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Abstract

Surgical interventions close to vulnerable structures, such as nerves, require precise handling of surgical
instruments and tools. These tools not only pose the risk of mechanical damage to soft tissues, but they also
generate heat, which can lead to thermal necrosis of bone or soft tissues. Researchers and engineers are trying
to improve those tools through experimentation and simulations. To simulate temperature distributions in
anatomical structures, reliable material constants are needed. Therefore, this study aimed at investigating the
thermal conductivity of cortical and cancellous bone. Accordingly, a custom-made steady-state experimental
setup was designed and validated. 6 bovine and 3 human cortical bone samples, as well as 32 bovine cancellous
bone samples, with variable bone volume fraction were tested. The cancellous bone samples were scanned by
micro-computed tomography (uCT) and micro-finite element (LFE) voxel models were created to calculate
iteratively the thermal conductivity of the bone marrow. The experimental results provided 0.64 + 0.04 W/
mK for bovine cortical bone and 0.68 + 0.01 W/mK for human cortical bone. A linear dependency of thermal
conductivity on bone volume fraction was found for cancellous bone [R-square (R?) = 0.8096, standard error
of the estimates (SEE) = 0.0355 W/mK]. The thermal conductivity of the bone marrow was estimated to be
0.42 £0.05 W/mK. These results will help to improve thermal finite element simulations of the human skeleton
and aid the development of new surgical tools or procedures.
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Introduction

Many surgical interventions require the use of drilling
or cutting tools to remove parts of the skeleton. Those
tools create heat, which can lead to thermal necrosis
of bone or surrounding tissues (Augustin et al., 2012;
Pandey et al., 2013). Tissue damage is time- and
temperature-dependent and the necrosis threshold,
which is described in so-called cumulative equivalent
minutes, is different for each tissue (Sapareto et al.,
1984). For example, thermal bone necrosis starts at
47 °C after 1 min of exposure (Eriksson et al., 1984)
or at 55 °C after 30 s (Lundskog, 1972). Additional
reasons for thermal damage are tumour ablation,
cement hardening or magnetic resonance heating.

Many researchers are studying the prevention of
tissue damage by optimising surgical tools or process
parameters through experiments or simulations
(Augustin et al., 2012; Feldmann et al., 2016a; Pandey
et al., 2013). These simulations require the prior
knowledge of material constants such as density,
thermal conductivity or specific heat.

Cortical bone’s apparent density varies from 1800
to 2100 kg/m?, whereas trabecular bone’s apparent
density exhibits a much broader range, from 150 to
800 kg/m?, depending on the anatomical site (Currey,
2006). The amount of bone within a certain region
is defined as a percentage of bone volume to total
volume of the defined region (bone volume/total
volume = BV/TV).

The specific heat of cortical bone is 1260 J/kgK
(Huiskes et al., 1979; Lundskog, 1972). The emissivity
of cortical bone, which is necessary for thermal
imaging, is € = 0.96 + 0.01 (Feldmann et al., 2016b).

Previous studies show the thermal conductivity
of bovine cortical bone to be between 0.2 and 12.8 W/
mK (Biyikli ef al., 1986; Davidson et al., 2000; Moses
et al., 1995). The most extensive experimental study
is that carried out by Davidson ef al. (2000). They
report the thermal conductivity of bovine cortical
bone with respect to its micro structure (haversian)
orientation, using a custom steady-state setup and
find a slight variation from 0.53 W/mK to 0.58 W/
mK from the circumferential to longitudinal
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Fig. 1. (a) Whole experimental setup with thermocouple measurement device and inserted thermocouples.
(b) Detailed view of samples, aluminium rods and thermocouples (normally sited to the inside of the
insulation). Surrounding insulation material and sealing o-rings are not shown. Boundary temperatures
T1 and T3 were kept constant, while temperature T2 depended on the thermal conductivity of the sample.

