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ABSTRACT

Computational methods originally developed for analysis in engineering have been applied
to the analysis of biological materials for many years. One particular application of these
engineering tools is the brain, allowing researchers to predict the behaviour of brain tissue
in various traumatic, surgical and medical scenarios. Typically two different approaches
have been used to model deformation of brain tissue: single-phase models which treat the
brain as a viscoelastic material, and biphasic models which treat the brain as a porous
deformable medium through which liquid can move. In order to model the brain as a
biphasic continuum, the hydraulic conductivity of the solid phase is required; there are
many theoretical values for this conductivity in the literature, with variations of up to
three orders of magnitude.

We carried out a series of simple experiments using lamb and sheep brain tissue to
establish the rate at which cerebrospinal fluid moves through the brain parenchyma.
Mindful of possible variations in hydraulic conductivity with tissue deformation, our
intention was to carry out our experiments on brain tissue subjected to minimal
deformation. This has enabled us to compare the rate of flow with values predicted by
some of the theoretical values of hydraulic conductivity from the literature. Our results
indicate that the hydraulic conductivity of the brain parenchyma is consistent with the
lowest theoretical published values. These extremely low hydraulic conductivities lead to
such low rates of CSF flow through the brain tissue that in effect the material behaves as a
single-phase deformable solid.
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1. Introduction

Computational biomechanics has been used extensively to
investigate various mechanical phenomena affecting the
brain, for example to model traumatic brain injury, neuro-
surgery, brain diseases (hydrocephalus, tumour growth) and
drug delivery. Computational models require an appropriate
mathematical framework for describing the mechanical
behaviour of the brain parenchyma. The most widely-used
models either treat the brain parenchyma as a single phase or
a biphasic continuum. For example, biphasic theory (origin-
ally developed to model the behaviour of soils, and often
termed soil consolidation theory) has been used to model the
development of hydrocephalus (Kaczmarek et al, 1997;
Momjian and Bichsel, 2008; Nagashima et al.,, 1987; Pefa
et al, 1999; Smillie et al,, 2005; Taylor and Miller, 2004;
Sobey and Wirth, 2006, Wirth and Sobey, 2006, 2009; Cheng
and Bilston, 2010) and brain deformations during neurosur-
gery (Lunn et al., 2006; Miga et al., 1999, 2000; Paulsen et al.,
1999; Platenik et al., 2002) as well as to understand phenom-
ena such as convection enhanced drug delivery (Ding et al.,
2010; Sampson, 2009; Vogelbaum et al., 2007; Sampson et al.,
2007a, 2007b, 2007c; Song and Lonser, 2008; Jagannathan
et al.,, 2008; Szerlip et al., 2007; Morrison et al., 2007; Lonser
et al., 2007b, 2007a; Murad et al., 2007, 2002; Croteau et al.,
2005; Degen et al., 2003; Sarntinoranont et al., 2003b, 2006,
2003a, 2003c; Raghavan, 2010; Linninger et al., 2008b, 2008a;
Somayaji et al., 2008; Astary et al.,, 2010; Chen et al., 2008,
2007; Chen and Sarntinoranont, 2007). Single-phase conti-
nuum theory has been used to model brain injury (King, 2000;
Yang and King, 2003; Zhang et al., 2001b, 2001a, 2002, 2004;
Donnelly and Medige, 1997; Bilston et al., 2001; Brands et al,,
2004; Hrapko et al., 2006, 2009; Nicolle et al., 2004; Ning et al.,
2006; Shen et al., 2006; Takhounts et al., 2003), and more
recently has been applied to the analysis of hydrocephalus
(Dutta-Roy et al., 2008), modelling neurosurgery (Wittek et al.,
2007) and surgical simulation (e.g. needle insertion) (Miller
et al., 2010).

Franceschini et al. (2006) claim to have presented direct
experimental evidence to support the hypothesis that brain
tissue is well described by soil consolidation theory and
hence is biphasic. Experimental work described by Cheng
and Bilston, (2007) appears to support this conclusion.

