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Summary

Background. This article investigates the physical mechanisms in-
volved in the chronic ventricular enlargement that accompanies
communicating hydrocephalus (CH) - including its normal and low-
pressure forms. In particular, it proposes that this phenomenon can
be explained by the combined effect of: (#) a reversal of interstitial
fluid flow in the parenchyma, and () a reduction in the elastic mod-
ulus of the cerebral mantle.

 Method. To investigate this hypothesis, these changes have been
incorporated into a finite element computer simulation of CH, in
which brain tissué is idealized as a sponge-like material, The fluid
pressure in the lateral ventricles and the subarachnoid $pace has been
set to 10 mmHg, while the fluid pressure inside the parenchyma has
béen'set to.7.5 mmHg. The elastic moduli of white and. gray matter
have beeh set to the teduced Valyes. of land 5 kPa, rcspectlvely

Fma’mgs The similation- rcv;a,led :! substantlal ventricular dis-
tension (6 5 mm mean outward dlsplaccment), wh1ch was accom-
panied by the appcaranee of' stress: concentrations in the cerebral
mantle :

Interpretatwn These results support the notion that a relative re-
duction in mtrapanenchymal fluid pressure coupled with low tissue
elasticity can produce both a significant ventricular enlargement and
periventricular solid stress concentrations.

Keywords: Communicating hydrocephaius biomechanics; ven-
tricular enlargement.

Introduction

Hydrocephalus presents many paradoxes including
the distribution of periventricular tissue damage, as-
sociation of ventricular dilatation with high blood
pressure, specific neuropsychological deficits and lack
of correlation in many cases between the size of ven-
tricles, clinical symptoms and the efficacy of a shunt
[25]. While it is easy to understand that ventricu-
lar distension in non-communicating hydrocephalus
{NCH) can be attributed to a transmantle pressure

gradient subsequent to obstruction of the aqueduct
of Sylvius, it remains an unresolved question why in
communicating hydrocephalus (CH) the ventricles
continue to dilate despite free communication between
ventricles and the subarachnoid space and a normal-
ization of ICP [13].

Several authors have proposed explanations for

ventricular enlargement, including: alterations in the

viscoelastic properties of brain parenchyma [23, 33),
raised mean ICP and intracranial pulse pressure [8],
normal tissue stresses [16] and the existence of trans-
mantle pressure gradients [4, 38). However, none of
these studies have been able to convincingly integrate
theoretical considerations, ‘drawn usually from con-
tinuum mechanics, with experimental and clinical ob-
servations. .

In this article we propose the hypothesis that the
chronic ventricular distension that accompanies CH
can be explained by the combined effect of: (4} a re-
versal of interstitial fluid flow into the parenchyma,
and (b) a reduced tissue elasticity.

Metheds

Biomechanics was introduced to the study of hydrocephalus by
Hakim et af {14, 15, 16]. In their pioneering work they proposed that
brain parenchyma can be regarded as “‘an open cell sponge made of
viscoelastic material”. Nagashima ef al. [22] formalized this concept
in terms of the theory of poroelasticity [3], which studies the defor-
mation of porous elastic materials. Since then, the view of brain tis-
sue as a poroelastic material has been used in a number of studies [18,
24, 37]. The deformaticn mechanics of a poroelastic material is de-
scribed by Biot’s equations. As these equations have no general an-
alytical solution, an approximate or numerical solution needs to be
computed using finite element analysis [40]. The anatomical infor-
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mation required to construct the FE mesh for our simulation was

obtained from a T2-weighted, horizontally-orientated MR image of

a brain from a normal volunteer.

Although the material properties of brain tissue are incompletely
defined, experimental evidence suggests that the normal stiffness
value of brain tissue is in the range 10 to 100 kPa [12]. In the hydro-
cephalic brain there is indirect evidence in the form of histological
data from experimental models [28-30] and reduced PVI clinical
data [6, 10, 36] which suggests that the brain tissue elasticity is re-
duced. In this study we have assumed isotropic material properties of
1 kPa and 5 kPa for the elastic moduli of white and gray matter, re-
spectively. A Poisson’s ratio of 0.30 and an hydraulic conductivity of
10~11 m* N-1 57! has also been assumed. The fluid pressure in the
lateral ventricles and the subarachnoid space has been defined at
10 mmHg, within the normal range of ICP.

