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Abstract

The current management strategy of hydrocephalus mainly involves the insertion of a ventriculoperitoneal shunt and is inherently related
with a complication widely known as shunt over-drainage. Albeit this is a well-recognized complication, the true incidence and severity
of this phenomenon remains undefined and most probably underdiagnosed, necessitating a more comprehensive pathophysiologic and
therapeutic consideration. The slit ventricle syndrome is intimately related with the entity of shunt over-drainage, although who’s the
definition of the former is implicated by a lack of universally accepted inclusion criteria. Another point of controversy is related with
the absence of widely accepted criteria that would be able to discriminate the existing differentiations between these two entities. This is
reflected in the fact that there are many proposed, relevant, treatment protocols. The background for all this data is based on the uncertainty
and ambiguity regarding the pathophysiological mechanisms that are implicated. Current efforts are centered on the implementation of
precautionary measures, as well as on treatment of both of these entities. Currently, there are enough evidence that support the concept
that prevention of siphoning via the use of gravitational valves or antisiphon devices is the most efficacious means contained in our
current therapeutic armamentarium. We attempt to present an overview of this complex entity, emphasizing on the hydrodynamics of
the cerebrospinal fluid circulation in conditions harboring a ventriculoperitoneal shunt, the effect of the siphoning effect and the role of
programmable valves and anti-siphon devices in our effort to eliminate this phenomenon. Based on an extensive literature review and on
expert opinion, we concluded that the insertion of an anti-siphon device (gravitational shunt valves) could reliably address the issue of
over-drainage, when a patient assumes a vertical position. Besides that, there are ongoing prospective studies centered on the safety and
efficacy of adjustable gravitational valves, whose results are of ultimate importance. It is of paramount importance to be recognized that,
due to the complexity of the pathophysiology of shunted hydrocephalus, lifelong follow-up of patients with ventriculoperitoneal shunts
is necessary.
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1. Introduction Nowadays, it is common concept that cerebrospinal
fluid shunting via the introduction of a ventriculoperitoneal
shunt system constitutes the most efficacious treatment
modality for the management of hydrocephalus, irrespec-
tive of its underlying pathophysiology. Albeit this proce-
dure has definitely proved to be a live-saving operation, ca-
pable of improving the quality of life of the affected individ-
uals, we should not ignore the fact that it is accompanied by
a wide spectrum of complications. Over-drainage of cere-
brospinal fluid (CSF) is currently recognized as one of the
most devastating and difficult to manage complications af-
ter ventriculoperitoneal shunt implantation. It may present
with a wide spectrum of clinical manifestations, ranging
from postural headaches, subdural hematomas hygromas,
secondary stenosis/occlusion of the aqueduct of Sylvius,
secondary craniosynostosis, slit ventricle syndrome, as well

Hydrocephalus currently consists the most commonly
encountered pathological entity related to neurosurgery in
the pediatric population [1-4]. The affected individuals
constitute a relatively large proportion of the children pop-
ulation that is admitted to the hospital [5]. It is common
concept that the most commonly selected treatment option
involves the insertion of a ventriculoperitoneal shunt. Nev-
ertheless, even-though the insertion of a shunt device is
definitively associated with improvement of the survival
rate, its use is not devoid of complications that interfere
with the quality of life of the affected individuals [3]. In
an effort to overcome these shortcomings of the available
drainage systems, several technical adjustments have been
investigated, in order to ameliorate the inherent limitations
that accompany the use of a shunt system [6].
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as ventricular catheter obstruction [7,8]. The exact in-
cidence of shunt over-drainage is yet to be specified, as
a wide divergence exists between the reported incidence
rates, which range between 2% and 71%. This could be at-
tributed to the inhomogeneity that exists between different
study populations, duration of follow-up, and to the lack of
a uniformly accepted definition for over-drainage [9—17].
The basic tenet of our study is to review the entities of
shunt over-drainage and slit ventricle syndrome, which are
among the most devastating complications associated with
the insertion of ventriculoperitoneal shunts in the pediatric
population, as well as to discuss the relevant technologi-
cal advancements that aim to counteract these side effects.
Namely, the entity of siphoning, as well as the usefulness of
anti-siphon devices and programmable valves are analyzed,
taking into consideration the current trends in the literature.