The objective of the work presented here was to establish
whether the response of brain parenchyma is consistent with
the results produced by models using soil consolidation
theory, which treat the parenchyma as a biphasic continuum
(Biot, 1941; Bowen, 1976; Miller, 1998). We carried out simple
experiments using samples of lamb and sheep brain tissue
subjected to artificial cerebrospinal fluid (ACSF) at typical
intracranial pressures to establish the rate at which ACSF
moves through the brain parenchyma - an important para-
meter for setting up an accurate biphasic model. Other
researchers working with similar types of tissue report sig-
nificant reductions in permeability with compressive defor-
mation (Heneghan and Riches, 2008). It was our intention to
carry out our experiments on brain tissue subjected to
minimal deformation.

Region of brain
surface without
pia mater

Pia mater present on
brain surface

Fig. 1 - Brain surface after removal of the pia mater.

2. Experiments and results
2.1.  Specimen preparation

Lamb brains were obtained as by-products of the commercial
slaughter process, and sheep brains were obtained as a by-
product of medical training procedures. The pia mater was
carefully teased out from the Sulci features on the brain
surface using two pairs of Dupont's Swiss Tweezers Number
7. Thereafter, the pia mater was gently removed from the
brain surface (Fig. 1). An approximately cylindrical sample
(diameter ~30mm and height ~20mm) was cut out of the
region of the brain from which the pia mater was removed,
using a sharp cylindrical punch and scalpel (Miller and
Chinzei, 1997).

Artificial cerebrospinal fluid (ACSF) solution was prepared
with the chemical composition 148 mM NaCl, 3 mM KCl, 1.4 mM
CaCl, - 2H,0, 801 mM MgCl, - 6H,0, 800 mM Na,HPO,-7H,0 and
225 mM NaH,PO, dissolved in double distilled water.

2.2. Experimental apparatus

The experimental apparatus is shown in Fig. 2. It consists of a
cylindrical die (1) of the same internal diameter as the punch
used to remove specimens from the brain, and transparent
plastic tube of length 85 cm (2). A taper was provided near the
base of the cylindrical die, and a knife edge was machined on
its base (Fig. 3a and b). To ensure sealing between the
transparent plastic tube and cylindrical die, a groove to suit
an O-ring was machined into the die (Fig. 3a and b). A wire
mesh (mesh size: 2mm) was attached to the bottom of
the die.

2.3.  Biphasic theory predictions

Soil consolidation theory (Biot, 1941; Bowen, 1976; Miller,
1998), such as that used in (Kaczmarek et al., 1997; Momjian
and Bichsel, 2008; Nagashima et al., 1987; Peia et al., 1999;
Smillie et al., 2005; Taylor and Miller, 2004; Sobey and Wirth,
2006, Wirth and Sobey, 2006, 2009; Cheng and Bilston, 2010) to
model the development of hydrocephalus, and in (Lunn et al.,
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inserted
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1

Fig. 2 - Assembled experimental setup with 85 cm ACSF
column applying pressure on cylindrical brain sample
inserted into the die.

2006; Miga et al., 1999, 2000; Paulsen et al., 1999; Platenik
et al., 2002) to model brain deformation during neurosurgery,
predicts that brain tissue subjected to ACSF at normal
pressure gradients should allow the ACSF to percolate
through the brain tissue. In our experiments, cylindrical brain
samples subjected to pressure from a column of ACSF will not
deform (due to incompressibility (Miller and Chinzei, 1997;
Pamidi and Advani, 1978; Walsh and Schettini, 1984; Sahay
et al.,, 1992; Mendis et al., 1995; Farshad et al., 1999; Miller,
2000) and confinement of the sample). In this simple case,
soil consolidation theory reduces to Darcy's Law (Biot, 1941;
Bowen, 1976; Miller, 1998), described by the following equa-
tions (ABAQUS/Standard, 2004):

%

0z (1)

q=-

Knife Edge

Wire Mesh

Fig. 3 - Top (a) and bottom (b) view of the cylindrical die.