direction. Zhang et al. (2014), using the Raman shift
measurement technique, confirm the range of values
(0.45-0.64 W/mK) and identify a relationship with
compressive stress. The thermal conductivity first
increases as a function of compressive stress, but
then decreases after reaching a peak value. Only
one study investigates the thermal conductivity of
cancellous bone, calculating it to be around 0.3 W/
mK (Clattenburg et al., 1975), without any information
on trabecular bone microarchitecture or composition.
Other researchers use finite element models (FEM)
to investigate how bone cells with different thermal
conductivities would experience a temperature rise
in the mineralised bone matrix, but only a small
temperature difference (0.001 °C) is found between
the embedded cells and the surrounding mineralised
matrix (Dolan ef al., 2014).

Overall, there is a lack of reliable thermal
conductivity values reported for cancellous bone
or human cortical bone. The aim of this study was
to determine thermal conductivity of bovine and
human cortical bone as well as bovine cancellous
bone. Bovine samples were used due to the limited
availability of human samples. The cortical bone
samples were tested and compared using two
different setups: a custom-made steady-state and a
commercially available transient setup. Afterwards,
the thermal conductivity of cancellous bone samples
with different bone volume fractions was measured
using the validated custom-made steady-state setup.
Additionally, thermal conductivity values for bone
marrow were derived from micro-finite element
(UFE) simulations of the cancellous bone samples.

Materials and Methods

There are different methods to measure the thermal
conductivity of a material. They can be divided into
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steady-state and transient methods (Wakeham et al.,
2000). In the steady-state setups, a constant known
heat flow is assumed to stream through an object
(the measurement sample). These setups are mostly
designed in a so-called parallel plate arrangement, to
create a temperature flow through the sample and a
reference sample with a known thermal conductivity.
The reference sample is needed to calculate the heat
flux. Sometimes these types of measurement systems
are realised with a heat flow sensor instead. The
calculation of the thermal conductivity is very simple
if no (lateral) heat loss and perfect heat transmission
between the samples are assumed (eq. 1):

kTA-AT

Qbone = QTeference =

with “q” being the heat rate (W), “k” the thermal
conductivity (W/mk), “A” the cross-sectional area
(m?) and “I” the length (m) of the object (sample)
(Incropera et al., 1996). The temperature difference
between the two ends is denoted with “AT” and the
temperature drop is assumed to be linear within a
homogenous sample. If the material and reference
sample have the same dimensions, eq. 1 can be
simplified and written for the thermal conductivity
of the tested material (eq. 2):

. ATy f
ref ATpone

kbone =k

In the transient method, the calculation of the
thermal conductivity is more complex and based on
the temporal behaviour of the temperature change
of a heated sensor that is placed within the material
(Wakeham et al., 2000).

In this study, both methods were used to evaluate
the thermal conductivity of cortical bone, whereas
only the steady-state method was used to measure
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the thermal conductivity of cancellous bone. In
fact, the transient method is only able to assess
homogenous samples, a condition that is not verified
for trabecular bone samples. While a custom setup
was designed and manufactured for the steady-state
measurements, a commercial system (TPS 500; Hot
Disk Instruments, Gothenburg, Sweden) was used
for the transient measurements.

Experimental setup

Steady-state setup

The steady-state parallel plate system was designed
according to the literature (Davidson et al., 2000)
and based on ASTM standards (Web ref. 1). Fig. 1
shows the final system with a detailed view of the
size and arrangement of samples and insulation. Pilot
experiments and simulations were used to determine
the sample dimensions (diameter = & = 6 mm,
length = 6 mm). The optimal size was determined
based on the need for a sufficient volume of bone
material and the necessary reduction of lateral heat
loss (a longer sample has a higher lateral surface
area).

