36 estimates an average
value of p=6.6±2 mmHg for blood pressure
at the confluence of sinuses; our model pre-
dicts an averaged value over the full cardiac
cycle of p=6.5 mmHg. More in vivo valida-
tion results are available but are not includ-
ed here. The MRI measurements used for
the validation are reported in Müller et al.24

Next, we deal with simulation of pathologi-
cal cases.

Extracranial venous stenosis
Here we apply our mathematical model

to simulate the haemodynamics resulting
from anomalous extracranial venous stric-
tures. We consider a vessel to be stenotic if
a significant narrowing of its cross-section-
al area is present. In this work, stenoses are
represented as a 2 cm long vessel segment
whose equilibrium cross-sectional area
As

0(x) is restricted as follows: As
0(x) = 0.1

A0(x), where A0(x) is the normal equilibrium
cross-sectional area of the vessel of interest.
In the present study we consider two
CCSVI cases defined by Zamboni et al.,2
namely cases A and B, schematically repre-
sented in Figure 3. Case A includes a steno-
sis in the left IJV, above the insertion of the
middle thyroid vein, and a stenosis in the
AV, close to the azygos arch. Case B is like
case A, except that the right IJV is also
stenosed, symmetrically with respect to the
left IJV. The presence of strictures in the
IJVs and the AV causes significant alter-
ations to the normal haemodynamics in the
cerebral venous network and in the main
blood drainage routes towards the heart, as
we shall demonstrate.

We first consider the effect of local
stenoses on the haemodynamics of extracra-
nial vessels, namely IJVs and AV. Figure 4
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shows computed results for the haemody-
namics across the stenoses in both IJVs.
The first column depicts the locations of
interest, while the second and third columns
show computed pressure and venous blood
flow, as functions of time, within one car-
diac cycle. Results are shown for the
healthy control and for the two anomalous
cases A and B. Cardiac-cycle averaged val-
ues are displayed in squared brackets.

As expected, a very consistent reduc-
tion of venous blood flow in the stenotic
vessels is observed. In case B for example,
bottom row of Figure 4, the left IJV blood
flow decreases from 10.08 mL s–1 in HC to
3.74 mL s–1, a reduction of about 65%. Also,
a sizeable increase in venous blood pressure
jump ∆p across the stricture is observed,
namely Dp ≈ 1.5 mmHg, which is about the
25% higher than in the healthy control; this
computed result is consistent with measured
values reported by Zamboni et al.2

Furthermore, the literature, e.g. Zamboni et
al.2 have reported another typical haemody-
namical disturbance caused by the CCSVI

Figure 1. Properties of all the 1D arteries and veins not included in Appendix Table 1, see
Müller and Toro.29,30 Triangles (green) represent location of venous valves in both internal
jugular veins (IJVs) and external jugular veins (EJVs), included in Appendix Table 1, see
Müller and Toro.21,22 Triangles (green) represent location of venous valves in both internal
jugular veins (IJVs) and external jugular veins (EJVs).

Figure 2. In vivo validation for healthy control. The left column shows the spatial locations on the vessels of interest in the modelled
venous network; the middle column shows computed pressure at various locations as function of time for one cardiac cycle; the right
column compares the corresponding computed (full line) venous blood flow against the MRI flow measurements (symbols). No meas-
ured data for pressure is available.
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condition, that is, redirection of blood flow,
in the direction of alternative extracranial
routes. This empirical observation is also
reproduced by our mathematical model.
From the IJVs, blood is mainly redirected
towards the external jugular veins (EJVs)
via the common facial veins. This results in
increased venous blood flow, up to four
times that of the HC, in the external jugular
(EJV) adjacent to the stenosed IJV. A corre-
sponding pressure rise of about 0.6 mmHg
in the EJV is also observed (not shown
here). Another common consequence of the
CCSVI condition, as shown by our model,
is the redirection of blood from one side to
the other, in case of unilateral stenoses in
the IJV (as in case A). Many vessels con-

Figure 3. Extracranial venous stenoses. Venous stenoses in the present mathematical
model are depicted by red circles. Two cases are considered: case A (left) and case B (right)
taken from 2.