2. Discussion
2.1 Physiologic CSF Dynamics

The “normal” range of intracranial pressure (ICP)
measurements ranges from 10 + 5 cmH»O in supine posi-
tion, which turns to 0 + 5 cmH>O when the patient adopts
the upright position. We would like to mention that children
and adults cannot be discussed with the same intracranial
pressure and this paper focus specifically on complications
in children. In addition, there exist changes regarding the
normal intracranial pressure that are associated with age.
An overly simplified pattern which attempts to interpret the
siphoning effect assumes that the decrease in ICP values
when the patient moves from the supine to upright posi-
tion is linearly correlated to the height of the fluid column
that connects the external auditory canal and the top of the
peritoneal cavity. That practically means that, as the verti-
cal distance between these anatomical points is on average
50-70 cm in an adult, the expected alteration of ICP values
would be in the same range, that is about 50 cmH5O. Never-
theless, this theoretical observation is far away from what
happens in reality. In order to provide an explanation for
that deviation, cardiovascular studies have proposed that a
venous hydrostatic indifference point exists and its location
should be regarded to be around the top of the diaphragm.
When the patient assumes an upright position, measure-
ments of the venous pressure above this point are consis-
tent with decreased values, whereas the values of these pa-
rameters below that point seem to be increased [7]. Studies
have pointed that the value of pressure that refers to this
hydrostatic indifference point is constant, regardless of the
position that is adopted by any relevant individual. Apart
from that point, there seems to be another relevant point, as
it is described by the model of Magnaes [18]. According to
that, it is hypothesized that another hydrostatic indifference
points along with the CSF axis, which is postulated to be lo-
cated between C6 and T5. Nevertheless, other reports pro-
vided evidence which were arguing against this hypothesis,
considering that this assumption was reliable only when the

patient adopts a horizontal and vertical position. When the
body assumes an intermediate, tilted, posture, the ICP val-
ues that are calculated, according to this model, are over-
estimated [19]. To confirm this claim, we mention in vivo
studies which have measured a spectrum of different ICP
values which fluctuate around 10 cmH5O, in supine and up-
right positions [20]. This phenomenon is attributed to the
collapse of the lumen of the internal jugular vein when the
patient assumes a vertical position [21]. There is evidence
to support that the reference point of the hydrostatic wa-
ter column is in accordance with the collapsed segment of
internal jugular vein (IJV), which is 10-11 cm below the
level of the tragus. This theory provides a satisfactory ex-
planation of the fact that there is a moderate decrease of ICP
measurements in human subjects, when they adopt a verti-
cal position. When the patient assumes an upright position,
the lumen of the 1JV remains patent, nevertheless is nearly
totally occluded. Under such circumstances, the blood flow
through this venous channel flutters and there is an inter-
rupted, not continuous, mode of flow. Apart from that,
under such circumstances, the flow is strongly related to
the rate of blood inflow to the upstream segment. The cor-
relation that was mentioned between the differential pres-
sures, as this was calculated between the cranial vault and
the venous hydrostatic indifference point, is not evident un-
der these terms. Practically speaking, we could consider,
under simplistic terms, that the IJVs are an equivalent to
mechanical anti-siphon devices (ASDs).

2.2 Shunted CSF Dynamics

The basic tenet of the insertion of a VP shunt is to
provide a route in order to effectively bypass the transdural
route of CSF absorption, by utilizing a relatively low resis-
tance pathway, especially in subjects suffering from with
increased CSF outflow resistances. The flow in this path-
way is determined by the perfusion pressure (PP) or the dif-
ferential pressure (DP) across the valve. There are several
reports that have mentioned that ICP can be in the range
of —15 to =35 cmH>O when the patient assumes a vertical
position and is harboring a shunt system [20,22]. On the
contrary, the range of ICP values fluctuates in the range of
—7 to 3 cmH>O in those patients harboring an ASD [22].
The insertion of an ASD is associated with an overall in-
crease in the resistance exerted by the shunt, which may be
evident even in the horizontal position.