The (lateral) heat loss is a general problem of this
kind of setup. Therefore, a low conductive closed
foam polyethylene material was used that should,
additionally to the thermal insulation, prevent water
loss from the bone sample. The heat flow through
the sample was realised with two aluminium rods
of the same diameter that had o-rings for the same
heat-sealing purpose. The aluminium rods were
heated or cooled by Peltier modules (VT-127-1.0-
1.3-71; TE Technology Inc., Traverse City, MI, USA).
The temperatures of the rods were set and controlled
so that the temperature at the boundaries of the
samples were 40 °C and 10 °C, respectively (Fig.
1b). These temperatures were determined by pilot
simulations to minimise the temperature difference
to room temperature (25 °C £15 °C) and to reduce the
asymmetry of heat loss between bone and reference
sample.

A reference sample with the known thermal
conductivity of 0.95 W/mK (PTFE660; AngstPfister,
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Zurich, Switzerland) was used. Three thermocouples
type T (5SRTC-TT-TI-30-1M, error + 0.5 °C; Omega,
Norwalk, CT, USA) were inserted and fixed in-
between aluminium rods and samples and in-
between the reference sample and the bone sample.
A sufficient amount of thermal conductive paste
was added to ensure a proper heat flow in the axial
direction.

Pilot tests with two reference samples were used
to evaluate the remaining heat loss. To compensate
this loss, a simple FE model (Abaqus 6.11; Dassault
Systems, Vélizy-Villacoublay, France) was created,
which represented the basic cylindrical parts of
the setup: bone and reference sample, as well as
the surrounding insulation material. The thermal
conductivity of the surrounding insulation was
0.0245 W/mK. The reference sample components,
bone sample and surrounding insulation, were
modelled as cylinders with direct contact. The room
temperature was 25 °C and the temperatures of the
cooling and the heating rod were 10 °C and 40 °C,
respectively, as shown in Fig. 1. All elements were
standard linear heat transfer elements (DC3D).
The model was used post-experimental and the
actual thermal conductivity of all bone samples
was determined by iteratively adjusting the thermal
conductivity of the bone so that the temperature
T, of the simulation matched the experimental
temperature. The adjusted conductivity values were
slightly lower than the measured (and calculated with
eq. 2) experimental values (in average: ~ 0.02 W/mK).

Transient setup

To further validate the experimental setup,
measurements of cortical bone samples were also
conducted with a Hot Disk System (TPS 500, error
<5 % and reproducibility 2 %; Hot Disk Instruments).
This system uses a transient method to calculate the
thermal conductivity (and specific heat). It measures
a pair of samples with the advantage of a short
measurement time (s), but is not able to measure
heterogeneous samples. Therefore, it was not used
to measure cancellous bone samples.

Fig. 2. uCT image of (a) low density
cancellous bone sample (BV/
TV =0.2070) and (b) cancellous bone
sample with higher bone volume
fraction (BV/TV = 0.3716).
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Sample preparation
Bovine samples were extracted from fresh-frozen
(-20 °C) tibiae of 4-year old milk cows. The cortical
samples were harvested from the diaphysis and
cancellous samples from the proximal tibia beneath
the tibial plateau. The human cortical samples were
also fresh-frozen and obtained from the diaphysis
of a femur of a 105-year old female cadaver. The ex
vivo human bone samples were acquired and used
according to the ethics rules and approval of the
Anatomy Institute, University of Bern, Switzerland.
All samples were cut based on the anatomical
orientation so that the main axis was along the
osteonal (for cortical) or main trabecular direction.
In total, 10 bovine and 3 human cortical, as well
as 32 cancellous bone samples, were extracted.
Additionally, 6 bovine cortical bone samples were
prepared (10 mm x 10 mm x 10 mm) and used as a
reference measurement when using the commercially
available Hot Disk system (Hot Disk Instruments).
After pre-cutting the bones with a hand saw, the
cylindrical samples were obtained using a hollow
diamond core drill bit with inner diameter of 6 mm.
A computerised numerical control (CNC)-machine
with very low feed rate (0.05 mm/s; 2500 RPM) was
used and samples were drilled in intervals within a
water bath, to prevent excessive temperature rise.