Figure 4. Extracranial venous stenoses. Computed results for pressure and venous blood flow in extracranial venous vessels for one car-
diac cycle, at two locations in IJVs, upstream and downstream of the stenoses. Three model simulations are shown: healthy control (HC:
continuous line) and the two pathological cases A (dashed line) and B (dashed and dotted line). The left column shows the location of
the points of interest in the venous network, the central column shows venous blood pressure and the right column shows venous blood
flow, all as functions of time within one cardiac cycle. Numbers in brackets in legends represent the average of the computed quantity
over one cardiac cycle. Vessel numbering is consistent with.21,22
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tribute to transport this blood, such as infe-
rior and superior petrosal sinuses, intra-cav-
ernous sinus, marginal sinuses and lateral
anterior condylar veins (not shown here).

Figure 5 depicts the computed haemo-
dynamics in the inner-ear vein vessel seg-
ments located upstream of the Starling
resistor. No clear differences in blood flow
between the healthy control and the patho-

logical cases are seen; this is presumably
due to the fact that these vessels are just
connected to 0D models and deliver to the
venous network. Pressure, however, is sub-
stantially increased in the presence of
stenoses; in fact the pressure increment is
comparable to that for the IJVs in the patho-
logical cases, as seen in Figure 5 for seg-
ments 226 and 227; results for other neigh-

bouring segments are not shown.
Figure 6 shows cardiac-cycle averaged

pressures in selected vessels. The left panel
shows a comparison of computed cardiac-
cycle averaged pressures for the HC and the
two pathological cases A and B, in the fol-
lowing five venous vessels: superior petros-
al sinus (SPS), inferior petrosal sinus (IPS),
transverse sinus (TS), superior sagittal sinus

Figure 5. Extracranial venous stenoses. Computed results for the right inner ear veins. Three model simulations are shown: the healthy
case (HC: continuous line) and the pathological cases A (dashed line) and B (dashed and dotted line). The left column shows the loca-
tion of the vessel of interest in the venous network, the central column shows blood pressure and the right column shows venous blood
flow rate. Numbers in square bracket represent the average of the computed quantity over the cardiac cycle.

Figure 6. The two panels represent the computed cardiac-cycle averaged pressures in case of extracranial venous stenoses. Left panel
summarizes the results in the main dural sinuses of the venous network. SPS: superior petrosal sinus, IPS: inferior petrosal sinus, TS:
transverse sinus, SSS: superior sagittal sinus and ISS: inferior sagittal sinus. (Vessel numbering is consistent with 21,22). Right panel
summarizes the results in intracranial compartment and veins of the right inner ear. ICP: intracranial compartment, VCAQ: vein of the
cochlear aqueduct, LABV: labyrinthine vein. For each vessel and location, the left bar corresponds to the healthy control (HC), the mid-
dle bar refers to the pathological case A and the right bar to the pathological case B.
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(SSS) and inferior sagittal sinus (ISS). It is
seen that the pressure rise generated by the
extracranial venous strictures is transmitted
back to the intracranial circulation and is
computed to be around 1.5 mmHg.
However, a corresponding variation of flow
is not obvious in these vessels, as blood
cannot exploit collateral vessels, as was the
case in the IJVs. Blood pressure of the SSS
is particularly important, as reabsorption of
CSF into the venous vasculature depends
linearly on the pressure difference between
the intracranial compartment and the
SSS.21,30 Therefore, higher blood pressure in
SSS leads to reduced CSF reabsorption,
increased CSF pressure and intracranial
hypertension. Right panel of Figure 6 shows
a comparison of computed cardiac-cycle
averaged pressures for the HC and the two
pathological cases A and B, in the intracra-
nial compartment (intracranial pressure,
ICP) and the inner ear veins considered in
this study, namely the VCAQ and the
LABV.

Our mathematical model assumes that
the intracranial pressure ICP acts as the
external pressure on cerebral veins and
inner ear veins. Starling resistors are intro-
duced in the middle of all the cerebral veins,
as well as in the inner ear veins. Part of the
function of Starling resistors is to prevent
automatic backward transmission of pres-
sure waves from external vessels up to the
terminal intracranial veins and to prevent
cerebral venous collapse due to the action
of intracranial pressure. Hence, the
observed venous hypertension in the inner
ear veins is not directly caused by the back-
ward transmitted pressure waves from the
obstructed sites, as occurs in the dural
sinuses, but is originated by its external
pressure increase (ICP). Indeed, this could
be seen explicitly from the tube law:21,22 a
higher external pressure acting on the vessel
wall induces a higher internal pressure in
the same vessel. Moreover, it is worth not-
ing that in the inner ear veins, as well as in
the intracranial compartment, the pressure
increment from the HC and the pathological
cases is not significantly different from the
respective increments in the dural sinuses.

