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Direct ex vivo measurement
of the fluid permeability of loose scar tissue
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Fluid flow is important in many biomechanical models, but there is a lack of experimental data that quantifies soft tissue permeability.
We measured the tissue permeability in fibrous soft tissue, using a novel technique to obtain specimens by allowing soft tissue to grow
into coralline hydroxyapatite scaffoldings implanted between the abdominal muscle layers of rats.
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1. Introduction

Fluid flow is important in many biomechanical
models, e.g., in the models of WEINBAUM et al. [1],
where osteocyte excitation is explained in terms of
fluid flow, in the models of PRENDERGAST et al. [2],
where tissue differentiation is in part decided by fluid
flow, and in our own bone osteolysis models [3], [4].

Previous work to determine the permeability of
soft tissue has generally considered dense tissue such
as cartilage, see, e.g., [5]–[11]. It is more difficult to
find published permeability values for less dense
types of soft tissue. To our knowledge, the previous
measurements with the tissue most similar to the tis-
sue used in the present study are those of LEWIS et al.
[12]. However, due to the nature of their experimental
setup, their data is not applicable to use in Darcy’s
law calculations.

In our own efforts to model certain cases of loos-
ening of orthopaedic implants as an event triggered by
fluid flow [3], [4], [13], we have been unable to find
permeability data for soft tissue types resembling
those we wish to model. Therefore, a small study was

initiated where we determined the order of magnitude
of the permeability of a tissue type similar to the one
in our modelling work. Because of a lack of available
data, we believe our results and the technique we have
used are of interest, despite the limited accuracy
achieved.

In the present paper, a novel technique to produce
test specimens was used, to facilitate permeability
measurements by direct forcing fluid through the
specimens.

2. Methods and materials

2.1. Preparation of specimens

To produce the specimens, porous hydroxyapatite
cylinders of the commercially available material Pro
Osteon 500, 8 mm long and 8 mm in diameter, were
used as scaffolding for soft tissue ingrowth. The cyl-
inders were fitted into stainless steel tubes to allow
tight fitting into brass holders used during the perme-
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ability measurements (figure 1). In each of eight rats,
the cylinders (in their steel tubes) were implanted
between the abdominal muscle layers and left in place
to allow tissue ingrowth. After six weeks, the speci-
mens were carefully removed from the muscle and
trimmed off soft tissue protruding from the steel
tubes. A typical specimen with ingrown tissue re-
moved from its steel tube is shown in figure 2. To
minimize the risk of any flow developing at the inter-
face between the steel tubes and the specimens, the
specimens and tubes were handled as a unit during the
actual experiments. Nevertheless, despite a tight fit
between the cylinders and specimens, some near-wall
flow cannot be ruled out, leading to an overestimation
of permeability.

Fig. 1. The central part of our experimental setup,
showing the hydroxyapatite scaffolding,

with its stainless steel tube and the brass holder used
when applying fluid pressure

Fig. 2. A tissue sample with the steel cylinder removed,
showing tissue ingrowth into the scaffolding

After the permeability measurements, the cylin-
ders were processed for demineralised histology, us-
ing sections parallel to the axis of the cylinder and
haematoxylin/eosine staining. A micrograph of typical
tissue in our specimens is shown in figure 3. It is seen
that interconnected pores of the scaffolding contain
a loose fibrous tissue with spindle-shaped cells and
numerous wide vessels.

Fig. 3. Light micrograph of tissue
from hydroxyapatite scaffolding ingrowth experiments.

Note the scant cells (dark nuclei, the rounded ones
belong to inflammatory cells)

with the lose network of extracellular matrix

Towards the center of the scaffolding, the fibrous
tissue becomes scant, with an increasing proportion of
round cells and bleeding, so that, on average, the cen-
tral third could be regarded as having no fibrous tissue
ingrowth. The length of tissue ingrowth, Δx in equa-
tion (2), was measured under the microscope at this
stage.

All experiments were carried out in accordance
with institutional guidelines for care and treatment of
experimental animals.

2.2. Permeability measurements

The overall experimental setup is outlined in fig-
ure 4. A sample holder was designed to allow direct
measurement of fluid permeability (figure 1). The
sample holder was designed with internal o-ring seals
fitting against the rims of the steel tube containing the
sample, to provide a leak-proof fluid path.

To provide pressure, the sample holder was con-
nected to a syringe filled with lactated Ringer’s solu-
tion and rigged into a small tensile test machine set at
a constant compressive load. The pressure was moni-
tored directly using a pressure transducer connected to
the system at the upstream side of the sample holder.
The pressure varied from 139 kPa to 308 kPa, but was
very nearly constant during the collection of each tube
of fluid. The pressure levels were in part dictated by
the practicalities of our experimental setup, but are
similar to the pressures in our fluid-induced osteolysis
experiments [3], [4].

After a short wait to allow steady-state conditions
to develop, fluid was collected at the downstream end
of the sample holder. Several Eppendorf tubes were
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collected for each tissue sample, measuring the time
required to fill each tube by a hand-held stopwatch.
The collection time for a tube was between 10 and
167 seconds, with one outlier at 624 seconds.

Fig. 4. The overall experimental setup

2.3. Interpretation of data

The measurements were interpreted in terms of
a modified form of the one-dimensional Darcy’s law:

dx
dpc

fA
Q

−= , (1)

where:
Q is the volumetric flow rate,
A is the overall cross-sectional area (including

both scaffolding and soft tissue),
dp/dx is the pressure gradient,
c is the permeability to be determined,
f is the porosity, i.e., the fraction of soft tissue vol-

ume to total volume (tissue plus scaffolding) of the
specimen.