2.3 Definition of Slit Ventricle Syndrome (SVS)

The development of this anatomical configuration of
the ventricular system, which is accompanied by a con-
stellation of clinical symptoms, represents a well-known
entity that appears secondarily to the insertion of a ven-
triculoperitoneal shunt, mostly encountered in the pediatric
population. Although its true incidence is probably under-
estimated, it complicates about 4%—37% of patients who
are surgically treated for the management of hydrocephalus
[23-27].
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Table 1. List of the most widely accepted clinical and radiographic criteria of SVS.

Clinical criteria
of the pumping mechanism of the valve.

A triad that involves intermittent headaches lasting 10 to 90 min, small ventricles on imaging studies, and slow refilling [32]

Radiologic criteria Progressive and excessive reduction of ventricular size. Fronto-occipital horn ratio (mean of the sum of the greatest [31]

diameter of the frontal + occipital horn/maximum lateral diameter of the cranium) <0.2 at any time during the follow-up.

As the exact pathophysiologic mechanism that under-
lies the development of that syndrome is under investiga-
tion and not universally accepted, a relevant divergence be-
tween authors views persists. This refers to the adoption of
a widely accepted definition that could precisely describe
the entity of slit ventricle syndrome. As a consequence of
that, there is a lack of agreement regarding the development
of a protocol that could be considered as a treatment algo-
rithm for the affected individuals. This confusion could be
partly attributed to the fact that, although there is a bulk
of evidence and reports in the literature which attempt to
delimit this entity, there is no consensus about the specific
characteristics that should be fulfilled by the affected in-
dividuals in order to be classified under this term. Based
on strict radiological criteria, a percentage that approaches
50% of shunted children could be regarded as eligible can-
didates in order to be grouped under the entity of slit ven-
tricle syndrome. When the clinical criterion is taken into
consideration, that is the existence of recurrent headaches,
these individuals may be categorized under at least 5 clini-
cal groups [28-31]. The fact that the definition of this syn-
drome necessitates a combination of imaging and clinical
prerequisites and, also, the considerable overlap among the
proposed inclusion criteria, constitutes an objective obsta-
cle in our effort to register a widely accepted treatment al-
gorithm.

Table | (Ref. [31,32]) includes the most relevant and
widely accepted clinical and radiological criteria that un-
derline the term ‘slit ventricle syndrome’.

According to our opinion, the combination of the clin-
ical and radiographic criteria that are presented above could
be proposed as a set of minimum defining criteria for future
works.

The most widely accepted clinical patterns which
may be associated radiologically with slit ventricles are:
true over-drainage with negative pressure, an on-off symp-
tom complex, recurring proximal ventricular dysfunction,
chronic subdural collections due to shunt over-drainage and
headaches unrelated to shunt function. Our review of liter-
ature reports regarding SVS revealed a study based on ex-
perts’ experience, which defined SVS as a triad involving
intermittent headaches lasting 10 to 90 min, small ventri-
cles on imaging studies, and slow refilling of the pumping
mechanism of the valve [7].

The aforementioned clinical groups are related to the
proposed underlying mechanism that interfere with their
clinical presentation. The first group is associated with in-
tracranial hypotension. More precisely, these patients suf-
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fer from severe headaches that are not evident while they
adopt a supine position. On the contrary, the headache ap-
pears during the activities of daily living and is substan-
tially deteriorated as soon as the patient maintains an up-
right posture. The only effective means of improvement is
the assumption a supine position. Monitoring shows a sig-
nificantly subnormal ICP.

The second subgroup is related to the entity of inter-
mittent proximal obstruction, or the “on-off symptom com-
plex”. This condition probably represents the most com-
mon of the five clinical manifestations of the syndrome and
it refers to patients who were originally diagnosed as suf-
fering from SVS. Monitoring shows that the ICP of those
patients varies within normal to low range during most of
the day, although ICP values increase abruptly with activity.
During this time period of raised ICP, the clinical equiva-
lent consists of a worsening headache, until the ventricular
catheter regains its patency and the pressure reverts to nor-
mal again.