This concludes the study of the effect of
extracranial venous stenosis on brain
haemodynamics and on inner ear circula-
tion in particular. Next we study the effect
of another kind of extracranial venous
anomaly, namely stenotic venous valves.

Stenotic venous valves
The presence of valves in the human

jugular veins has long been established,
starting from cadaveric dissection studies,
even though their anatomy, prevalence and
competence are still the ongoing subject of

studies.36 Valves in jugular veins are meant
to ensure one-way venous blood flow and,
apart from stenotic malformations, are the
only structures that may modify such
venous blood flow as well as pressure wave
propagation between the brain and the right
atrium. It is therefore reasonable to suppose
that valve malfunction may have an effect
on intracranial venous haemodynamics. As
a matter of fact, Toro and collaborators25

found that valve function has a visible effect
on intracranial venous haemodynamics,
including dural sinuses and deep cerebral
veins. They reported that valve obstruction
causes venous reflux, redirection of flow
and intracranial venous hypertension. Two
modes of valve functioning were identified
in their model,25 namely obstructed or
stenotic valves, which cannot reach total
opening, and incompetent valves, which
cannot reach total closure. They also report-
ed that valve incompetence leads to small
alterations of pressure within intracranial
veins, while valve obstruction can have
more visible effect, depending on the
degree of obstruction. Obstructions greater
than about 75% produce substantial pres-
sure increases, above which the pressure
increase grows very sharply with the degree
of occlusion. In the study of Toro and col-
laborators,25 the mathematical model used
did not include a detailed inner ear circula-
tion network and was therefore not applica-
ble to the topic of concern in the present
paper.

It is reasonable to suppose that the same
mechanism regarding stenoses and the
results reported in 37 could be relevant. We
may therefore hypothesize that valve mal-
functioning would generate pressure
increases that would be transmitted up to
the intracranial compartment, and to the

inner ear circulation. That is, valve incom-
petence may be a cause for venous blood
pressure rise around the inner ear. For the
present study we considered two cases of
stenotic valves that cannot attain full open-
ing, named case C and case D (Figure 7).
Case C is characterised by a stenotic valve
in the left IJV, while case D considers
stenotic valves (symmetric) in both left and
right IJVs. Valves are located in the proxi-
mal segment of the vein, downstream of the
location of the stenoses considered in cases
A and B in the previous section on vein
stenosis. In both cases a valve obstruction
of 75% of the reference cross-sectional area
was assumed, when the valve has achieved
its maximum opening. Figures 8 and 9 show
our computed pressure and venous flow in
the IJVs and in the inner ear veins, respec-
tively. The results show the same tendency
as those for stenotic veins of the previous
subsection, though in general the variation
in haemodynamical quantities is less pro-
nounced. The histograms of Figure 10 sum-
marise the cardiac cycle averaged pressures
in the main dural sinuses, in the intracranial
compartment and in the inner ear veins. As
for the stenosed vessels, a pressure rise is
originated in the IJVs upstream of the
stenotic valves, and is transmitted up to the
dural sinuses, into the intracranial compart-
ment and deep cerebral veins. Also in this
case, the increased external pressure acting
on the inner ear veins produces a venous
blood pressure rise in the inner ear circula-
tion. Essentially, a stenotic valve restricts
the amount of outflowing blood from the
brain and thus it reproduces the behaviour
associated to a venous stenosis. In cases C
and D we have considered a constriction of
75%, and the pressure rise observed is less
severe than that of cases A and B. In fact the

Figure 7. Stenotic venous valves. Valves are represented by green triangles and are present
in both IJVs and EJVs. The pathological cases characterized by stenotic valves are repre-
sented by red circles: cases C (left) and D (right).
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Figure 8. Stenotic venous valves. Computed results for two locations of each IJV, one upstream and one downstream the stenotic valve.
The left colum shows vessel locations of interest, the middle colum shows computed pressure and the right column shows computed
venous blood flow. Three model simulations are shown: the healthy case (HC: continuous line) and pathological cases C (dashed line)
and D (dashed and dotted line). Numbers in square brackets in the legends represent the average of the computed quantity over the
cardiac cycle. Vessel numbering is consistent with 21,22.

