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Abstract—Objective: Hydraulic permeability is a topic
of deep interest in biological materials because of its im-
portant role in a range of drug delivery-based therapies.
The strong dependence of permeability on the geometry
and topology of pore structure and the lack of detailed
knowledge of these parameters in the case of brain tissue
makes the study more challenging. Although theoretical
models have been developed for hydraulic permeability,
there is limited consensus on the validity of existing ex-
perimental evidence to complement these models. In the
present study, we measure the permeability of white mat-
ter (WM) of fresh ovine brain tissue considering the lo-
calised heterogeneities in the medium using an infusion-
based experimental set up, iPerfusion. We measure the flow
across different parts of the WM in response to applied
pressures for a sample of specific dimensions and calcu-
late the permeability from directly measured parameters.
Furthermore, we directly probe the effect of anisotropy of
the tissue on permeability by considering the directionality
of tissue on the obtained values. Additionally, we investi-
gate whether WM hydraulic permeability changes with post-
mortem time. To our knowledge, this is the first report of ex-
perimental measurements of the localised WM permeabil-
ity, also demonstrating the effect of axon directionality on
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permeability. This work provides a significant contribution
to the successful development of intra-tumoural infusion-
based technologies, such as convection-enhanced delivery
(CED), which are based on the delivery of drugs directly by
injection under positive pressure into the brain.

Index Terms—Convection-enhanced delivery, direction-
ality of axons, hydraulic permeability, infusion-based flow,
ovine brain tissue.

I. INTRODUCTION

G LIOBLASTOMA multiforme (GBM), a grade IV glioma,
is the most aggressive and frequently diagnosed form of

primary central nervous system (CNS) tumour in adults, with
an average age of 64. Studies have reported an incidence of 5
per 100,000 persons and GBM leads to 250,000 deaths per year
worldwide [1], [2]. Conventional techniques for GBM treatment,
such as radiation and chemotherapy, have either severe side
effects (e.g. localised tissue damage) or suffer from limitations in
passing through the blood-brain barrier (BBB) and distribution
of therapeutic agents throughout the tissue by passive diffusion
[3]–[5]. To overcome these challenges, applications of roboti-
cally steered needles in neurosurgery is gaining momentum [6],
with important new solutions and strategies been developed and
studied; further details on this topic can be found in the recent
review article by Audette et al. [7]. Convection-enhanced drug
delivery [8], [9], an intra-tumoural infusion method for localised
drug delivery, has emerged as a viable delivery technique and
a promising solution to overcome some of the mentioned ob-
stacles. In contrast to diffusion-based drug delivery techniques,
which rely on concentration gradients to drive the flow, CED
is based on infusion under a positive pressure gradient into the
CNS. By utilising advective transport, CED enables relatively
lower concentrations of the therapeutic agent than diffusion-
based delivery methods. CED is not without limitations and its
efficiency is affected by a number of factors, including target het-
erogeneity, WM edema and transport parameters. Furthermore,
lack of histological information of brain tissue leads to issues
in determining the ratio of the drug distribution volume to the
infusion volume, Rd/i (Vd:Vi), where Vd is drug distribution
volume and Vi is drug infusion volume [9], [10], which is
conventionally used to assess the efficacy of CED.
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For a given pressure gradient, flow through a porous tis-
sue can be characterised by Darcy’s law and the hydraulic
permeability, κ, which represents a geometry and viscosity cor-
rected conductance (reciprocal of resistance to flow). However,
in heterogeneous and anisotropic tissues, resistance to fluid flow
is both location and direction dependent and consequently it
dictates the ratio Rd/i [11]. Therefore, determining the hydraulic
permeability of multiphase tissues is key for the development
and successful implementation of intra-tumour infusion-based
drug delivery therapies that rely on advective transport mecha-
nisms [12]–[14]. It also plays a fundamental role in determining
transport of interstitial molecules [15], [16], which is strongly
linked to many physiological processes of the brain, including
dynamics of pathological molecules that transit the extracellular
matrix (ECM) [17]–[19].

