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ARTICLE INFO ABSTRACT

The objective of this work is to quantify the relation between the value of the effective thermal conductivity of
trabecular bone and its microstructure and marrow content. The thermal conductivity of twenty bovine trabe-
cular bone samples was measured prior to and after defatting at 37, 47, and 57 °C. Computer models were built
including the microstructure geometry and the gap between the tissue and measurement probe. The thermal
conductivity (k) measured was 0.39 = 0.06 W m~ ! K~! at 37°C, with a temperature dependence of
+ 0.2%°C~'. Replacing marrow by phosphate-buffered saline (defatting) increased both the computer simula-
tions and measurement results by 0.04 W m~' K~'. The computer simulations showed that k increases by
0.02-0.04 W m ™! K~! when the model includes a gap filled by phosphate-buffered saline between the tissue and
measurement probe. In the presence of microstructure and fatty red marrow, k varies by + 0.01 Wm™* K™!
compared with the case considering matrix only, which suggests that there are no significant differences between
cortical and trabecular bone in terms of k. The computer results showed that the presence of a gap filled by
phosphate-buffered saline around the energy applicator changes maximum temperature by < 0.7 °C, while in-
cluding the bone microstructure involved a variation of < 0.2 mm in the isotherm location. Future experimental
studies on measuring the value of k involving the insertion of a probe into the bone through a drill hole should
consider the bias found in the simulations. Thermal models based on a homogeneous geometry (i.e. ignoring the
microstructure) could provide sufficient accuracy.
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1. Introduction

Computer modeling is widely employed to solve problems involving
the thermal response of biological tissues in general and bone in par-
ticular. Computer models have been proposed to evaluate the heat
transfer in bone tissues resulting from thermal ablation (Irastorza et al.,
2016; Matschek et al., 2017), mechanical drilling (Davidson and James,
2003), or associated with bone cement in joint prosthesis (Hansen,
2003; Li et al., 2003). To improve the accuracy of these models, it is
crucial to thermally characterize the bone tissues as far as possible, with
special attention to their thermal conductivity (k), which determines
the ability of the tissue to conduct heat. The models generally use data
from different databases (Hasgall et al., 2016), which in turn, review
the available scientific literature. Most of these databases consider that
tissues are homogeneous. While this assumption may be valid for

certain tissues, the porosity of trabecular bone (also known as cancellous
bone) could significantly affect its thermal conductivity, as is the case
with its electrical properties (Sierpowska et al., 2006, 2007). As the
thermal conductivity of trabecular bone and its relationship with its
microstructure and marrow content is still poorly understood, our ob-
jective was to study the effects of the microstructure and marrow
content on its thermal conductivity. In particular: 1) to measure the
conductivity in samples of bovine trabecular bone and study their
temperature dependence within a broad range (37-57 °C); 2) to use
computer simulations to study the effects of bone marrow content and
microstructure on the values of thermal conductivity; and 3) to quantify
the error associated with the gap between the tissue sample and the
thermistor-based conductivity measurement probe.
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2. Materials and methods
2.1. Samples preparation

Twenty approximately cylindrical bovine trabecular bone samples
(10 mm long, 16 mm diameter) were obtained from the femur head of
five animals from the local slaughterhouse within less than 24 h post-
mortem (stored at 4 °C). The samples were machined using ad hoc tools.
During the cutting process, they were moistened with phosphate-buf-
fered saline (PBS) to avoid high temperatures and then kept at 4°C
overnight in sealed plastic tubes containing PBS. The next day they
were thawed immediately prior to measurement. After measuring the
thermal conductivity of each sample, the marrow was removed from
the samples, first by ultra-sonication in a 2% tergazyme solution using a
B-220 Ultrasonicator (Branson Ultrasonics Americas, Danbury, CT,
USA), as in Gee et al. (2015), and then cleaned under a gentle flow of
distilled water. The samples were cleaned until being sufficiently
translucent to make the trabecular structure visible. They were then
stored in PBS solution for eight hours, when the thermal conductivity of
the defatted samples was measured again.