Figure 9. Stenotic Venous Valves. Computed results for the right inner ear veins. The left colum shows vessel locations of interest, the
middle colum shows computed pressure and the right column shows computed venous blood flow. Three model simulations are shown:
the healthy case (HC: continuous line) and the pathological cases C (dashed line) and D (dashed and dotted line). Numbers square
brackets in legend represent the average of the computed quantity over the cardiac cycle.
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difference in pressure jump across a stenotic
valve between the healthy control and the
pathological cases C and D is about 
Dp ≈ 0.3 mmHg. As noted in 25, the haemo-
dynamical effect of the degree of valve
occlusion rises sharply from about 75%.
This means that the case considered here is
that of a low-degree valve occlusion and
therefore its effect on venous hypertension
is less marked than in the case of venous
stenoses. Also to be noted is the fact that the
AV has normally a very small cross-section-
al area, and therefore its obstruction does
not visibly influence the results. Moreover,
we also note that valves are located below
the segments of the IJVs that are stenosed in
cases A and B. This means that blood
blocked by the stenotic valves can exploit a
larger number of collaterals to allow blood
flow towards the heart. Therefore a smaller
amount of blood is collected above the
valve, thus a smaller pressure rise is
observed.

A comment on CSF pressure, intracra-
nial hypertension and CSF reabsorption is in
order. Figure 10, right frame, includes results
for ICP, the pressure in the CSF compart-
ment. ICP increases in the presence of
extracranial venous strictures, even if such
increases are modest. Our computations
show, details omitted, that this is a conse-
quence of increased venous pressure in SSS,
thereby hampering CSF reabsorption and
thus favouring CSF accumulation. We
emphasise that the present version of our
global model adopts a single 0D model for

the entire CSF compartment. This is indeed a
limitation of the model, as its local resolu-
tion, in the inner ear zone for example, would
be poor, though still retaining the trend.

Discussion and Conclusions
The reported work in the present paper

falls within a wider recently started research
effort aimed at studying cerebral venous
flow in humans. In particular, the potential
consequences of disturbed cerebral venous
outflow, broadly represented by CCSVI.2

Here CCSVI is interpreted as involving sev-
eral anomalous patterns of malformations in
the neck veins and/or in the AV, including
venous valve anomalies, that perturbs cere-
bral venous outflow. Besides MS and MD,
several other neurological diseases have
been hypothesized to be related to CCSVI,
such as bilateral sudden sensorineural hear-
ing loss38 (SSNHL), transient global amne-
sia (TGA),39 retinal abnormalities40 and
idiopathic Parkinson’s disease.41 See 27 for a
review. The lack of simple and non-invasive
techniques capable of measuring intracra-
nial venous pressure has revealed the neces-
sity of alternative methods to examine the
effects of strictures on the cerebral venous
circulation. The development of mathemat-
ical models for the circulation certainly pro-
vides promising tools for this kind of
research, but not without its own limita-
tions. A major difficulty is the vast intersub-

ject variability, particularly in the venous
district, which prevents the adoption of a
universal description for a human body. The
variability of the head and neck venous sys-
tem has been demonstrated through the
years, in terms of vessel dimensions and
geometry; depending on these factors,
blood main routes toward the heart can be
very different from one individual to anoth-
er. See, for example, Doepp et al.42 for a
large study on the most common extracra-
nial routes in the supine position; see
Valdueza et al.43 for the rearrangement of
blood outflow paths in an individual under
change of posture. Our mathematical model
uses detailed patient-specific geometry of
the head and neck venous network obtained
by means of MRI techniques.