In contrast to rigid porous materials, wherein κ is constant,
hydraulic permeability in biological materials has been reported
to vary with tissue deformation that occurs due to the pres-
sure gradient during intra-tumoural infusion [20]. Hydraulic
permeability also has a large dependence on pore structure
topology and tissue geometry [21]. For brain tissue, there is
limited knowledge of these parameters, and a lack of reliable
methodologies for their accurate determination, which makes it
difficult to understand infusion mechanisms and determine the
hydraulic permeability in a predictive manner.

For cerebral tissue, although theoretical models have been
developed to determine hydraulic permeability, less attention has
been paid to experimental studies. Furthermore, the constitutive
parameters used in theoretical models vary by up to three orders
of magnitude [22]–[27]. Such a significant difference across
the literature and lack of experimental evidence to complement
these models makes it difficult to justify the use of specific
values for predictive purposes, e.g. when they need to be used
as inputs for large scale CED simulations. Furthermore, me-
chanical behaviour such as stiffness of anisotropic biological
tissues which are composed of directional fibres e.g. meniscal
tissue [28] is known to be affected by the directionality of fibres
[29]. Therefore, a deeper understanding of the effect of tissue
microstructural features is needed to predict the local response
of the system to external infusion and physiological processes;
what is the effect of fibre bundle orientation on hydraulic per-
meability? This ought to be characterised and reproduced with
the most accurate available methods.

There are a number of available techniques for estimating hy-
draulic permeability experimentally. These techniques include
infusion, i.e. localised drug delivery to a tissue from a point
source (catheter’s tip) [30]–[32], perfusion, i.e. drug delivery
from a source with cross sectional surface comparable to the
tissue dimensions [31], [33], [34] and compression [35], [36].
Due to heterogeneity of local tissue microstructure, differences
in where the sample comes from and sample size between these
techniques makes it difficult to compare results and may have
led to the large range of reported values.

In the case of brain tissue, only a few studies have ex-
perimentally determined hydraulic permeability, but their re-
sults are affected by the sample and experimental protocol
adopted. Franceschini et al. [37] performed an ex vivo uniaxial
deformation experiment on human brain tissue excised within

12h of death and indirectly determined permeability from the
compressibility parameters by fitting the data to Terzaghi’s
theory. Tavner et al. [23], used a perfusion experiment to deter-
mine the hydraulic conductivity (which can be directly linked
to permeability) of lamb and sheep brains using Darcy’s law.
However, both studies adopted large samples (30 mm/5-8 mm
initial diameter/height) to study the macroscopic tissue response
and did not consider the microscale localised heterogeneities in
the tissue. Brain is composed of cerebrospinal fluid, grey matter
and WM, and is anisotropic due to the directionality of axons
in WM. Also, the perfusion based experimental set up used
by Tavner et al. [23] is not compatible with the CED, which
instead requires an infusion-based approach. Furthermore, the
effect of post-mortem time on hydraulic permeability has not
been investigated previously. In order to improve understanding
of drug transport within brain matter, more information about
differences between grey matter and WM, and anisotropy in the
tissue are required.

WM anisotropy, due to directionality of axons in the ma-
trix [38], [39], makes WM hydraulic permeability direction-
dependent. This detail is often overlooked, and only a few theo-
retical studies have reported the effect of anisotropy of brain WM
on the hydraulic permeability [40]. To the best of our knowledge
no experimental study has considered the anisotropy of WM at
the millimetre and sub-millimetre scales or has investigated the
effect of directionality of axons on hydraulic permeability.

The present study is aimed at experimentally determining
brain tissue localised hydraulic permeability and to quantify
its dependence on tissue microstructure, with focus on axon
orientation. We perform experiments on fresh ovine brain and, in
contrast to previously reported work, we determine the localised
hydraulic permeability of WM from directly measured param-
eters using an infusion-based experimental set up, iPerfusion
[41]. We measure the flow across a specific part of WM in
response to applied pressures and calculate the permeability for
a sample of specific dimensions. Furthermore, we explore if
the hydraulic permeability of WM changes with post-mortem
time. We also investigate the effect of anisotropy of WM on the
hydraulic permeability and, to the best of our knowledge, we
provide the first experimental investigation reporting the effect
of directionality of axons on the hydraulic permeability of WM.