2.2. Porosity assessment

The porosity of the sample was estimated after extracting marrow
from high-resolution pictures obtained with a USB-microscope PCE-
MM200 (PCE Instruments, Southampton, UK) with 200 X magnifica-
tion and 1280 x 1024 pixels. The sample pores on the side where the
thermistor was inserted were detected by modified routines from Van
der Walt et al. (2014). Fig. 1B shows an example of an image which was
processed in order to estimate the porosity degree by considering the
trabecular matrix and marrow phases.

2.3. Thermal conductivity measurements

The same experimental setup was used as in Valvano et al. (1985) to
measure the thermal properties of in vivo tissues with minimal invasion
by means of a self-heated thermistor. Briefly, an electronic feedback
circuit applies variable power P(t) to a thermistor in contact with the
tissue to maintain the average thermistor temperature at a predefined
constant (Tygy). The power required to maintain Tygy includes a
steady state term and a transient term. In theory, the applied power can

be approximated by:
P(t) = A+B-t71/? (@))

where A and B are parameters related to thermal conductivity (k) and
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diffusivity (o), respectively. These parameters have different values in
the different samples. A previous calibration with two media of known
thermal properties of agar gel and glycerol was performed to obtain the
value of the constants associated with the specific setup of sample and
thermistor. A 1kQ, 1.5mm diameter 120-102EAJ-QO01 thermistor
(Honeywell, Morris Plains, NJ, USA) was used (see Fig. 1A). The elec-
tronic signal of the power evolution was digitalized by a USB-1608GX
data acquisition device (Measurement Computing Corporation, Norton,
MA, USA), which was also used to control the electronic feedback cir-
cuit. A 1.5 mm diameter x 3 mm deep hole was drilled in the centre of
each sample, into which the thermistor was carefully placed (see
Fig. 1B). The sample was then completely submerged in PBS and
maintained at baseline temperature (T ow) by a LAUDA RE106 cryostat
(Lauda Brikmann, Lauda-Konigshofen, Germany). Three sets of mea-
surements were performed at different Ty ow (37, 47, and 57 °C). During
each set, the self-heating technique consisted of raising Ty - Trow
= 4°C above Ty ow and recording the evolution of the power needed to
do so. Thermal conductivity was assumed to be constant within the
range from Tpow to Tygu. Thermal conductivity was obtained at 37,
47, and 57 °C before and after extracting the marrow content from the
samples.

2.4. Computer modeling

Fig. 1B shows an example of a defatted sample. The thermistor was
inserted into the central hole to measure the thermal conductivity of the
sample. This image was also used to build a trabecular bone computer
model (see Fig. 1C), whose geometry included zones of marrow and
matrix, along with a gap between thermistor and tissue, which was
expected to fill with PBS during the measuring process. The image
employed to build the model (Fig. 1B) was representative of other
samples in terms of the proportion of marrow volume to total volume
(24 = 9%), and gap thickness (0.20 + 0.09 mm). The model shown in
Fig. 1B has a mean gap of 0.18 mm with maximum and minimum of
0.5mm and 0.05 mm, respectively.

The model was used to estimate computationally the overall value
of thermal conductivity of the entire sample, ke, which is referred to as
‘effective thermal conductivity’ in the present paper. This allowed the
effect of bone marrow content and the gap on the values of ke to be
assessed. From the computational point of view, the central hole is not
part of the domain, and its outer boundary is really the inner boundary
of the model (r; = 0.75 mm). The outer model boundary (r,) was ob-
tained by a sensitivity analysis in which this parameter was progres-
sively increased until the calculated ks values varied by less than 0.01
Wm KL
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Fig. 1. A Thermistor used to measure thermal conductivity. B: Image of defatted sample (central hole for inserting thermistor). C: Geometry of the model based on the
image (B), in which the red zone mimics the gap between thermistor and tissue, which fills with saline during the process. The central hole is not part of the model,
and boundary conditions of constant temperature are set at the inner (r;) and outer (r,) limits of the model to mimic the performance of the self-heated thermistor

during thermal measurements.
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The 2D image shown in Fig. 1C was extruded to create a 3D model
of a cylinder with height L. Although the value of L is in fact irrelevant
in the context of the study (as the computational estimation of kg does
not depend on L), its value was chosen to match the computational and
measurement results in terms of applied stationary power (parameter A
in Eq. (1)). The value of L was 1.5 mm, which corresponded to an ap-
plied power of A = 8.9 mW.