Table 1 - Theoretical volume flowrate of CSF through the
cylindrical brain parenchyma sample. The values of

hydraulic conductivity (k) of the brain parenchyma were
taken from the literature. To the best of the authors’
knowledge none of these values was measured directly.

Hydraulic conductivity (m/sec) ACSF flowrate (ml/h)

1.37 x 10~7 (Smillie et al., 2005) 3.8
1.59 x 10~7 (Kaczmarek et al., 1997) 44
2.42 x 10~ (Franceschini et al., 2006) 0.007
8.11 x 108 (Cheng and Bilston, 2007) 2.2
=7+ (1b)
9P

where: q is the volumetric flowrate per unit area [m*/m? sec],
k is the hydraulic conductivity of the medium [m/sec], @ is
the piezometric head [m], u, is the pressure of wetting fluid
[Pa), p, is the density of the wetting fluid [kg/m°], z is the
elevation above a datum [m] and g is the magnitude of the
gravitational acceleration [m/sec?] which acts in the reverse z
direction. There are various values for the hydraulic conduc-
tivity (k) of the brain parenchyma used in the literature as
summarised in Table 1. The brain samples used in our
experiments were approximately cylindrical with a diameter
~30 mm and height ~20 mm. For a pressure equivalent to a
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Fig. 4 - Cylindrical sample inserted into the die.

20 cm column of CSF solution, the total volumetric flowrate of
ACSF for different hydraulic conductivities through the
cylindrical sample per hour was calculated (Egs. 1a and 1b)
and these values are summarised in Table 1.

In Egs 1(a) and 1(b), the flowrate q is related to the seepage
velocity (v,) by the saturation s and the porosity n (i.e. g=s n
U,). The unit of hydraulic conductivity of the medium (k) in
our calculations is [m/sec]|. Often in the literature hydraulic
conductivity is used to relate the seepage velocity (v,) to the
pressure gradient. In such cases, the unit of hydraulic con-
ductivity of the medium (k) is [m*N sec].

2.4. Experiment 1: experimental procedure

Cylindrical brain samples were carefully inserted into the die
(Fig. 4), ensuring that the sample did not deform during
insertion. Because our samples were cut using a punch with
the same internal diameter as the die, the strain induced by
mounting within the die was negligibly small. The transpar-
ent plastic tube was then attached to the die and the
assembly was stood in a beaker. ACSF solution was poured
into the tube. Consequently, the brain sample in the die was
subjected to hydrostatic pressure from a column of ACSF
solution in the transparent plastic tube (Fig. 2). Because the
pia mater had been removed from the brain surface, the brain
parenchyma was directly exposed to the ACSF solution
(Fig. 3a), while the ventricular surface of the brain parench-
yma sample was retained within the die by the wire mesh at
the bottom end (Fig. 3b). Under the ACSF solution pressure,
the taper at the base and the knife edge in the cylindrical die,
along with the slightly adhesive nature of the brain tissue
itself, form a seal between the sample and the die. This
effectively divided the die into two separate sections, one
being above the brain tissue sample, the second being
below it.

Three different heights of ACSF solution column were
applied to the cylindrical brain samples held in the die and
are summarised in Table 2. Each height of the ACSF solution
column was applied for a period of 120 min. This time frame
was chosen to prevent deterioration of the brain tissue
sample, while still allowing enough time for the ACSF

Table 2 - Height of artificial CSF column applied on the

brain sample.

Load Height of artificial Comments (Milhorat, 1972)

case CSF column (cm)

Load 10 cm or 981 Pa Normal CSF pressure in ventricles
case 1

Load 20 cm or 1962 Pa CSF pressure in ventricles during
case 2 Normal Pressure Hydrocephalus

Load 85 cm or 8338.5Pa  CSF pressure in ventricles during
case 3 High Pressure Hydrocephalus

solution from the tube to move through the brain tissue.
The O-ring seal between the die and the transparent plastic
tube prevented any leakage of ACSF solution leakage at the
tube-die connection.