The third group of affected individuals is character-
ized by the fact that they suffer from increased ICP with a
working shunt, also named as cephalocranial disproportion.
This entity has been universally observed in the context of
hindbrain herniation (Chiari I), as well as is strongly re-
lated with underlying craniofacial disorders such as prema-
ture closure of the lambdoid and coronal sutures, Crouzon’s
and Pfeiffer’s syndrome. The next subcategory is univer-
sally considered as the most difficult entity to manage- it is
named as ‘shunt failure without ventricular enlargement’.
The affected individuals are considered to have signs and
symptoms of increased ICP, which are not accompanied
with enlargement of the ventricular system. Whenever an
exploration of these shunts was performed, the most fre-
quent intra-operative finding was a nonfunctional shunt.
The clinical scenario that is relevant to these patients con-
sists of a progressive symptomatology that is related with
increased ICP and includes morning headaches, progress-
ing to all-day headaches, papilledema, visual loss, and
diplopia. If the condition is not treated early, neurologic de-
terioration and blindness is likely. The most effective man-
agement option consists of a shunt strategy that involves
drainage of the subarachnoid space via a lumbo-peritoneal
shunt. The last subcategory refers to patients suffering from
shunt-related migraine. This population of patients can
complain of refractory migraines or other headache disor-
ders that are unrelated to their shunt.
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2.4 Clinical Efficacy of ASDs in Shunt-induced
Overdrainage Conditions

Mechanisms of ASDs:

Currently, three types of ASD design exist, named di-
aphragm, gravity, and flow reducing devices. An expla-
nation of what kind of machine structure indicates ASDs
follows.

(a) Diaphragm devices (membrane-controlled de-
vices).

This type of anti-siphon includes one or two pressure
sensitive membranes, which are located at the upstream of
the distal catheter. In 1973, Portnoy and Schulte he first
to design a device acting as an antisiphon valve [33,34].
The diaphragm is normally displaced from the crown seat
as long as the inlet pressure, which stands for the ICP, is
greater than atmospheric pressure. The net result of this is
that CSF is allowed to flow through. On the other hand, in
case that the outlet pressure drops below atmospheric pres-
sure, as a result of the suction effect of the distal water col-
umn, the diaphragm is pulled towards the crown seat, which
eventually closes the water channel. The magnitude of the
exerted pressure, that is the value of ICP, required in order
to prevail over the siphon effect, that is the vertical length of
the distal water column, is proportional to the ratio of inlet
and outlet of the diaphragm device.

(b) Gravitational devices (ball-in-cone devices and g-
valves).

This type of anti-siphon incorporates one or several
metal spheres which are included in a titanium cylinder with
a cone shaped seat. The middle column of the water chan-
nel is with an inverted direction. When the device assumes
a horizontal position, the metal balls roll away from the in-
let, thus permitting CSF passage. When the device adopts
a vertical position, the metal balls seat on the cone. The
main structural concept underlying the construction of this
device is that the addition of extra pressure depends on the
weight of the balls against the entering flow of CSF. The
pressure setting of the gravitational device does not inter-
fere in any way the opening pressure in horizontal position.
In combined types of valves, the opening pressure in ver-
tical position is calculated as being the sum of the DP unit
and the gravitational unit.

(c) Flow reducing devices (names as “flow regulated”,
“flow regulating”, “auto-regulating”, “flow controlled”,
“low flow”, and “variable-resistance” devices).

This type of device attempts to reduce the flow of CSF
depending on the differential pressure, instead of body pos-
ture changes. That is, with strict formal criteria, they should
not be considered as an “antisiphon” device. Nevertheless,
this mechanism is used to be discussed along with true an-
tisiphon devices, as they both share in common an ultimate
goal, that is the prevention of over-drainage. The most dis-
tinct feature of this subcategory of devices is that their func-
tion is not intimately related with body posture. These de-
vices lack the inherent characteristics that accompany an

original anti-siphon device. Their function is rather based
on flow reducing and not counteracting siphon effect. It
deserves special mention that in patients suffering from slit
ventricle syndrome, there may not be adequate amount of
CSF, capable of producing flow above the threshold of state
switching.

When premature neonates (aforementioned as up to 36
weeks gestation) are taken into consideration, the develop-
ment of slit like ventricles is a common occurrence, mani-
festing in about 90% [35]. Over-drainage is a phenomenon
that should be attributed to a combination of vasogenic and
postural mechanisms. In normal individuals, the term va-
sogenic effect is utilized in order to refer to the intermit-
tent elevations of the intracranial pressure which could be
attributed to nocturnal vasogenic events, usually exagger-
ated by REM sleep. The net effect of such an event is the
propulsion of CSF toward the spinal subarachnoid space
[36]. When patients harboring a CSF shunt are considered,
the result of the combination of nocturnal vasogenic events,
along with diurnal postural effect, is the drainage of CSF
into the peritoneal cavity and not its maintenance within the
subarachnoid spaces.