The model was based on steady heat conduction and was solved
numerically using a finite element code based on FEniCS package (Logg
et al., 2012). The governing equation was:

V-kVT =0 (2)

where k is the thermal conductivity and T is the temperature, both
being functions of space. A boundary condition of constant temperature
Tuign was set at the inner boundary (r;) to simulate the performance of
the self-heating thermistor during the thermal measurements, while the
temperature at the outer boundary was fixed at Ty ow-

The model mesh was heterogeneous, with a finer mesh size at the
porous interfaces and the central hole, where the highest thermal gra-
dients were expected. All the mesh elements used were linear and tri-
angular. The size of the finest mesh and the optimal time-step were
estimated by a sensitivity analysis on the same lines as that used for the
outer geometry dimensions.

2.5. Tissues characteristics

Table 1 shows the thermal conductivities of the materials used in
the model obtained from the database in Hasgall et al. (2016), which
reviews the scientific literature on tissue characteristics. In the case of
yellow and red bone marrow, the lack of available data prevented
working with a specific range.

According to Hasgall et al. (2016), the thermal conductivity (k) of
trabecular bone ranges from 0.29 to 0.36 W m~! K~'. This range is
based on three studies: two on bovine tissue (Clattenburg et al., 1975,
Collins et al., 2004) and one on human tissue (Biyikli et al., 1986).
Clattenburg et al. (1975) measured trabecular bone under two condi-
tions: intact (0.25 W m ! K1) and defatted (0.167 W m ! K™ 1); in the
latter condition, marrow was replaced by air. Collins et al. (2004) is
really simulation-based and takes its data from Duck (1990) and so did
not contribute much to our study. Biyikli et al. (1986) reported a k
value of 0.3 W m™~! K™%, and found that this value was practically the
same for trabecular and cortical bone.

Hasgall et al. (2016) reported the k range of cortical bone between
0.3 and 0.36 W m ™' K™ 1. This range is based on three studies, all on
human tissue (Biyikli et al., 1986; Collins et al., 2004; McIntosh and
Anderson, 2010). In addition to the database, we also found some
studies which more or less confirmed this range. For instance, El-
Brawany et al. (2009) reported identical values to Biyikli et al. (1986),
while Bowman (1981) (also on human tissue) found a range between
0.373 a 0.496 W m~! K~!. Davidson and James (2000) reported a
value of ~0.54 W m~! K~ ! in bovine samples, which seems to be in
agreement with the highly local measurement performed by Zhang

Table 1
Range of values of thermal conductivity (k) of materials em-
ployed in computer model (assessed at 37 °C) (Hasgall et al.,

2016).
Material kWm 'K
Trabecular bone 0.29-0.36
Cortical bone 0.30-0.36
Bone marrow yellow 0.19%
Bone marrow red 0.28"
PBS (water) 0.65
Air 0.03

# No range is given, simply a value.
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et al. (2014).

Hasgall et al. (2016) only report a red marrow value (0.28 W m™
K~ 1) obtained from McIntosh and Anderson (2010). This value was
really estimated using a mathematical expression which relates k with
water content, also obtained from (Cooper and Trezek (1971). The
yellow marrow value provided by Hasgall et al. (2016) is taken from
Meclntosh and Anderson (2010), who simply assign a porcine fat tissue
value of 0.19 W m~™' K~!, which is not very conclusive. The
Poppendiek et al. (1967) also reports a value of 0.22 W m~! K™ for
bovine marrow, although they do not clarify whether it is for red or
yellow.

1

2.6. Computer simulations

We conducted different simulations to determine the causes of the
dispersion of the k values in the literature for trabecular bone. In all the
simulations the bone matrix (see Fig. 1C) was considered to have the
properties of cortical bone, i.e. a k ranging from 0.3 and 0.36 W m ™!
K™'. The ‘bone marrow’ and ‘gap’ subdomains were assumed to have
different k values that depended on the purpose of each simulation.
Table 2 shows the simulations map and how different values of k were
assigned to each subdomain.