In this paper we have established two
interrelated consequences of CCSVI-like
anomalies, namely i) intracranial venous
hypertension, with disturbed inner ear cir-
culation and inner-ear venous hypertension
and ii) increased CSF pressure and associat-
ed intracranial hypertension. Previous stud-
ies have tended to decouple the roles of the
venous and CSF compartments, when in
fact their fluid dynamics and physiology are
intimately linked. Several reported animal
experiments are based on injection of artifi-
cial CSF to raise intracranial pressure. In
our model, intracranial hypertension and
intracranial venous hypertension are the
physiological consequence of increased
intracranial venous volume due to extracra-
nial venous outflow strictures; increased

Figure 10. The two panels represent the computed cardiac-cycle averaged pressures in case of stenotic venous valves. Left panel summa-
rizes the results in the main dural sinuses of the venous network. SPS: superior petrosal sinus, IPS: inferior petrosal sinus, TS: transverse
sinus, SSS: superior sagittal sinus and ISS: inferior sagittal sinus. (Vessel numbering is consistent with 21,22). Right panel summarizes
the results in intracranial compartment and veins of the right inner ear. ICP: intracranial compartment, VCAQ: vein of the cochlear
aqueduct, LABV: labyrinthine vein. For each vessel and location, the left bar corresponds to the healthy control (HC), the middle bar
refers to the pathological case C and the right bar to the pathological case D.
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venous pressure hampers CSF reabsoption
leading to increased CSF pressures.

Inner-ear venous hypertension has for a
long time been regarded as a hallmark of
MD.8,9,14-16,44 In the animal experiments of
Friis and Qvortrup 8 they blocked the
venous flow in the VVA that drains into the
sigmoid sinus. They visualized the reversed
venous blood flow direction (reflux) in the
extraosseous part of the vein. They argued
that reversed venous flow in the VVA
toward the inner ear could potentially cause
portal circulation in the inner ear, with a
range of potential consequences, including
risk of thrombosis, local hypoperfusion and
accumulation of neurotoxic materials. In the
present work the blockage was performed
in humans in the extracranial veins, leading
to analogous observations, including
reversed flow and venous hypertension.

Our second result regarding increased
CSF pressure is perhaps more appealing in
trying to understand the mechanisms at
work. Subarachnoid spaces and thus CSF
are directly in contact with the perilymphat-
ic space through the cochlear aqueduct.
Increases in CSF pressure are transmitted
directly and rapidly to the perilymphatic
space, as demonstrated by the early animal
experiments of Carlborg and Farmer.44

There is evidence that CSF pressure
increases are also transmitted, even if more
slowly, to the endolymphatic space via the
endolymphatic sac and endolymphatic duct.
A key issue is the pressure difference 
DPReiss ≠ 0 (in absolute value) across the
endolabyrinthine membrane (the Reissner
membrane) between the endolymphatic
space and and perilympahtic space. While
many investigators consider to be incom-
patible under physiological conditions,
there are many investigations in which,
even if small, a pressure difference is found
e.g.45 Some authors have suggested that
DPReiss in the range 1.4 to 3.5 mmHg would
lead to rupture of the endolabyrinthine
membranes.44

At this stage it is worth noting the elec-
trolyte levels of perilymph and endolymph.
Sensory and neural structures are normally
bathed in perilymph, which has electrolyte
levels similar to CSF, suitable for neural
transmission. Moreover, the potassium level
of endolymph is toxic to sensory and neural
structures and blocks neural excitation and
transmission.16 On the other hand, histolog-
ical studies suggest that the acute vertigi-
nous episodes are caused by potassium
intoxication following ruptures of the mem-
branous labyrinth. Schuknecht16 described
the pathophysiology of endolymphatic
hydrops, whose cause he ascribes to the
occlusion of the endolymphatic duct and
that the sudden onset of vertigo episodes is

acute vestibular paralysis caused by potas-
sium intoxication following a rupture of the
endolymphatic system. Vertigo episodes
have limited time duration, due to the heal-
ing capacity of the membranous labyrinth,
whose ability to repair itself has been
demonstrated in animal studies.