Experimental

determination of

A
Measurement
of T, for all
samples

Finally, the samples were cut to the correct length
(6 mm) using a diamond blade band saw (EXAKT
Advanced Technologies GmbH, Frankfurt am Main,
Germany).

uCT images of the cancellous bone samples
were taken with a 16 um resolution (uCT40; Scanco
Medical, Briittisellen, Switzerland) and morphological
parameters, such as bone volume fraction (BV/TV),
connectivity density (Conn.D), trabecular thickness
(Tb.Th_mean and Tb.Th_SD), structure model
index (SMI) and normalised mean intercept length
along the axis of the sample, were extracted with
the commercial Scanco Software (Harrigan et al.,
1983). Fig. 2 shows an example of a cancellous bone
sample with a low and a high bone volume fraction.
The samples were thawed in saline solution prior to
the experiments. Each experiment was run for 2 h to
ensure temperature equilibrium. Steady-state was
reached after around 90 min and temperatures were
averaged over the following 30 min.

Micro-finite element model

Besides using the previously mentioned FEM for
improving the experimental setup, an additional
HFE model was developed to analyse the cancellous
bone samples. The aim of this model was to calculate
the thermal conductivity of the bone marrow using
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Fig. 3. Flow chart of process to inversely determine the thermal conductivity of bone marrow from the

cancellous bone samples.
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an inverse method. For this calculation, the found
thermal conductivity of cortical bone was used for
the trabecular bone tissue. Afterwards, the thermal
conductivity of the bone marrow was iteratively
determined (= 5-10 iterations) by matching the
total thermal conductivity of each sample of the
WFE simulation with the previously experimentally
determined total homogenised thermal conductivity
of cancellous bone samples.

At this purpose, UFE voxel models were created
from the coarsened puCT images (48 um) of each
cancellous bone sample. Medtool 3.8 (Dr Pahr
Eur-Ing., Pfaffstdtten, Austria) was used for image
processing (segmentation, mesh generation) and,
subsequently, the model was solved with ABAQUS
6.11 (Simulia, Dassault Systemes, Vélizy-Villacoublay,
France). Boundary conditions were used to match
again the experimental condition, but this time
assuming no lateral heat loss (adiabatic lateral
boundary conditions), because it had already been
compensated for with the first FE simulation. A part
of the reference sample was included in the final
mesh, which had 2.1 million elements (type: DC3DS8:
8-node linear brick heat transfer element), to create
a heat flow and a read-out temperature T, between
the two samples.

Statistical analysis

Two statistical analyses were carried out to evaluate
the thermal conductivity of cortical and cancellous
bone. Wilcoxon rank-sum test (RStudio 3.2.1; RStudio
Inc., Boston, MA, USA) was used to evaluate the
differences in thermal conductivity of bovine cortical
bones measured with the two setups (commercial
Hot Disk vs. custom steady-state) and to compare the
thermal conductivity values obtained for human and
bovine cortical bones using the validated steady-state
setup (Fig. 3). Results with p < 0.05 were considered
statistically significant. Next, the measurements of
the cancellous bone were analysed in relation to the
thermal conductivity values of bovine cortical bone
and to the inversely calculated bone marrow values.
For this, a linear regression analysis was carried

out to establish the relationship between BV/TV
and thermal conductivity (Fig. 4). Further, it was
assessed if fabric (in terms of mean intercept length)
or other morphometric parameters would improve
the prediction of thermal conductivity, when added
to BV/TV in the form of a multilinear model.