At this moment, we consider that brief explanations of
the theories mentioned below should be provided for those
readers less familiar with their details, in order to show how
they relate to the topic of discussion. Pascal’s principle,
also called Pascal’s law, in fluid (gas or liquid) mechanics,
statement that, in a fluid at rest in a closed container, a pres-
sure change in one part is transmitted without loss to every
portion of the fluid and to the walls of the container. The
principle was first enunciated by the French scientist Blaise
Pascal.

The general form of the law is ¥(I) = k Ia, where |
is the intensity or strength of the stimulus in physical units
(energy, weight, pressure, mixture proportions, etc.), (1)
is the magnitude of the sensation evoked by the stimulus,
a is an exponent that depends on the type of stimulation or
sensory modality, and k is a proportionality constant that
depends on the units used.

Molecular Cohesion Theory or Cohesion-tension the-
ory was proposed by Dixon and Jolly in 1894. Water
molecules have a strong mutual force of attraction called
cohesive force, due to which they cannot be easily separated
from one another. The attraction between a water molecule
and the wall of the xylem element is called adhesion.

In fluid dynamics, Bernoulli’s principle (equation)
states that an increase in the speed of a fluid occurs simul-
taneously with a decrease in static pressure or a decrease in
the fluid’s potential energy. The simple form of Bernoulli’s
equation is valid for incompressible flows.

The term ‘siphoning’ refers to the physical phe-
nomenon where fluid continuously flows through an in-
verted U-shaped tube connecting two containers positioned
at different heights. The fluid is “suctioned” from the com-
partment with higher potential energy, while the lower com-
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partment is always the final destination. The adequate and
necessary condition in order to achieve continuous fluid
flow is the existence of a hydrostatic pressure differential.
The traditional theory, which is based on Pascal’s principle
and Stevin’s law, combined with the novel molecular cohe-
sion theory, provides the physical basis of the siphon effect
[37].

Studies focusing on siphoning are based on the
Bernoulli equation as a theoretical background to elucidate
all aspects of this effect. As a general rule, a VP shunt re-
sembles a hydraulic conduit which connects the intracra-
nial and intra-abdominal compartments, which obeys to the
laws that are related to the siphoning effect, when the sys-
tem adopts a vertical position.

Since the 1970s, a lot of efforts have been made in
order to adequately manage the consequences that are inti-
mately related with the effect of gravitational forces, that is
postural drainage effects. We have to mention that the shunt
over-drainage syndrome is affected by a divergent group of
parameters postural effect constitutes a significant contrib-
utor, but is far from been considered as the only determi-
nant of this phenomenon. Under the general term “Anti-
siphon”, or more precisely, “over-drainage-preventing” de-
vices, are included accessory devices that are connected in
tandem and peripherally to the main valve mechanism of
the shunt system, regardless of the underlying mechanism
of action that is inherent with each individual device. Al-
though there is significant improvement regarding the tech-
nical aspects of the synchronous anti-siphon devices, we are
far away from the desired end point, which is to dispose the
optimum over-drainage-preventing device.

Regardless of the specific subtype of ASD that is uti-
lized in any individual patient, all of the available devices
seem to be efficacious, to a lesser or greater extent, to coun-
teract the negative suction effect of siphoning [7]. As the
inclusion criteria for the over-drainage syndrome are not
universally accepted in the literature, results should be in-
terpreted carefully. The determination of superiority of one
device over another is difficult, mainly due to the paucity
of in vivo comparison in the literature [7]. It is well known
that this clinical entity is mainly encountered in older chil-
dren who are suffering from hydrocephalus during infancy,
and are harboring a shunt from that period of their life
[38]. Nowadays, the insertion of or even the replacement
of an ASD or the combination of that device with a pro-
grammable valve is considered to be the most widely ac-
cepted and scientifically sound treatment option. The in-
sertion (at the time of initial insertion of a shunt or during
follow-up) of an ASD has been associated with a signifi-
cant decrease in the rate of development of SVS, as well as
with a lesser incidence of ventricular catheter obstruction
[39,40]. A study has mentioned that its use is positively
related with the acquisition of better intellectual outcomes
[41]. To the best of our knowledge, an ideal ASD does not
exist. This should be a device that could be suitable for
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patients harboring different underlying etiologies of hydro-
cephalus, and could adapt its function to parameters such as
age, physical activity, and BMI. The most logical explana-
tion is that no one device could be as physiologic as IJV is.
Apart from that, the indication of insertion of an ASD and
the specific subtype of ASD should be determined accord-
ing to the individual requirements of any individual patient.