A first group of lamb brain samples (three samples from
three different lamb brains) were tested at the different
column heights for two hours each. A second group of sheep
brain samples were tested at load case 2 (20 cm column
height of ACSF) for longer periods of 4, 8, 16 and 20 h.

2.5.  Experiment 1: results

In the first group of tests, for all three load cases (10 cm,
20cm and 85cm ACSF column heights), after 120 min we
observed no leakage of ACSF solution into the beaker through
the brain tissue. Also, no measurable change in the height of
the ACSF solution column in the transparent plastic tube was
observed. The same results were obtained using the sheep
brains for varying and considerable longer time periods.

According to the theoretical predictions in Table 1 above,
between 0.014 ml and 8.8 ml of ACSF should have passed
through the brain tissue during the two-hour tests.

2.6.  Experiment 2: ACSF containing dye: procedure and
results

We carried out a second set of experiments using the same
apparatus, modified to include a capillary tube above the
ACSF column. This was added to allow us to detect the
movement of a very small quantity of liquid into the brain
tissue. Sheep brains were prepared in the same way as the
first experiment described in 2.1 above. Brain samples were
subjected to a column of ACSF as before, with the addition
that the base of the test column was immersed in additional
ACSF to keep the brain tissue hydrated, and a layer of filter
paper was added to the grid at the base of the steel die to
prevent extrusion of the brain tissue through the mesh.
Toluidine Blue dye was added to the ACSF (170 mg/l) in the
column above the brain tissue sample to assist with the
observation of flow in the apparatus and into the brain tissue.
The brain samples were left in the apparatus under 20 cm of
ACSF for periods of up to 23h, and were then removed,
frozen, sectioned and mounted for observation under a
microscope. Nine tests were carried out with samples from
nine different sheep brains.

Following these tests, the un-dyed ACSF in the beaker
below the test column showed no trace of the Toluidine Blue
dye contained in the ACSF above the samples. The filter
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papers from the base of each sample were also examined,
and again there was no trace of the dye visible. Movement of
the ACSF column in the capillary tube above the brain
parenchyma sample indicated that ACSF was moving into
the brain, at a rate of between 1.7 pl/h and 0.5 pl/h, however
the extreme difficulty of measuring such small quantities
calls into question the absolute accuracy of these numbers.
However it is worth noting that the range of results here is
appreciably smaller than the flowrates predicted using the
smallest value of hydraulic conductivity from the literature
(7 ul/h, see Table 1).

The sections of brain from these tests were observed
under a microscope and the depth of penetration of the
toluidine blue dye into the brain tissue was estimated. From
these measurements (536 separate measurements across
samples from 9 different brains) values for the seepage rate
of ACSF into the brain tissue were estimated.

Values of the seepage rate into the brain across all nine
samples ranged from 6 pm/h to 200 pm/h, with a mean of
60.8 um/h with a standard deviation of 58.6 pm/h. Assuming a
high level of saturation and a typical brain porosity value of
0.2 (Chen and Sarntinoranont, 2007) this would give an
approximate flowrate of ACSF of 30 pl/h, treating the brain
sample as a plain cylinder as with the calculations carried out
for Table 1.

2.7.  Experiment 3: ACSF containing fluorescent nano-
particles: procedure and results

The experiments with toluidine blue dye were also repeated
with a version of the ACSF containing 5mg/l of PGMA
polymer nano-particles (~90 nm in diameter) with Rhoda-
mine B attachments. For these experiments, sheep brains
were prepared as before. The brain tissue samples were
placed in the apparatus under 20 cm of ACSF for periods of
up to 18 h. Once exposure to the ACSF column was complete,
the brain samples were removed, frozen, sectioned and
mounted for viewing under a microscope. The Rhodamine B
attached to the nano-particles causes them to glow red when
illuminated with green light, and therefore it was possible to
see the depth of penetration of the particles into the brain
samples. (Fig. 5). 420 individual measurements across 16
samples from 5 different brains were used to estimate the
flowrate of ACSF into the brain parenchyma.