3. Results
3.1. Experimental results

Table 3 shows the values of the measured thermal conductivity
(Kmeas) at three temperatures for two conditions. The mean value of k
for non-defatted samples at 37 °C was 0.39 = 0.06 W m~! K™, Re-
gardless of the conditions (defatted vs. non-defatted), kpeas increased
with temperature. The best-fit line showed a slope of + 0.2% °C™! (see
Fig. 2). When fat was replaced by PBS, k,e,s increased from ~ 0.39 to ~
0.43Wm 'K L

3.2. Computational results

The sensitivity analysis resulted in an outer dimension of r,
= 3.8 mm. Table 2 shows the computed values for the thermal con-
ductivity (keg) for each case. In cases #1 and #2, the gap subdomain
was assumed to be cortical bone, which means that there is no gap.
While case #1 considered a marrow composed mostly of lipids (yellow
marrow), case #2 considered a marrow with predominance of hema-
topoietic cells (red marrow). Compared to cortical bone (in which all
was matrix), the inclusion of a fatty marrow slightly reduced keg (~0.01
Wm~!K™1). In contrast, the inclusion of red marrow slightly increased
Kegr (~0.01 Wm ™! K™1). In order to evaluate the highest values found
in the literature for cortical bone conductivity (Davidson and James,
2000; Zhang et al., 2014), we re-simulated cases #1 and #2 assuming k
~0.54 Wm ™! K™ for the gap and matrix domains. These simulations
provided values of effective thermal conductivity of 0.50 and 0.52 W
m~! K™, for yellow and red marrow, respectively (results not shown in
Table 2). Cases #3, #4 and #5 considered cortical bone, trabecular
bone with yellow marrow, and trabecular bone with red marrow, re-
spectively, including a gap filled by PBS. Including this gap always
increased k.g, which ranged from 0.04 W m~! K~! in the case of
cortical bone, to ~0.02 W m ™' K™ ! in the case of trabecular bone. Case
#6 mimicked a situation in which marrow was replaced by air, in which
ke fell to around 0.05 W m~! K1, We also employed the computer
model to try to interpret the measurements. For this, case #7 modeled a
situation in which marrow was replaced by PBS (defatted sample) and
also included a gap filled with PBS. When this was done, k¢ increased
from

0.33-0.39 W m ™! K™ (case #5, assuming that our intact samples
contained mainly red marrow) to 0.37-0.43 W m~! K~ !. These values
are in close agreement with the mean values obtained from the
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Table 2
Simulations plan and computer results.
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Simulations plan

Results

Material assigned at each subdomain (see Table 1) Purpose ke (W m 'K

Bone matrix Bone marrow Gap
#1 Cortical bone Yellow bone marrow Cortical bone To compare with values reported for k of trabecular bone 0.30 0.35
#2 Cortical bone Red bone marrow Cortical bone 0.31 0.36
#3 Cortical bone Cortical bone PBS To assess the impact of PBS into the gap, and compare 1,2,3 0.34 0.40
#4 Cortical bone Yellow bone marrow PBS 0.32 0.37
#5 Cortical bone Red bone marrow PBS 0.33 0.39
#6 Cortical bone Air Cortical bone To compare with Clattenburg et al. after comparing with 1 0.25 0.29
#7 Cortical bone PBS (defatted) PBS To compare with our measurements 0.37 0.43

The two values reported for k. correspond with two simulations in which the thermal conductivity of bone matrix was assumed to be 0.3 and 0.36 Wm ™ LK™ (see

Table 1).

Table 3
Average ( * standard error) of measured values of thermal conductivity (W
m~ ! K~1Y) measured at three temperatures (n = 20) under two conditions.

Condition Trow = 37 °C Trow = 47 °C Tiow = 57 °C
Non-defatted state 0.39 = 0.06 0.39 = 0.04 0.41 = 0.07
Defatted state 0.43 + 0.05 0.43 + 0.04 0.44 = 0.06

During each measurement, the self-heated technique consisted of raising the
temperature 4°C above Ty ow and recording the power progress needed to
achieve this increase. The thermal conductivity was assumed to be constant
within this range of 4 °C.