2.5 The Role of Programmable Valves in the
Counteraction of Shunt Over-drainage

There is ongoing controversy regarding the most ap-
propriate treatment algorithm for patients suffering from
pediatric hydrocephalus [1,10,32]. A lot of literature re-
ports exist that point out the increased failure rate which
is intimately related with the insertion of a VPS estimates
exist that it could reach the level of 40% during the first
year after shunt insertion. Besides that, an increased ten-
dency toward shunt failure seems to be present, with sub-
sequent VPS revision rates lying between 40% and 60%
[42,43]. Apart from that, when we are treating patients
suffering from infantile post-hemorrhagic hydrocephalus of
prematurity, they are by definition implicated with the long-
term risk of shunt-revision surgeries throughout their life-
times [44]. According to published series, the selection
of fixed opening pressure valvular mechanisms has been
shown to be a safe and efficacious option for a great num-
ber of patients [45]. Nevertheless, this strategy could be
inappropriate for an unknown number of patients, eventu-
ally leading to CSF over-drainage due to siphoning effect
or, on the other hand, inadequate drainage of the ventricu-
lar system. Although both of these conditions are diametri-
cally opposed to each other, they share in common the fact
that they are potentially life-threating complications [45].
There is a wide spectrum of relevant side effects, which in-
corporate the development of slit-ventricle syndrome, loss
of cerebral compliance [46—48], and occasionally, cranio-
cephalic disproportion [37]. Undoubtedly, the selection of
the optimum opening pressure of shunts in children remains
an unresolved problem. Currently, there is lack of widely
accepted guidelines regarding the optimum functional char-
acteristics of ventriculoperitoneal shunts [49].

The designation and widespread utilization of pro-
grammable valvular mechanisms is based on our effort to
eliminate the adverse effects that accompany the insertion
of fixed, non-programmable, opening pressure valves [3].
The ultimate goal that is inherently related with their selec-
tion is to enhance our capability to regulate CSF flow and
to adapt the rate of drainage to the individual patient re-
quirements. The ultimate goal is to eliminate the possibil-
ity of development of proximal (central ventricular) shunt
obstruction. These complications are better described un-
der the terms of slit ventricle syndrome and CSF under-
and over-drainage [3]. On a theoretical basis, the selection
of a programmable valve in situ offers the opportunity to
decrease the number of shunt revision procedures that are
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intimately related with a suboptimal regulation of the rate
of CSF drainage. This advantage is related to the ability
to non-invasively adjust the shunt valve opening pressure
[50,51]. Undoubtedly, this option is definitively an impor-
tant aid in our effort to optimally manage issues related to
CSF drainage. Nevertheless, we should mention that there
is lack of randomized controlled trials, based on a large co-
hort of patients, aiming to compare the relative efficacy of
the different valve systems. More precisely, these studies
should consider that there exists a divergent group of under-
lying pathological conditions encountered in the pediatric
population. Given the inherent heterogeneity that is asso-
ciated with the pathologic substrate that accompanies the
cases of pediatric hydrocephalus, the individual character-
istics of every patient should be taken into consideration in
order to make our ultimate choice regarding the most appro-
priate PSV. According to a recent publication [1], there are
very specific indications that render the utilization of pro-
grammable opening pressure valves as mandatory. These
include all patients for whom there is uncertainty regarding
the selection of the optimum opening pressure, along with
a specific subgroup of patients that are prone to the devel-
opment of alterations in CSF dynamics over time. Under
this general term are included all patients suffering from
slit ventricle syndrome, as well as those at risk of CSF over-
drainage. The aforementioned study supports that the use of
PSV is of potential benefit for those patients that are prone
to demonstrate shunt-related complications of failure, over
drainage and cerebral non-compliance.