100um

Values for the seepage rate in these experiments ranged
from 6 pm/h to 84 pm/h with a mean of 31.4pm/h and a
Standard Deviation of 30.4pm/h. Converting that to an
absolute volume flowrate as before, gives a mean value of
approximately 16 pl/h.

3. Discussion

As mentioned earlier, a number of researchers have used
biphasic (soil consolidation) continuum theory to model the
brain parenchyma (Kaczmarek et al., 1997; Momjian and
Bichsel, 2008; Nagashima et al., 1987; Pefia et al, 1999;
Smillie et al., 2005; Taylor and Miller, 2004; Sobey and
Wirth, 2006; Wirth and Sobey, 2006, 2009; Cheng and
Bilston, 2010; Lunn et al, 2006; Miga et al., 1999, 2000;
Paulsen et al, 1999; Platenik et al., 2002). According to
biphasic theory, Darcy's Law (Egs. 1a and 1b) models the flow
of a wetting liquid through the porous solid phase. Simple
calculations using Darcy's Law (Section 2.4 and Table 1),
showed that in the experiments carried out here, with
durations of up to 23 h, a noticeable and measurable amount
of the ACSF solution should have passed into - or even
through - the cylindrical brain sample. However, no ACSF
solution passed through the brain tissue into the beaker
below, and subsequent experiments using capillary tubes,
dye, and nano-particles all show that the quantity of fluid
passing into the brain tissue is very small indeed. Our
experimental observations do not support the total volu-
metric flow of ACSF solution as predicted by Darcy's Law
(Table 1) using theoretical hydraulic conductivities published
in the literature, with the exception of the value used by
Franceschini et al. (2006). This extremely low value of
hydraulic conductivity, which gives values of seepage velo-
city closest to our experimentally measured values - effec-
tively prevents any substantial flow through the solid matrix
and therefore makes the biphasic model for all practical
purposes equivalent to a single phase model at typical
physiological pressure loads. In cases where compressive
deformation of the brain tissue is occurring, it would be
expected that the hydraulic conductivity would reduce even
further (Heneghan and Riches, 2008). This suggests that the
computational effort of running a biphasic model is unne-
cessary, and single phase viscoelastic models would be able
to perform the same simulations of brain deformation more
quickly and simply. It should be noted that our approximated

Fig. 5 - Showing (a) Nano-particles fluorescing under green light and (b) penetration of Toluidine Blue dye into brain tissue.
The blue arrows indicate the direction in which measurements were taken to establish the depth of penetration of the ACSF
into the brain tissue. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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surface area - treating the brain sample as a plain cylinder
and ignoring the sulci on the upper surface - will have caused
us to underestimate the theoretical flowrate of ACSF into the
samples, and (combined with the assumptions made about
the degree of saturation) to overestimate the experimental
flowrate. This would be likely to bring our experimental
results and the results predicted using Franceschini's
(Franceschini et al, 2006) hydraulic conductivity closer
together.

An obvious limitation of our work is that we have not
attempted to establish the variation of hydraulic conductivity
with changing deformation, and as mentioned earlier this
was never the intention of our experiments. Because we
would expect compressive deformation to reduce the hydrau-
lic conductivity (Heneghan and Riches, 2008), which was
already very low in strain-free tissue, it seems likely that
another study using considerably more sophisticated appa-
ratus and different measurement techniques would be
required to establish this relationship.

A further limitation of our work is that the experiments
were all carried out in-vitro, but hydraulic conductivity in the
brain tissue decreases with increasing time post mortem. We
attempted to minimise this possible effect by using artificial
CSF for pressure loading, however we attribute the large
standard deviations in our results to varying post mortem
times at the point of testing. It should be noted that post
mortem reduction of the hydraulic conductivity has not been
considered by other experimenters either. In particular, work
by Franceschini et al. (2006) and Cheng and Bilston (2007) still
concludes that brain tissue in-vitro is biphasic. Furthermore,
there are known to be differences in hydraulic conductivity
measured in different species (Abbott, 2004).