0.46

0.45 | TR
0.44 | ]
0.43} i
0.42 | R
0.41F

0.40 | B

Conductivity (W/m-K)

0.39 B

0.38 | B

037 L L L L
20 30 40 50 60 70

Temperature (°C)

Fig. 2. Effect of temperature on the thermal conductivity values measured in
the samples of trabecular bone in two states: defatted (triangles) and non de-
fatted (circles). The best-fit lines showed a slope of approximately + 0.2%
co
measurements, which increased from 0.39 Wm ™ 'K ! t0 0.43Wm™!
KL

Finally, the model was used to study the impact of the gap on the
temperature distributions created in the bone during thermal proce-
dures, e.g. therapeutic treatments. In this case the temperature of the
probe (inserted in the hole) was modeled to rise to 50 °C to highlight
any possible differences and mimic a high-temperature therapeutic
procedure. Fig. 3 shows the differences in temperature distribution
between the cases without (#1) and with a gap (case #4) (even though
we simulated all the cases, these simulations showed the biggest dif-
ferences). The plots show two interesting issues: first, the isotherms of
both cases differed by less than 0.2 mm (see Fig. 3A and B) and 0.7 °C.
Secondly, the inclusion of the microstructure in the model (i.e. marrow
areas surrounded by cortical matrix) has practically no effect on the
isotherms’ location, i.e. they keep their circular distribution.

134

4. Discussion

This study explored the effect of microstructure and marrow content
on the thermal conductivity of trabecular bone. Firstly, we measured
the thermal conductivity in samples of bovine trabecular bone and
studied their temperature dependence within a broad range (37-57 °C).
The value found at 37°C (0.39 = 0.06 Wm~ 'K~ 1) is slightly above
the range reported in Hasgall et al. (2016): 0.29 — 0.36 W m KL
The computer results (discussed below) suggest that this discrepancy
may be partially due to the presence of a gap filled by PBS around the
measurement probe. The temperature dependence of all the defatted
and non-defatted samples was around + 0.2%°C ™', which agrees with
that reported previously for most tissues (Rossmann and Haemmerich,
2014; Valvano et al., 1985) and consistently matched the temperature
coefficient of water. The higher k;,.,s observed when fat was replaced
by PBS (from ~0.39 to ~0.43 W m ™! K™ ') can be perfectly explained
by the higher PBS k value (0.65 W m~! K™1) as compared to marrow
(0.19-0.28 Wm ™' K™ ). This result allowed us to quantify this increase
(+ 0.04 Wm™! K™1) for a typical sample, as shown in Fig. 1A.

Computer simulations were conducted to explore the effects of bone
marrow content and microstructure on the thermal conductivity values.
When the model included details of the microstructure and (fatty and
red) marrow content, thermal conductivity increased by ~0.01 Wm ™!
K~ ! over that of cortical bone (in which all is matrix and marrow is
absent). This could explain why the reported values for trabecular bone
(0.29-0.36 W m~! K1) are within the values reported for purely
cortical bone (0.3-0.36 W m~™! K™1), suggesting that there are no
significant differences between both bone tissue types. Although the
greater degree of porosity (and therefore higher concentration of adi-
pose/red tissue) could be responsible for the greater difference between
cortical and trabecular bone in terms of thermal conductivity, the
presence of fat or red cells in the marrow seems to have the opposite
effect, and hence confirms that there should be no great difference
between cortical and trabecular bone in terms of thermal conductivity.

The simulations were also able to quantify the error associated with
the gap between tissue sample and thermistor-based probe. The inclu-
sion of a PBS-filled gap increased ke by 0.02-0.04 W m~! K™, This
finding is important since it helps to estimate the measurement error
associated with effective thermal conductivity of bone due to the dril-
ling gap. It also suggests that this error is a systematic positive deviation
due to the higher thermal conductivity of the PBS between probe and
sample. In fact, it could explain the difference between our results
(0.39 + 0.06 W m~!* K™Y and the values reported in the literature
029 — 0.36 Wm™ ' K1, Hasgall et al., 2016). Experimental studies
measuring thermal conductivity by inserting a probe into the bone
should take these findings into account. It is also reasonable to expect
the deviation to increase with gap thickness. The gap should be as small
as possible, or its thickness should be quantified, in order to correct it
according to our computer results.
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mulation #1
L
Simulation #4

Fig. 3. A and B Spatial distributions of the isotherms obtained in the cases with (case #4) and without (case #1) a gap (red zone). The gap is assumed to be between
the measuring probe (inserted into the central hole) and the bone tissue sample. C: Spatial distribution of the thermal differences (°C) between both cases.