In concordance with the aforementioned observations,
we attempt to briefly present the technical advancements
that are intended to eliminate these adverse effects of the
commercially available shunt systems. A first step was the
innovation of the programmable shunt valves, which un-
doubtedly have been selected as the most indicated option
for patients suffering from hydrocephalus. This is based
on the concept that the incorporation of a valvular mech-
anism offering the ability to adjust the opening pressure,
enables the treating physician to alter this pressure in a
non-invasively manner. These adjustments should be per-
formed in accordance with the ongoing alterations of the
patient’s clinical course that are recorded after VPS inser-
tion [52,53]. However, the existing evidence regarding the
effectiveness of PSV are misleading and difficult to inter-
pret. More precisely, there are reports that were unable to
compose a statistically significant differentiation when they
compared the relevant shunt failure rates that were associ-
ated with the use of PSV, in comparison with traditional
fixed opening pressure valve systems in children [17,49].
On the other hand, several studies exist that argue against
the opposite [6,54]. To the best of our knowledge, there is
no universal agreement regarding the definition of the opti-
mum shunt characteristics that are dedicated to the pediatric
population. Besides that, there is no uniform agreement re-
garding the existence of peculiar patient characteristics, that

should be taken into consideration, in order to make our ul-
timate choice [17,42,55—62]. In order to fully elucidate the
challenges relevant to the management of children harbor-
ing shunts, we should strongly take into consideration the
fact that this subgroup of patients is subject to physiolog-
ical alterations that may interfere with CSF drainage rates
during their lifetimes.

In order to explain in more details some concepts, such
as ‘pressure differentials in various positions’, as well as
the antisiphon phenomenon attributed to the 1JV, we con-
sidered that adding Figs. 1,2,3,4,5,6,7,8 along with some
diagrams, could illustrate better all these issues. The fol-
lowing features are designed in order to explain the mech-
anism of action of ASDs, as well as to explain the role of
1JV, in conjunction with the antisiphon phenomenon.

&=

Fig. 1. When the patient lies in the supine position, only the
adjustable unit is active (at this figure, the selected opening
pressure is 5 mmH>O). In the upright position, the gravitational
and adjustable unit work together. In the example shown, a gravi-
tational unit with 25 cmH»O has been selected. The total opening
pressure therefore amounts to 30 cmH2O when standing. More
precisely, this figure states the following: Supine position: When
the patient is in the supine position, only the adjustable unit is ac-
tive and preset to 5 cmH»O. The gravitational unit is not active
in this body position. Upright position: In the upright position,
the gravitational and adjustable unit work together. As the patient
sits up, the tantalum ball (presented in green) is activated within
the gravitational unit and due to its gravitational forces causes an
increase in the valve opening pressure. In the example shown,
a gravitational unit with 25 cmH>O has been selected. The total
opening pressure therefore amounts to 30 cmH2O when standing.
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Fig. 2. ICP values in normal subjects, as measured at different

body positions.

&

Fig. 3. ICP measurements in patients suffering from hydro-

cephalus (without shunt insertion).

&

Fig. 4. Variation in ICP values in patients harboring a non-
adjustable valvular mechanism for hydrocephalus (low pres-
sure, medium pressure, high pressure) without an ASD, when

moving from supine to upright posture.

Patient with CSF diversion in supine position
(Fig. 9B). Under such circumstances, pressures are simi-
lar to the normal counterpart yet during upright positioning.
Moreover, the CSF zero point of the craniospinal axis has
shifted caudally to the upper thoracic region. Because of
that, CSF pressure (Pcsf) will be less (more negative since
further away from the zero point) relative to sagittal sinus
pressure (Pss) (Pcsf < Pss).
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Fig. 5. Variation in ICP values in patients harboring an ad-
justable valvular mechanism for hydrocephalus without an

ASD, when moving from supine to upright posture.

&~

Fig. 6. Variation in ICP values in patients harboring an
adjustable valvular mechanism with a non-adjustable ASD,
when moving from supine to upright posture. In this paradigm,
we present the case of an adjustable valvular mechanism between
0-20 cmH>0.

&

Fig. 7. Variation in ICP values in patients harboring a non-
adjustable valvular mechanism and an adjustable ASD for hy-
drocephalus, when moving from supine to upright posture. In
this paradigm, we present the case of an adjustable ASD between
0-40 cmH>0.