II. MATERIALS AND METHODS

A. Sample Preparation

Fresh ovine brains were arranged from a local slaughterhouse,
and separate slices of 7-8 mm in thickness were made by cutting
along coronal and sagittal directions. These cuts expose the
cerebral WM from two perpendicular directions as shown in
Fig. 1(a,b). The matrix of cerebral WM is mainly composed of
two constituents, the axons and extracellular matrix. In coronal
cut slices, the axons are parallel to the surface whereas in sagittal
cuts they are perpendicular to the surface, as represented by black
dots and lines in the schematic representation shown in Fig. 1(a).
Using sharp blades, elongated specimens were obtained from a
specific part of WM, corona radiata, and were carefully inserted
in transparent plastic tubes of 5 mm inner diameter and 7 mm
length. Special attention was paid to the size of the sample while
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Fig. 1. (a) Schematic representation of slicing the ovine brain along coronal and sagittal cuts showing the directionality of axons in WM and
making of a tube shaped sample from the slice, (b) representative picture of ovine brain and the coronal and sagittal cut slices, where the corona
radiata part of WM used for making the sample is highlighted by dashed rectangles and (c) schematic representation of the experimental set up
including the plastic petri dish showing samples suspended in a glass bath filled with PBS.

cutting, in order to avoid excessive deformation during insertion
into the tube. In the samples from coronal cut slices, the axons
were parallel to the long axis of the tube (S�), whereas in samples
from sagittal cut slices (S�), the axons were perpendicular to the
long axis of the tube.

During the slicing of the brain, phosphate-buffered saline
(PBS) was sprayed on the tissue in order to keep it hydrated.
A plastic petri dish with custom made holes was used to hold
the samples suspended in a glass bath filled with PBS at room
temperature as shown in Fig. 1(c) to avoid dehydration of the
tissue during the experiments.

To calculate hydraulic permeability from directly measured
parameters, we used iPerfusion (Fig. 1(c)), developed to de-
termine flow-pressure relationship in soft tissues as described
elsewhere [41]. The system uses an actuated reservoir to control
the pressure drop across the tissue, while recording the flow
rate through the tissue with a thermal flow sensor (Sensirion
SLG150), with an accuracy of approximately 5 nl/min.

The pressure is measured with a differential pressure trans-
ducer (Omegadyne PX409), with an accuracy of 0.04 mmHg.
A needle (BD MicrolanceTM; stainless steel; 30G × 1/2”; 0.3 ×
13mm) was connected to a micromanipulator for insertion into
the WM sample.

B. Experimental Protocol and Data Acquisition

Prior to each acquisition, the pressure and flow sensors were
calibrated. The needle was then inserted in the sample so that

tip was in the middle of the sample, i.e. for a 7 mm long
sample needle was inserted 3.5 mm. The sample was completely
immersed in PBS, which was also the infusate, at room tem-
perature. An initial pressure of 7 mmHg was applied and was
held until a stable condition for the flow rate was reached. This
acclimatisation took 25-30 minutes and allowed the brain sample
to adapt to the experimental environment.

An automated protocol of discrete applied pressure steps
was then carried out, consisting of 10, 12.5, 15, 17.5, 20, 22.5
and 25 mmHg. For each step, the slope of the flow rate was
estimated by linear regression over a moving window of 300s
and continuously monitored. Steady state was defined as when
the slope was continuously less than 5 nl/min/min for 60s, and
the subsequent step was then applied. The last 4 minutes of stable
data step was extracted, a Savitzky-Golay filter with a 60 second
half-width was applied to reduce noise, and the average values
of the filtered signals were used to represent that steady pressure
and flow values.

To determine tissue hydraulic permeability from the experi-
mental data, flow-pressure analysis on the flow rate and pressure
traces was performed using the model [41]

Q = κP

(
A

Lμ

)
= κr

(
P

Pr

)β (
A

Lμ

)
(1)

where Q is flow rate, P is the applied pressure drop across
the tissue, A and L are the cross-sectional area and length of
sample respectively and μ is the viscosity of the infused fluid.
The pressure-dependence of hydraulic permeability is modelled



1232 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 68, NO. 4, APRIL 2021

using κ = κr(
P
Pr

)β , where κr is the hydraulic permeability
at reference pressure Pr and the exponent β characterises the
dependence of κ on pressure. In this study, we chose Pr = 10
mmHg as representative of physiological CSF pressure in adults
[42].