We also simulated a situation in which marrow was replaced by air.
In this case, thermal conductivity dropped to around 0.05 Wm ™! K™%,
which is exactly the opposite to the effect of including a gap filled with
PBS. Here, a material with low thermal conductivity (air) is distributed
spatially throughout the entire sample (occupying the space previously
occupied by the marrow). This result is partially in agreement with the
findings of Clattenburg et al. (1975). While they reported a drop of 0.08
W m~! K~ ! in k when marrow was replaced by air, our simulations
showed a reduction of up to 0.06 Wm ™' K~ 1,

Some of the simulations mimicked the measurement conditions of a
defatted sample (marrow replaced by PBS) with the gap filled with PBS.
Replacing marrow by PBS raised thermal conductivity from 0.33 to
0.39Wm ™ 'K !t00.37-0.43 W m ™! K™ ! in the computer simulations
and from 0.39 Wm ™! K™* to 0.43 W m~! K™! in the measurements.
The good agreement between the computer and measurement results
thus validates the proposed computer modeling technique and its re-
sults.

The computer results suggest that the effect of the gap around the
energy applicator during hyperthermic procedures is negligible
(< 0.7 °C) when the gap is filled with PBS. This is important from the
clinical point of view, since some thermal therapies, such as radio-
frequency ablation of bone tumors, involve inserting a needle-like
electrode through a biopsy cavity. Our results suggest that when the
gap is completely full of PBS, the temperature distributions are prac-
tically the same as those obtained without a gap. This confirms the need
to inject PBS into the cavity to evacuate any air around the electrode
that could impede the thermal treatment (Kuyumcu et al., 2017).

We also found that the bone microstructure (i.e. the presence of
marrow surrounded by cortical matrix) has practically no effect on the
isotherm location (< 0.2 mm). From a modeling of point of view, this
suggests that it is not really necessary to include the geometry of the
microstructure in the model. In other words, the difference between
matrix and marrow is not enough to produce a temperature distribution
significantly different to the case of homogeneous tissue (which has
perfectly concentric isotherms).

4.1. Limitations of the study

It is known that cooling the samples can significantly affect their
electrical properties (Sierpowska et al., 2006; Saha and Williams, 1988)
and thermal conductivity. In order to minimize these effects and to
improve the comparison between samples, our study considered a
carefully standardized method in which all the samples spent the same
time in the refrigerator, processing, and PBS solution.

The model employed for the computer modeling was based on a 2D
image, although the trabecular bone microstructure is inherently three-
dimensional and the trabeculae have different shapes, sizes, and or-
ientations. The model proposed here is composed of two media (matrix
and bone marrow) and a gap filled with PBS. The difference between
thermal conductivities of both media is not large. For example, if we
consider 0.54 W m~* K~ ! for bone matrix and 0.19Wm™* K™ ! for
bone marrow, the former is 2.84 times higher than the latter (the
highest difference reported in the literature between these two media),
and gives a value of effective conductivity of approximately 0.50 W
m~! K~ ! for the model shown in Fig. 1C. When we compared this si-
mulation to another with an isotropic medium (simulations not shown
here) with the same effective thermal conductivity (0.50 Wm K™,
there was practically no effect on the position of the isotherms. It can
therefore be inferred that the differences between trabeculae and
marrow conductivities is not high enough to cause a notable deviation
from an isotropic medium, and that the 2D model provides sufficiently
accurate results.

5. Conclusions

The measurement and computer results suggest that: 1) including a
gap filled with PBS increases thermal conductivity (k) of trabecular
bone by 0.02-0.04 W m~* K™!, 2) the value of k is possibly around
0.36 W m~! K™! at 37°C, with a temperature dependence of
+ 0.2%°C™!, 3) the defatting process (i.e. replacing marrow by PBS)
increases k by 0.04 W m~ 'K, and 4) the presence of microstructure
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and fatty or red marrow has practically no effect on either maximum
temperature or the position of the isotherms, which suggests that
thermal models with a homogeneous geometry (i.e. ignoring the mi-
crostructure) can provide sufficiently accurate results.
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