The inclusion of the porosity in equation (1) is
a modification of the standard form of Darcy’s law to
exclude the part of the specimen cross-sectional area
taken up by the scaffolding. It is assumed that no fluid
flows through the scaffolding material, so that Q/( fA)
is the average velocity based on soft tissue area fA,
and c is the permeability of the pure soft tissue as used
by JOHANSSON et al. [3]. It is assumed here that the area
fraction of soft tissue is equal to the volume fraction
(i.e., the porosity). Referring to equation (1), the per-
meability was calculated from experimental data as

ptfA
xmc
ΔΔ
ΔΔ

=
ρ

, (2)

where:
Δm is the mass of fluid collected in a test tube

during the time interval Δ t,
Δp is the pressure drop across the specimen length

Δx.
The ingrowth of tissue into the cylinders was not

complete, so Δx was measured for each specimen at
the histological investigation. The cross-sectional area
A was calculated from the nominal 8 mm diameter of
the specimens and for ρ, the density of the fluid, the
value of 998 kg/m3 for water was used. Physical data
for Pro Osteon 500 has been reported previously, see,
e.g., HADDOCK et al. [14]. It was assumed in the pres-
ent calculations that f had the value of 0.68.

Using equation (2) with SI-units gives permeabil-
ities in units of m4/Ns. Permeability data is sometimes
reported in units of m2, using a definition of perme-
ability corresponding to multiplying our values with
the viscosity. Using the viscosity for water, perme-
ability values in m4/Ns will be 1000 times larger than
corresponding values in m2, c.f. O’BRIEN et al. [15].

3. Results

23 permeability values were obtained, using three
tubes for each of the eight specimens, with only two
tubes available for one of the specimens. A mean
value was calculated for each specimen. The range of
these mean values was c = 0.67–13 × 10–11 (m4/Ns)
with a median of 3.0 × 10–11 (m4/Ns). It can also be
observed that the range of 1.6–5.0 × 10–11 (m4/Ns)
covers half of the data (12 of 23 values).

To investigate a possible change in permeability as
fluid is forced through the tissue, the permeability was
plotted as a function of the amount of fluid that had
passed through the specimen, shown with markers in
figure 5. This was possible since each collected tube
was clocked individually. The curves seem to indicate
that there is an increase in permeability as more fluid is
forced through the tissue. This might be simply because
the flow affects the tissue physically, perhaps by
flushing out minute amounts of tissue or by increas-
ing the fluid content of the tissue. Considering low
flow rates in vivo, any such mechanism would reach
a steady state, and the limiting case of our measure-
ments would be of interest. To estimate this, the curves
were extrapolated to the limit of no fluid having passed
the sample, using a linear least squares fit shown as
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lines in figure 5. The range of extrapolated perme-
ability values is c = 0.31–7.8 × 10–11 (m4/Ns) with
a median of 1.6 × 10–11 (m4/Ns).

Fig. 5. Evolution of permeability.
Markers represent experimental data,

lines are linear least squares fits

4. Discussion

There is a limited amount of permeability data
available for soft tissue, and the available data typi-
cally deals with tissue types such as cartilage with
very low permeability. The data obtained for such
tissue types tend to be within an order of magnitude or
so of 10–15 (m4/Ns), see, e.g., [5]–[11].

In the present paper, we studied a much more
permeable tissue type that appears in the early stages
of ingrowth into an artificial scaffolding. We believe
that such tissue can serve as a model for, e.g., granu-
lation tissue in wound healing. Judging by the his-
tological appearance, the content in each single pore
of the scaffolding was mainly homogeneous, i.e., its
structure was not much dependent on the vicinity of
a hydroxylapatite surface. It should be pointed out that
the results represent an average of denser fibrous tis-
sue near the cylinder openings and looser tissue
deeper inside the scaffolding.

As could be expected, the type of the tissue used in
the present paper shows a much higher permeability
than cartilage, about 3 × 10–11 (m4/Ns), i.e., it is some
three to five orders of magnitude more permeable than
cartilage.

A different class of tissue where a considerable
amount of data is available in the literature is tumor
tissue. The permeability of such tissue is typically
intermediate between cartilage and the tissue studied
in the present paper. For example, the permeability

values for human colon adenocarcioma (LS174T)
tissue in [16]–[18] as well as for several other tumor
types [16], [19] are within an order of magnitude of
10–13 (m4/Ns). The permeability of murine melanoma
tissue (B16.F10) in [20] is even higher than our val-
ues, at about 5 × 10–11 (m4/Ns) (according to our inter-
pretation of figure 3a of that paper). Compared to
these reports, it can also be noted that the variation in
permeability between different samples in the present
work is not exceptionally large.

An important point is the dependence of the per-
meability on various factors, i.e., the limits of validity
of equation (1). Thus, the dependence of permeability
on tissue deformation is considered by NETTI et al.
[16], while the effect of irradiation is studied by
ZNATI et al. [17]. In the present paper, we have studied
the change of permeability as more fluid is forced
through the sample, concluding that the permeability
will increase as more fluid passes through the tissue,
see figure 5.

Fluid flow through tissue described as a combina-
tion of fibrocartilage and fibrous tissue was studied by
LEWIS et al. [12], who examined tissue below artifi-
cial knee implants in dogs. Unfortunately, due to the
nature of their experimental setup, no direct compari-
son is possible. We estimate, however, that their data
correspond to about one or two orders of magnitude
lower permeability than in our experiments. This dif-
ference is probably due to the fact that a large portion
of the interface in that study consisted of dense fibro-
cartilage and, to some extent, of bone, whereas we
studied the loose fibrous tissue typical of rather early
healing.
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