It should be noted that the full tissue length was used here to
evaluate permeability; the assumption made here, whose validity
has been checked and confirmed via poro-elastic simulations of
the infusion process performed using the finite element method
similar to those performed in [40] but for the samples under
investigation here, is that the infused fluid exudes from both end
of the tubes containing the samples.

Fig. 2 shows representative flow rate and pressure traces with
respect to time (a,b), and steady state flow rate (c) and hydraulic
permeability for each applied pressure (d) for sample S� (blue)
and S� (red) cases. Figs 2(e,f) schematically represent the flow
orientation with respect to the axon bundles.

Experiments were repeated on samples of corona radiata from
different lamb brains. In total 71 brain samples with post-mortem
time ranging from 3 to 24h were used to collect the experimental
data.

It was not always possible to count each step as in some
samples higher pressure steps did not achieve the steady state
condition and were therefore excluded from data analysis. Only
those samples were included for which at least three consecutive
pressure steps (as shown in Fig. 2(a)) achieved the steady state
condition and no anomalies were found in the instantaneous
response to consecutive pressure rises. After quality control, 50
samples were analysed for the results presented in this work.
Analysis of all flow rate and pressure traces along with raw data
are provided in the Supporting Information.

III. RESULTS AND DISCUSSION

A. Effect of Directionality of Axons on Hydraulic
Permeability

For statistical analysis, the average κr of each sample was
used (i.e. the average of all pressure steps for that sample).
Shapiro-Wilk tests on κr rejected normality for both S� and
S� samples (p < 10−3), but did not reject lognormality (p =
0.48 and 0.17 respectively), hence analysis was carried out on
the log of κr. An overview of the hydraulic permeability data
for S� and S� samples is shown in Fig. 3.

For S� samples, the average hydraulic permeability was κr

= 2.0 [1.3, 3.0] × 10−16 m2 (geometric mean, [95% confidence
interval]), while S� samples yielded κr = 0.7 [0.6, 1.0] × 10−16

m2. The hydraulic permeability was thus 65 [44,78]% lower in
S� than S� samples (independent 2-tailed t-test, p = 0.0002).
This trend is in line with what can be predicted by modelling the
flow behaviour due to anisotropy through a composite material
consisting of impermeable coarse fibres embedded in a fine
matrix as proposed e.g. by Ethier [43]. However, considering
that, as reported by Sykova et al. [44], the volume fraction of
fibres in the tissue is ∼70-80%, a direct quantitative comparison
with Ethier’s model, which is most accurate for small fibres
volume fraction (up to 30%), would prove inaccurate.

These results confirm that the flow across the tissue is strongly
dependent on the local mechanical microenvironment. The WM
matrix is composed of aligned myelinated axons and relatively
soft extracellular matrix [45]. In the case of S�, the cross sec-
tional area of the tissue exposed to infusate pressure is composed
of both axons and the relatively soft ECM, whereas in the case of
S�, the exposed cross-sectional area is predominantly composed
of axons [39]. It is harder to deform axons (stiffness of a single
axon reported to be e.g. E = 9.5 kPa [46]) than ECM (E in the
order of a few hundred pascals [47]). Therefore, during infusion,
depending on the directionality in the tissue, the infusate faces
different mechanical environments. Previously it has been re-
ported that in WM, interstitial flow is more rapid in perivascular
space and along the axons [48], [49]. Also, interstitial flow is
impacted by convection driven flow. In CED, catheter delivers
a volume of infusate to the targeted part of the tissue; this
also increases interstitial flow in the surrounding parenchyma
because of the pressure differential [50]. This suggests that if
diffusion driven interstitial flow is more rapid in perivascular
space and along the axons, then convection driven flow will have
similar behaviour. Our results also advocate this environment
dependency of flow in the tissue. In the case of S�, when
the axons are aligned to the injection direction, the hydraulic
permeability is higher, whereas in case of S�, the axons are
perpendicular to the fluid, and the hydraulic permeability is
lower. These results clearly demonstrate that infusion across
the WM tissue is strongly influenced by its intrinsic anisotropy.
Therefore, the directionality of axons in the tissue should be
considered when interpreting underlying infusion mechanisms
within WM.