While it is generally agreed that there is fluid exchange between the
CSF and brain via perivascular spaces, the magnitude and direction
of flow remains controversial [26]). Intraventricular dye-injection ex-
periments have demonstrated that the brain parenchyma acts as a
CSF sink during hydrocephalus [20] while ventricle perfusion ex-
periments suggest that there is a reversal of transependymal flow of
interstitial fluid from CSF to brain [27). More recently it has been
established that perivascular spaces serve as conduits to transport
cerebral interstitial fluid (ISF) to both blood and lymph [5]. In order
to simulate this behavior, a reduced fluid pressure inside the paren-
chyma has been defined at 7.5 mmHg. Intra-vascular pressure at
different points of the cerebrovascular bed will differ from adjacent
interstitial fluid pressure as the result of the interposed compliance of
the vascular wall [7]. Therefore in this study interstitial fluid pressure
refers to the extracellular space fluid pressure and not to vencus
pressure,

Results

In accordance with clinical and experimental ob-
servations, the simulation of brain deformation during
hydrocephalus, as defined by a sequence of FE meshes
demonstrated progressive ventricular expansion. The
magnitude of this enlargement at steady-state is illus-
trated in Fig. 1. The outward movement or displace-
ment of the ventricular wall associated with this dis-
tension was heterogeneous along the antero-posterior
direction of the ventricle. The maximum displacement
occurred in the region of the thalamus with a value
of almost 9 mm (Fig. 1, point B). This was followed
by displacements of 8 and 9 mm in the anterior and
posterior cyngulate gyri, respectively (Fig. 1, points A
& C, respectively) and two regions of very small dis-
placements near the anterior and posterior horns (4.5
and 5.0 mm, respectively). The overall mean outward
displacement of the ventricles was 6.5 mm.

Discussion

Several studies have emphasized the importance of
various physiological mechanisms in the development
of chronic ventricular enlargement during CH [4, 8,
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Fig. 1. This graph illustrates the magnitude of the outward dis-
placement of the ventricular surface

16}. Our FE simulation enabled us to investigate the
effects of intraparenchymal fluid pressure and tissue
elasticity on this process. Qur theoretical analysis con-
firms that realistic alterations in these variables can
result in both a significant ventricular enlargement and
periventricular solid stress concentrations.

One of the early theories of normal pressure hydro-
cephalus (NPH) was that of Fishman [9] and Guinane
[13] who proposed that it was not the absolute ven-
tricular pressure, but rather the difference between
ventricular pressure and the pressure over the cerebral
convexity (the so-called transmantle pressure), that
was the physiological determinant for ventricular di-
latation. However, the existence of such a pressure
gradient has been difficult to confirm. For example,
Hoff and Barber [17] found an ¢levated transmantle
pressure in three of four hydrocephalic patients and
Conner [4] detected a gradient of 0.5 kPa (3.4 cm
H,0) in the cat. However, Shapiro et al [32] failed to
measure any pressure gradient. Regardless of these
data, the measured values of Conner et al are too
small to create any substantial ventricular distention,
given that they are is less than 5% of the typical range
of the stiffness modulus of brain parenchyma. Hakim
ef al. [16] who also postulated the existence of a trans-
mantle pressure gradient, proposed that one of the
laws of mechanics could be applied to the understand-
ing of hydrocephalus: P = F/A4 where P, F, and A4 are
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pressure, force and area, respectively, However, while
this reference to Pascal’s law enables the computation

of changes in pressure, force and area on the surface on

the brain, it provides no information about the defor-
mation sustained inside the parenchyma. Finally, Pang
and Altschuser [23] suggested that ventricular enlarge-
ment is related to an alteration of the viscoelastic
modulus of the brain, secondary to expulsion of ex-
tracellular water from the brain parenchyma and to
structural changes in brain tissues. However, changes
in the mechanical properties of tissue without the
presence of a pressure gradient cannot produce ven-
tricular distension.