Results

Fig. 4 shows the thermal conductivity values of
bovine and human cortical bone measured with the
commercially available Hot Disk and the custom
made steady-state setup. The top and bottom lines
of the rectangle represent the 3rd and 1st quartiles,
the line in the middle the median. The top/bottom
whisker denotes the maximum/minimum value or
the 3rd/1st quartile + 1.5 times the interquartile range,
whichever is smaller/larger. Wilcoxon rank-sum
tests showed small, although statistically significant
differences (p =0.01827) between the two setups, but
not between the human and bovine cortical bone
samples (p = 0.07231). The found mean values and
standard deviations were 0.60 + 0.01 W/mK (bovine
bone with Hot Disk), 0.64 + 0.04 W/mK (bovine
bone with steady-state setup) and 0.68 + 0.01 W/mK
(human bone with steady-state setup). All thermal
conductivity results of the steady-state setup were
optimised with the first FEM model, as described
in the experimental setup section. Reproducibility
experiments were conducted with the reference
sample and a reproducibility precision of 4.88 % was
calculated (Gluer et al., 1995).

The total conductivity of cancellous and cortical
bone samples (of the steady-state setup) was
plotted dependent on bone volume fraction (Fig. 5).
Additionally, the bone marrow values, which were
calculated from the uFE model, are shown as blue
triangles (Fig. 5). The mean and standard deviation of
the thermal conductivity were 0.42 +0.05 W/mK. The
regression analysis for cancellous and cortical bone
samples (with BV/TV assumed to be equal to 0.95 for
all cortical specimens) provided an adjusted R-square

Thermal conductivity of cortical bone

Fig. 4. Results of thermal
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(R?) of 0.814 and a standard error of the estimates
(SEE) of 0.035 W/mK (Fig. 5). The regression line was
extrapolated towards the calculated bone marrow
values. The R? was reduced for the cancellous bone
samples (R?=0.5163, SEE =0.0318 W/mK). Due to the
non-uniform distribution of the data, an additional
Kendall’s Tau test was performed with significant
results (tau = 0.692, 2-sided, p = < 2.22e-16).

Fig. 6 shows the heat flux per unit area with and
without the bone marrow elements. All FEM were
run with the bone marrow phase being present and
the bone marrow elements were only removed for a
better visualisation. The heat flux was higher (red)
for the trabeculae aligned along the main axis. Fig.
6b includes the bone marrow, which was apparently
less conductive, with the heat flowing mainly through
the trabeculae. Although the measured samples were
all extracted along the anatomical main axis, the
range in axial normalised mean intercept length was
substantial (0.7-1.5), but did not correlate with the
thermal conductivity. The available samples might
include horizontal remnants of growth plate and
might not be best suited for a detailed investigation of
the influence of fabric on thermal conductivity. In the
multiple regression model for predicting the thermal
conductivity, the inclusion of further morphometric
parameters in addition to BV/TV did not increase
the determination coefficient, compared to BV/TV
alone (R*, =025 R, =032 R = =0.01,
R%, 1 o = 0.1). Additionally, the Hot Disk system
measured the specific heat as 1216 + 60 J/kgK (for
assumed o = 1900 kg/m?).

Discussion

Two different measurement techniques were used
to determine the thermal conductivity of cortical
and cancellous bones. Both setup and measurement
techniques had advantages and disadvantages:
the measurement with the transient method (Hot
Disk system) was quick, but not able to measure

heterogeneous materials. The custom-made steady-
state setup was able to measure those samples,
but needed a longer measuring time and was very
sensitive to heat loss. Therefore, the system was
improved and compared to the ones reported in
literature with different measures: proper insulation,
symmetric heat flow, sealing- and heat-loss-
accounting FEM simulations.