It could also be argued that the interstitial gap in the brain
tissue is typically of the order of a few nanometres and as a
result the capillary forces are high. High capillary forces
might be expected to prevent the flow of ACSF through the
brain parenchyma sample. It should be remembered that the
biphasic models were developed to predict the behaviour of
soils, and the interstitial gap in clay soils is of the order of a
few angstroms (Mitchell, 1993) and no capillary effect is seen.
Fluid passes through a clay soil, albeit at a very slow rate.
Furthermore, soil consolidation theory is still used to under-
stand and predict the deformation and effective stresses of
clay soils due to fluid flow.

Our experimental results are inconsistent with many
studies on convection-enhanced drug delivery (CED), which
demonstrate that an infused agent can be delivered to
volumes of the brain beyond that which would occur by
diffusion alone. We do not wish to speculate how this is
possible; however we do not believe that this mechanism can
be adequately described by biphasic (soil consolidation)
theory. Furthermore, the very low theoretical values of
hydraulic conductivity already in use do not appear to
provide adequate flowrates to explain CED. Work by Smith
and Garcia (Smith and Garcia, 2011) on developing coupled
biphasic — mass transport models using non-linear material
properties along with non-linear variation of hydraulic con-
ductivity with tissue deformation clearly demonstrates the
complexity of studying CED in the brain and also illustrates
the limitations of biphasic models in these applications. It

should also be noted that the models of CED (or hydrocepha-
lus and other complicated phenomena) have never been
validated experimentally in a straightforward experiment
such as the work we report here.

Furthermore, Abbott, (2004) presents a review for evidence
of bulk flow of CSF through the brain parenchyma. The
review showed that there are multiple mechanisms (pressure
gradient, concentration gradient etc.) for bulk flow through
the brain parenchyma, and pin-pointing the exact mechan-
ism - or combination of mechanisms - is controversial.
Moreover, it should be noted that flow rates of 0.15-0.29 pl
min~ ! gbrain~? for rats and 0.10-0.15 pl min~* gbrain~? for
rabbits were recorded. These rates could be regarded as bulk
flow and be significant for some phenomenon associated
with the brain (drug therapy, immune surveillance and
inflammation, stem cell therapies etc.). But for phenomenon
such as modelling of Normal Pressure Hydrocephalus (NPH),
brain deformation during surgery etc. such extremely low
flow rates are insignificant, and of course the deformation
itself serves to reduce the hydraulic conductivity and hence
the flow rates of CSF through the tissue. This further
strengthens our argument that extremely low values of
hydraulic conductivity (Table 1 and (Franceschini et al,
2006)), essentially prevent any substantial flow through the
solid matrix and therefore make the biphasic model almost
equivalent to single phase models at physiological pressure
loads, with the computational advantages that brings. The
large discrepancy in the theoretical hydraulic conductivities
reported in the literature (covering three orders of magnitude)
suggests that the use of biphasic (consolidation) theory for
analyzing various phenomena in the brain may not be as
solidly anchored in reality as one might hope.

4, Conclusions

Our experiments show that the rate at which ACSF flows
through the brain parenchyma is very low, and our results
broadly agree with the values that one might expect using the
very lowest of the published theoretical values of hydraulic
conductivity (Franceschini et al., 2006). These very low values
of hydraulic conductivity appear to prevent any substantial
flow though the brain tissue, therefore we believe that the
modelling of brain deformation would be more efficiently
performed using single-phase viscoelastic or hyperelastic
models. If there is a need to model fluid flow within the
brain parenchyma, for applications such as convection
enhanced drug delivery or nutrient transfer, it is necessary
to use more sophisticated models incorporating principles of
mass transport phenomena (Smith and Garcia, 2011; Bird
et al., 1960) coupled with mathematical formulations for the
calculation of brain parenchyma deformation.
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