The theories discussed above provide insufficient
explanations for ventricular distension. This is evident

Non-communicating Hydrocephalus
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if we frame the discussion-in terms of the fundamental
principle established by Hooke in 1675 on the rela-
tionship between deformation and an applied force:
dL/L = (P/A)/E, where dL is the change in length of
the sample, L is the original length of the sample, P is
the applied force, 4 is the cross-sectional area of the
sample, and E is a proportionality constant known as
Young’s modulus [11]. Relative deformation or strain
(i.e. dL/L) is directly proportional to an applied stress
(ie. P{4) and inversely proportional to the elasticity
modulus (E) of the material. It follows that a substan-
tial deformation of the cerebral mantle may be pro-
duced by the combined application of an increased
pressure gradient together with a reduction in tissue
elasticity. The application of this simple principle has

‘Communicating Hydrocephalus

Fig. 2. This diagram illustrates the interaction of the various mechanisms involved in the development of non-communicating (Jef?) and com-
municating (right} hydrocephalus. The arrows represent the interstitial CSF fHow. The open dot represents sources of CSF, The closed dot
represents sinks, The square represents the sagital sinus (SS). The cross represents an obstruction to CSF flow. The broken line represents the
aqueduct of Sylvius. LV stands for lateral ventricles. SAS for subarachnoid space. In the case of NCH, due to the obstruction of of the aque-
duct, a transmantle pressure (shown in black) is established between the LY and the SAS. CSF follows this gradient moving across the paren-
chyma, to be finally absorbed at the SS. In the case of CH, there is no obstruction to the aqueduct but rather at the sagital sinus. An intramantle
pressure gradient (shown in black) is produced, as the CSF is absorbed by the parenchyma. In both situations, ventricular distension occurs
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led us to formulate the hypothesis that the chronic

ventricular distension that accompanies CH can be .

explained by the combined effects of two factors: (2) a
reversal of interstitial fluid flow in the parenchyma
with a subsequent absorption of CSF by the tissue, and
(b) a low tissue elasticity, brought about by a series of
pathological changes.

Concerning the first factor, there is some convincing
evidence for transependymal absorption of CSF. Early
work on the pathways for CSF absorption postulated
an alternative transventricular route [39] and these al-
ternative pathways were demonstrated to be pressure
dependent in the experimental hydrocephalic dog [2].
Subsequent studies substantiated the idea of trans-
ventricular absorption after demonstrating uptake of
label into the parenchyma of various experimental
models of hydrocephalus [1, 35].

Concerning the second factor, while the Young’'s
modulus of bovine brain has been measured in vitro
[12] no equivalent clinical or experimental in vivo hy-
drocephalic data exists. However many studies using
the PVI as a measure of CSF compliance do provide
some indirect evidence to support the notion that the
stiffness modulus of tissue is reduced in CH. For ex-
ample, the PVI was increased from the predicted nor-
mal value in a group of hydrocephalics at the time of
shunt malfunction [10], in NPH patients [36], in low
pressure hydrocephalus [23], infants [31] and in the
experimental hydrocephalic cat when compared to
controls [34]. The markedly increased PVI in these
studies is presumably related to an alteration ‘in the
mechanical properties of the brain parenchyma, since
the potential for deformation of the cranium is limited,
especially in adults, given that cartilage is one hundred
times stiffer than brain parenchyma [21]. Similarly, the
vasculature represents only 7% of the total intracranial
volume so that a substantial contribution to the
changes in PVI is unlikely. Finally, the reduction in the
stiffness modulus of the brain, from a physical point of
view 1is also inferred from the major histopathological
changes, such as neuronal injury, reactive astrocytosis
and myelin degradation, in both experimental [19] and
clinical hydrocephalus [30}.

The crucial point in our theory is that the reversal
of CSF transependymal flow implies that the fluid
pressure is smafler in the parenchyma than in the sur-
rounding CSF spaces. As a consequence of the move-
ment of fluid into the tissue, a pressure gradient is es-
tablished between the CSF spaces and the cerebral
mantle: an intramantle pressure gradient.
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