The comparison of the thermal conductivity
of cortical bone between the two measurement
techniques and the literature value showed good
agreement (= 0.05 W/mK difference). A small water
loss could not be ruled out for the steady-state
setup. However, the short measurement time and
the similarity of the obtained values with the Hot
Disk system suggested an appropriate sealing.
The small differences between the two setups
could be explained by the more difficult manual
sample handling for the steady-state setup, with
a reproducibility error of around 5 %. The reason
for this could be that application of the thermal
conductive paste could vary and remaining small air
cavities or misalignments could change the recorded
thermal conductivity values. However, the measured
value for the specific heat was similar to the value
reported in literature (1260 J/kgK) (Lundskog, 1972)
and, therefore, a further indicator that the measured
conductivity values were correct. The measured
value of thermal conductivity for cortical bone was
close to that of water (= 0.6 W/mK). This confirmed
the validity of the designed experimental setup,
allowing further tests on human cortical bone, with
values (0.68 +0.01 W/mK) found slightly higher than
bovine bone (0.64 + 0.04 W/mK).

However, the three human samples were
obtained from the femoral diaphysis of a 105-year
old female, which might have some structural and
compositional differences compared to samples from
younger individuals. This is a clear limitation of this
experiment and further measurements will have to
be taken on human bone samples of different age and
anatomical sites to obtain more accurate values.

Fig. 5. Regression analysis (for cortical and
cancellous bone) shows a bone volume fraction
dependency of the thermal conductivity of the
bovine cancellous bone samples. Bovine cortical
bone samples are shown with BV/TV =0.95. The
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inversely calculated bone marrow (blue triangles)
thermal conductivity with BV/TV =0 matches the
interpolation of the regression line.
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Fig. 6. Heat flux per
unit area (HFL) of a
cancellous bone sample
(a) without bone
marrow (removed for
visualisation purposes)
and (b) with bone
marrow. The heat flux
appeared to be higher
(red) for the trabeculae
aligned along the main
axis. Also, the heat
flux through the bone
marrow was lower.

The steady-state setup was used to investigate
the thermal conductivity of cancellous bone. The
statistically significant regression with the bone
volume fraction (R? = 0.8095) suggested a linear
relationship between thermal conductivity and BV/
TV (cancellous and cortical bone). This was supported
by the non-parametric Kendall Tau's test. However,
more bone samples need to be tested to further study
the relationship with the actual porosity of cortical
bone measured by uCT. It should be noted that the
volumetric density of bovine cortical bone was not
measured and that the correlation would slightly
change when using exact BV/TV values. The lower R?
for cancellous bone was possibly due to the smaller
range of BV/TV, the challenging handling of porous
bone samples with the maintaining of the bone
marrow in the pore and the necessary application
of thermal conductive paste on the porous surface.
Another reason could be the influence of the fabric,
which, however, was found to be not significant in
this study (multiple regression analysis). Nonetheless,
the heat flux analysis suggested that there might be
a dependence of thermal conductivity on trabecular
orientation. If trabeculae and bone marrow would be
aligned perpendicular to the heat flow, the samples
would have most likely a smaller conductivity.
In general, it was speculated that the thermal
conductivity depended on both bone volume fraction
and fabric analogy to the mechanical properties of
cancellous bone (Maquer et al., 2015), but this remains
to be demonstrated in future research.

Due to the measured thermal conductivity of
cortical bone and the measured conductivity values of
each sample, it was possible to calculate the thermal
conductivity of the bone marrow with a uFE voxel
model. The found conductivity of the bone marrow
(0.42 + 0.05 W/mK) was higher than reported in
literature (0.23-0.35 W/mK) (Poppendiek et al., 1966),
but matched the extrapolation of the regression line
of BV/TV and thermal conductivity. The difference
from the literature values was most likely due to the
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differences in composition between yellow and red
bone marrow, which was from the proximal tibia in
the cancellous bone samples. The published literature
values are from yellow bone marrow, which has a
lower percentage of water (= higher percentage of fat)
compared to the red bone marrow and, therefore, a
lower thermal conductivity [red: 0.28 W/mK, 40 %
water content; yellow: 0.21 W/mK, 15 % water content
(Mcintosh et al., 2010)].