Our hydraulic permeability values of the ovine brain WM
are the first experimentally determined values that consider
localisation and tissue anisotropy. Franceschini et al. [37] and
Tavner et al. [23] experimentally studied the permeability of
brain tissue without considering the directionality in the tissue.
Furthermore, their reported value of permeability is obtained
using large samples of WM; hence, they can only represent ho-
mogenised isotropic macroscopic values of permeability. These
issues make it inappropriate to compare our results with other
experimental results in the literature. It is, however, worth noting
that the values obtained in our experiments seem to confirm
the disparity in permeability predicted when considering mi-
crostructural effects and different orientations of infusion, as
reported in previous theoretical and numerical studies, e.g. see
effect of tissue anisotropy on drug flow in [40] or the computed
value of hydraulic permeability of corpus callosum (1.33 ×
10−16 m2 ) reported in [22].

While in this paper we focus on direct deterministic mea-
surements of hydraulic permeability using and infusion-based
apparatus, it is worth mentioning the potential use of alternative
inverse methodologies, such as Bayesian inference or other
stochastic models, for the determination of specific material
parameters of interest. Such methodologies, which have been
successfully used for the determination of e.g. materials linear
and non-linear characteristics, viscoelasticity, anisotropy and
multi-scale parameters in fibre composites [51]–[54], can also
shed light on the choice of model and model uncertainty [55]
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Fig. 2. (a,b) Flow rate and pressure traces of representative S� (blue) and S� (red) samples. Green lines show filtered signal. (c) Flow-pressure
and (d) hydraulic permeability pressure relationships. Error bars show two standard deviations and shaded regions indicate 95% confidence bounds.
The κr and β values are the geometric mean with 95% confidence interval at all pressure steps. (e,f) schematic representation showing the flow
direction relative to axons orientation for S� and S� respectively.

when using different methods to study fluid flow in biological
tissue, for example by using fractional order derivatives [55].

The results reported in Fig. 3 and in the additional Sup-
plementary Information clearly demonstrate the difference in

hydraulic permeability between S� and S� and thus the depen-
dence of this parameter, and in turn of CED procedures, on
the directionality of axons in WM. This strongly encourages
to consider the anisotropy of WM tissue when modelling the



1234 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 68, NO. 4, APRIL 2021

Fig. 3. Hydraulic permeability of S� and S� samples and their pressure dependence. (a) Cello plot representing each κr value by a dot with the
error bars showing 95% confidence intervals, best estimate of the distribution by shaded regions, geometric mean by the central horizontal white
line, two-sigma within which 95% data are expected to lie by horizontal out thin white lines and 95% confidence intervals on the mean value by dark
central bands, (b) the nonlinearity, β, for S� and S� samples; dots represent each data point, central dark line represents the median and out two
lines represent the interquartile range (IQR = Q3 - Q1).

localised pressure-flow behaviour in infusion phenomenon and
when assessing interstitial transport in brain tissue due to phys-
iological conditions or CED procedures.

B. Pressure Dependence of Hydraulic Permeability

Our data also revealed a pressure-dependence of the hydraulic
permeability. Fig. 3(b) shows the non-linearity parameter, β, for
both S� and S� samples. The Shapiro-Wilk test rejected both
normality (p < 0.03) and log-normality (p < 10−5) for β, hence
a non-parametric analysis is utilised. For S� samples, the β was
0.88 (0.34, 1.90) (median (25th percentile, 75th percentile)),
which is significantly different from zero (p= 0.0002, two-sided
Wilcoxon rank sum test), implying that hydraulic permeability
increases with increasing pressure. S� samples, yielded β =
0.32 (−0.20, 0.81), which is borderline different from zero, (p
= 0.04). The median β was therefore 64% lower for S� than S�,
although this outcome was borderline statistically significant (p
= 0.07).