The vertical arrow in (Fig. 9A) represents the approx-
imate location of the right atrium, whereas the horizontal
(blue) arrow in (Fig. 9A) and the horizontal (yellow-red)
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Fig. 8. Variation in ICP values in patients harboring an ad-
justable valvular mechanism and an adjustable ASD for hy-
drocephalus, when moving from supine to upright posture.
In this paradigm, we present the case of an adjustable ASD be-
tween 0—40 cmH2 O, along with an adjustable valve between 0-20
cmH-0.

Ps
Collapsed 1)
\ .Y atJugular bulb

Collapsed 1)
at Jugular bulb

Fig. 9. Schematic diagram presenting a normal individual in
supine position. (A) Where the patient adopts an upright pos-
ture. (B) Patient in the upright position. In this condition, CSF
pressure (Pcsf), which is measured from the EAM to the vertex,
as well as sagittal sinus pressure (Pss), that is measured from the
right atrium, are closely approximated. When the patient adopts
an upright posture, Pcsf (as measured from the foramen magnum)
and Pss (measured from the collapsed internal jugular vein at the
jugular bulb to the vertex), are in close proximity. EAM, external
auditory meatus; FM, foramen magnum; 1J, internal jugular.

arrow in (Fig. 9A) (where the patient adopts an upright pos-
ture) represent the most common position that the valvular
mechanism and, adjacent to it, the ASD, are inserted. The
vertical line that is drawn in figure (Fig. 9B) (patient in the
upright position), represents an approximate estimation of
the distance between the vertex of the skull and the abdom-
inal cavity which plays a major role in the siphoning effect
in patients harboring a ventriculo-peritoneal shunt.

We should mention that, while collapse of ventricles
around an over-draining shunt could cause shunt failure,
one argument used against them is that the antisiphon mech-
anism introduces an additional point of restricted and ir-
regular flow where the shunt mechanism can become ob-
structed by protein/debris. Although the majority of the
published manuscripts mention that there is superiority, re-
garding the clinical outcome, in the group of patients that
are harboring an ASD, this issue remains unresolved. Well-
organized, prospective studies are missing, comparing the
long-term shunt failure rates of the ASD devices, especially
in patients who are prone to occlusion at any point of the
shunt system (i.e., patients with post-hemorrhagic hydro-
cephalus who are characterized by increased protein con-
centration in their CSF).

3. Conclusions

The entities of shunt over-drainage and slit ventricle
syndrome were recognized soon after the initial treatment
of hydrocephalus via the aid of ventriculoperitoneal shunts.
Although a lot of experts have made excellent contribu-
tion in the field of pathophysiology and clinical determi-
nation of these syndromes, several aspects of them remain
undetectable. This is mainly due to the fact that there is a
lack of unified definition criteria regarding these entities, as
well as absence of a commonly accepted strategy regarding
their treatment and their avoidance. As several pathophys-
iological mechanisms are implicated, each one to a lesser
or greater extent, a further work-up is required in order to
specify the precise role of each one of them, and their in-
terrelation. Indeed, new technological insights in the field
of valve technology largely reflect our temptation to en-
hance our available options, regarding the control of CSF
drainage, as well as the avoidance of siphoning effect. Our
ultimate target would be a simulation of the physiological
CSF drainage characteristics. A critical point refers to the
capacity of our body to maintain a physiologic, and stable,
ICP value, adapted to, and irrespective of, different body
positions. It seems that gravitational valves, which incor-
porate an anti-siphon device, represent a construct that is
capable of simulating the sequence of events that accom-
pany the counteraction of hydrodynamic effects that refer to
the assumption of the upright position in normal individu-
als. Apart from that, the use of programmable valves seems
to be beneficial for these patients, as they could be able to
avoid the development of potential shunt-related complica-
tions, such as central ventricular catheter obstruction, over-
drainage and loss of cerebral compliance. As far as safety
and efficacy of gravitational valves have been established,
long-term prospective follow-up studies are warranted, in
order to enhance even further the validity of our current con-
siderations.
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Data Availability Statement

We would like to mention that a bibliographic search
was performed from our side, using Thomson Reuters web
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