The found relationships between bone volume
fraction and thermal conductivity was in agreement
with the mixture rule suggested by Poppendiek et al.
(1969). They suggest that the thermal conductivity
of any biological tissue can be calculated with
respect to its composition using a parallel addition
(such as electrical resistances) of the basic thermal
conductivities of water, fat, collagen and air. They
also show that soft tissue specimens exposed to
freeze-thaw conditions can have a 10-20 % higher
thermal conductivity. However, this effect is possibly
less relevant for hard tissues.

In general, the thermal conductivity of biological
tissues is quite low, which is necessary to regulate
the body temperature and protect the important
organs. However, this leads also to an accumulation
of the heat in a small region around the heat source,
which can lead to thermal cell necrosis. While the
cell necrosis of nerve tissue can be permanent, bone
cell necrosis seems to be reversible. Dolan et al. (2015)
show that osteocyte thermal damage (apoptosis)
initiates a bone remodelling cascade. However, the
effects of osteonecrosis on implant fixation (e.g. due
to pre-implant drilling) is less well understood. A
necrotic zone around the implant site drilling can
possibly slow down osseointegration and, therefore,
reduce secondary implant stability. This is shown
for dental implants (Trisi et al., 2014). However,
to our knowledge, there are no conclusive studies
concerning this topic for orthopaedic surgeries and
in vivo studies of implant stability are warranted.

It should also be noted that, besides thermal
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conductivity, the specific heat of a material is
important in order to calculate the thermal diffusivity,
which is needed to evaluate the rate of heat
dissipation. While the specific heat of cortical bone
was evaluated in this study, the specific heat of
cancellous bone has to be determined in future
studies. However, the values for thermal conductivity
found herein might already aid the improvement
of simulations, which is especially important for
investigating the thermal effect of cutting tools close
to nerves and other vulnerable structures. A more
detailed study of the dependency of cancellous bone
thermal conductivity on fabric orientation, and in
particular in human bone samples, is planned.

Conclusion

This study investigated the thermal conductivity of
cortical and cancellous bone. A custom made steady-
state setup was improved from previous setups and
validated with a commercially available setup. The
thermal conductivity of bovine cortical bone and
human cortical bone was found to be 0.64 + 0.04 W/
mK and 0.68 + 0.01 W/mK, respectively.

32 cancellous bone samples were measured and
a dependency of thermal conductivity on bone
volume fraction was found. The linear regression
analysis showed a significant linear relationship
(R? =0.8095), which allows for a simple calculation
of the thermal conductivity with known BV/TV.
Additionally, a uFE voxel model was created from
HUCT scans of cancellous bone samples in order
to calculate the thermal conductivity of the bone
marrow (0.42 + 0.05 W/mK) with an inverse method.
Further research is needed to assess human bone
from different anatomical sites, also in relation to
age and to investigate the fabric dependency of the
thermal conductivity. These results might help future
researchers to improve their models and to prevent
bone or soft tissue necrosis in surgical procedures.
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Discussion with Reviewer

Glen Niebur: Would the anisotropy of the thermal
conductivity play a major role in applying these data
to larger models?

Authors: We think that the anisotropy may have an
influence on cancellous bone [and small influence on
cortical (Davidson et al., 2000)], but further research
is needed to prove it.

Glen Niebur: Could the transient behaviour during
the experiment be used to estimate the heat capacity
of the bone, perhaps using the data from the Hot Disk
system as an initial estimate?

Authors: Yes, this is also topic of further research.

Glen Niebur: How can these data be applied to
understand the potential for thermal necrosis during
bone preparation or bone cement hardening?
Authors: The found thermal conductivity values will
enable more detailed simulations (e.g. FEM) of the
transmission of heat from the heat source (e.g. bone
cement, drilling) into the bone (cancellous or cortical).
Further investigations of the cumulative equivalent
minutes (CEM47) will help to assess the damage to
bone or cells of other tissues.

Editor’s note: The Scientific Editor responsible for
this paper was Juerg Gasser.
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