The non-linearity in the observed pressure-flow relationships
could be caused by several sources, including strain-dependence
of hydraulic permeability due to the local tissue response to
deformation, but also other material (both solid response to
pressure gradients and complex fluid flow behaviour) and geo-
metrical non-linearities, which include the boundary conditions
at the infusion site, the cavity formed at the tip of the catheter.
Based on macroscale experiments, both, the stiffening behaviour
under tension [37] and the softening behaviour [56] in brain
tissue due to geometrical non-linearities have been reported in
the literature. Several poroelastic or biphasic models of brain
tissue have been developed to explain such experimental results.
Considering a simplified spherical geometry, Smith et al. [57]
modelled the enlargement of the infusion sphere relative to its
initial radius with increase in applied pressure, which results
in geometrical non-linearity. Considering the biomaterial as a

poroelastic medium, McGuire et al. [20] performed numerical
simulations and showed that strain dependent permeability is
anisotropically affected by infusion-induced tissue deformation.
It should be noted that the models presented in these studies
represent the brain tissue as homogeneous and isotropic and were
developed to explain previously reported experimental results
based on compression of large samples rather than infusion.
They only provide the large-scale bulk response of the tissue and
cannot be used to study the effect of microstructurally-induced
anisotropy.

It should be noted that in the approach used to calculate of hy-
draulic permeability the potential effects of localised expansion
of WM is not explicitly considered. This is because, although our
infused volume is inherently small, it is difficult to quantify the
extent by which WM tissue is affected by localised infusion in
the present experimental arrangement. The extent to which tissue
can expand due to infusion is largely dependent on the treatment
and volume of injected infusate [58], [59], cytoarchitectural
regions, such as WM or grey matter which promote convective
and diffusion flow respectively [49], and pre-existing conditions
e.g. edema [60]. In WM, convective flow is anisotropic [8] and
the preferential distribution of infusate along parallel WM tracts
in corona radiata has been used to rapidly fill the cerebral hemi-
sphere [61]. This suggests that if the infusate flow rate is large
enough to cause expansion, WM would expand anisotropically,
with WM tracts spreading apart but not elongating [26]. This,
while implying that hydraulic permeability would be affected by
such processes, further highlights the major role of geometrical
features in WM, i.e. directionality of axons, during infusion.
While acknowledging the possible contribution of tissue ex-
pansion to hydraulic permeability, considering the small flow
rates (in range of nl/min) adopted in the present studies, we
believe that this contribution, if existing, is minor. Additionally,
in our ex-vivo measurements on dead tissue, in contrast to in-situ
measurements reported in the literature [59], interstitial fluid
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flow, which usually goes along WM tracts and contribute to
intracranial pressure [50] is not present. This further supports
our claim that the main difference in hydraulic permeability in S�

and S� samples is to be attributed to the microscopic geometrical
features of the tissue.

It must be noted that another potential source of non-linearity
could be the existence of flow along the needle/tissue interface.
This form of “leakage”, usually called backflow [7], cannot be
completely ruled out in the absence of detailed localized flow
measurements; this could be responsible for some of the larger
values of β reported in this study. However, the fact that the
non-linearity parameter is larger in the specimens characterized
by parallel axon fibres (see Fig. 3(b)) shows that the non-linear
response depends on the orientation of the fibres whilst leakage
would equally affect all samples. This, together with the evi-
dence provided by the studies reported above, gives us reasons to
believe that the non-linear pressure dependence reported in our
study is likely to be related to the subtleties of infusion-induced
microscale deformation of the WM tissue. Further studies, em-
ploying direct microscopic measurements of tracked nano- and
micro-particles, will be devoted to exploring the main source of
the non-linearity of the pressure-flow relationship and to verify
the absence of needle side leakage.