Our theoretical results are consistent
with the above observations and with the
animal experiments of Yoshida and
Uemura,18 in that hypertension is also
observable in other fluids in the inner ear, in
the perilymphatic and endolymphatic
spaces. As already indicated, the perilym-
phatic space has a relatively free communi-
cation with the subarachnoid space via the
cochlear aqueduct, through which CSF
pressure waves are transmitted. The
endolymphatic sac and the endolymphatic
duct, on the other hand, would also transmit
CSF pressure waves to the endolymphatic
space that in theory would equilibrate pres-
sure across the interface between the
endolymphatic space and the perilymphatic
space, the Reissner membrane. According
to these authors,18 both the endolymphatic
and perilymphatic pressures rise linearly
and proportionally to ICP increment, and
that a pressure rise in the CSF space is asso-
ciated to an analogous pressure rise in both
inner ear fluid spaces. No significant time
lag was observed between the CSF pressure
rise and the alteration of the inner ear fluids.
Moreover, no hydrostatic pressure gradient
was observed between the two inner ear
spaces, though this result is at variance with
the previously mentioned studies. The
experiments in18 suggest that a chronic ele-
vation of the CSF pressure due to the
extracranial venous occlusions would result
in a chronic elevation of the endolymphatic
and perilymphatic pressures. From their
measurements, a linear relation is observed
between the CSF pressure increase and the
endolymphatic pressure increase, with
slope m = 0.89. A similar behaviour is
observed between ICP and perilympahtic
pressure, with slope m = 0.84. They argue
that the slopes should be m = 1.0 and that
experimental details prevented this from
happening. Assuming their experimental
finding is correct, our computed CSF pres-
sure rise DPcsf ≈ 1.3 mmHg in our case B
may result, with good approximation, in an
increment of DPend ≈ 0.3 mmHg in the
endolymphatic space and an increment of
DPper ≈ 1 mmHg in the perilymphatic space.

Another aspect of the experimental
work in 18 is the effect of CSF pressure rise
on the hearing function. To that end, they
measured the cochlear microphonic (CM);
this is an electric signal generated by the
hair cell movement, which is proportional
to the displacement of the basilar mem-

brane, a structure of the inner ear responsi-
ble for the transduction of sound waves into
an electric signal. This displacement is thus
proportional to the amplitude of the signal
sent to the brain. The authors observed a
reduction of the CM intensity, which they
ascribed to the decreased cochlear blood
flow. A clear consequence of this behaviour
was that a low acoustic stimulus was not
longer recognized and thus the hearing
threshold was raised, in the case of a high
CSF pressure. Furthermore, the mechanism
was shown to be reversible, so that the nor-
mal acoustic function was restored when
CSF pressure was set back to normal val-
ues. We note that their observations were
associated to very high values of CSF pres-
sure. Such high values cannot be reached in
a CCSVI subject on a supine position alone,
unless additional factors come into play,
such as sudden postural change, Valsalva
type manoeuvres or external compression
of the head.

In a study conducted by Valk et al.,37

endolymphatic hydrops was induced in
guinea pigs by inserting artificial
endolymph in the endolymphatic space and
thus causing inner ear pressure rise consis-
tent with the increments observed in our
simulations. The experiments of
Silverstein17 support the theory that the
onset of vertigo episodes follows the rup-
ture of the membranous labyrinth. He
injected artificial endolymph into the peri-
lymphatic space in cats, thus producing a
sudden increase in the potassium concentra-
tion of the perilymphatic fluid, which is
what would happen in the actual rupture of
the membranous labyrinth. In reality, after
the membrane rupture, potassium ions are
pushed towards the perilymphatic space by
the osmotic pressure gradient, thus reducing
its electric potential and blocking the neural
structures, and thus reducing the hearing
function.

Promising biophysically based thera-
pies have recently been put forward; see for
example the works of Bruno and collabora-
tors.5,6 The present work is a contribution to
the study of the basic underlying mecha-
nisms that may explain the encouraging
results of these therapies, though much
work is still needed. A limitation of the pre-
sent work is that the simulations were car-
ried out for a subject in the supine position.
Some challenging algorithmic problems
need to be resolved in order to simulate pos-
tural changes. These are the subject of cur-
rent investigations. Another limitation is the
representation of the CSF compartment.
The current version assumes a single CSF
compartment; this is indeed too simple.
Current developments (Toro EF, et al.
Holistic multi-fluid mathematical model for
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the central nervous system; 2017 - data not
published) assume a more detailed CSF
model that includes the four cerebral ventri-
cles, where CSF is actually produced, the
aqueduct of Sylvius, the cerebral subarach-
noid space, the spinal subarachnoid space
and the brain parenchyma.46 Another possi-
ble future extension would be the construc-
tion of a submodel for the inner ear that
includes the endolymphatic and the peri-
lymphatic spaces, in order to analyse in
more detail the pressure variations of these
fluids as a result of CSF pressure rise.
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