C. Effect of Post-Mortem Time on Hydraulic Permeability

The effect of post-mortem time on brain tissue mechanical
properties has been reported in literature; however, limited
understanding has been developed because of the absence of
definitive and uncontroversial results. Several factors including
type of measurements, sample properties and physiological
conditions potentially contribute to these differences reported
in literature. Nicolle et al. [62] reported that corona radiata
samples stored in physiological solutions at 6 maintained their
stiffness when measured at 24h and 48h post-mortem. Using
microscale indentation, Budday et al. [63] reported less than
5% deviation in stiffness of brain WM when the tissue was
kept intact and hydrated between 2h and 5 days post-mortem.
However, increase in tissue stiffness with post-mortem time has
also been widely reported. Stiffness of samples from thalamus
region of brain reported to increase with post-mortem time and
specific changes recorded after 6h post-mortem when tested in
shear at post-mortem time ranging from 2.5h to 10h however
this was also dependent on tissue mechanical history [64].
Weickenmeier et al. [65] characterised the in-vivo and in-situ
brain stiffness employing magnetic resonance elastography, a
non-invasive technique, and reported immediate brain stiffening
e.g. corpus callosum stiffened up to 58% within three minutes
of post-mortem, up to 142% within 45 minutes and up to 274%
at 16h. However, their ex-vivo indentation moduli measured on
coronal slices of the same brain 16h post-mortem were similar
to in-situ moduli 45 minutes post-mortem. Please note here,
the tightly regulated mechanical environment to which brain
is exposed in-vivo drastically changes when tissue pieces are
cut for testing and pre-strain and residual stress are released.
Furthermore, the heterogeneous and anisotropic nature of WM,

where small changes in location can change stiffness signif-
icantly [66], [67], make interpretation of homogenised infor-
mation from elastography in context of localised phenomena
such as indentation or infusion, ambiguous. It should be noted
that most of these indentation studies have looked at relatively
large (millimetre sized) samples compared to (micrometre sized)
axonal structures, hence reporting homogenised properties and
their variation. Additionally, despite comprehensive efforts to
reveal effect of post-mortem time on brain tissue stiffening, these
studies have not looked at hydraulic permeability in this context.
In our study of hydraulic permeability, infusion-based flow is a
localised phenomenon and therefore the apparent changes in
stiffness from tissue homogenised response should be consid-
ered cautiously. Here, we analysed the hydraulic permeability at
post-mortem times up to 11h. No statistical correlation between
post-mortem time and hydraulic permeability was observed: for
S�, ρ = −0.003 (p = 0.99) and for S�, ρ = −0.09 (p = 0.7)
using Spearman’s ranked correlation test.

It should be noted here that whilst the results reported in this
study were consistent for experiments performed within 11h
post-mortem, the maximum number of samples which passed
the quality control measures were not equally distributed within
the post-mortem window analysed here, i.e. 32 were tested at
<6h post-mortem, followed by 10 samples between 6h and 8h
and only a few samples between 8h and 11h. This suggests
that local microstructural changes in the context of hydraulic
permeability become relevant after 6h post-mortem. Experi-
ments performed after 11h post-mortem either failed by showing
significant anomalies in the instantaneous response to pressure
steps or registered sudden abrupt changes in flow, which can be
reconducted to tissue rupture during testing, and none of these
experiments passed the quality control measures to be included
in the data analysis.

IV. CONCLUSION

The localised hydraulic permeability of brain WM, despite
being a key parameter for the development of infusion-based
technologies, has so far not been systematically studied experi-
mentally. In this work we investigated for the first time the effect
of local microstructural features on hydraulic permeability of
cerebral WM in a systematic manner using an infusion based
experimental set up. We accounted for the directionality of axons
in WM and showed the dependence of hydraulic permeability
on the anisotropy in WM tissue. We also investigated whether it
is affected by post-mortem time.

Our results demonstrate that the mean value of hydraulic
permeability is significantly lower i.e. 65% (p = 0.0002, mean,
[95% CI]), when the flow is perpendicular to the axons in WM
than when the flow is parallel to the axons. We also observed
a pressure dependent increase in hydraulic permeability, with
median nonlinearity parameter β being 64% (p = 0.07) lower
when axon in WM are perpendicular to the flow direction than
when axons are parallel to the flow direction. Although there was
no correlation between hydraulic permeability and post-mortem
time within 11h, the tissue degradation at later times significantly
affected our ability to measure hydraulic permeability after 11h.
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Our experimental results provide quantitative values of hy-
draulic permeability as a function of the direction of the WM
fibre bundles from directly measured parameters. While this has
been reported theoretically and anisotropy of permeability has
been considered to explain some features of CED, no exper-
imental evidence existed so far to demonstrate and quantify
such effect. These can be used to enhance the development
of technologies such as CED and as a prime source of infor-
mation to build detailed mechanical models of brain tissue.
Additionally, this investigation provides further evidence of
the need to include tissue anisotropy as one of the key pa-
rameters for the optimization of infusion-based drug delivery
techniques.
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