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A B S T R A C T

Determining the mechanical properties of brain tissues is essential in such cases as the surgery planning and
surgical training using virtual reality based simulators, trauma research and the diagnosis of some diseases that
alter the elastic properties of brain tissues. Here, we suggest a protocol to measure the temperature-dependent
elastic properties of brain tissues in physiological saline using the shear wave elastography method.
Experiments have been conducted on six porcine brains. Our results show that the shear moduli of brain
tissues decrease approximately linearly with a slope of −0.041 ± 0.006 kPa/°C when the temperature T increases
from room temperature (~23 °C) to body temperature (~37 °C). A case study has been further conducted which
shows that the shear moduli are insensitive to the temperature variation when T is in the range of 37 to 43 °C
and will increase when T is higher than 43 °C. With the present experimental setup, temperature-dependent
elastic properties of brain tissues can be measured in a simulated physiological environment and a non-
destructive manner. Thus the method suggested here offers a unique tool for the mechanical characterization of
brain tissues with potential applications in brain biomechanics research.

1. Introduction

Understanding the biomechanical properties of brain tissues is of
great importance for modeling the deformation behavior of brain under
various stimuli and inventing the equipment to protect the brain from
injuries. Besides, it has been recognized that some diseases, e.g.,
hydrocephalus and Alzheimer's diseases, may alter the mechanical
properties of brain tissues (Kruse et al., 2008). Therefore, assessing the
mechanical properties of brain tissues may help the diagnosis of these
diseases and monitor their development. However, mechanical char-
acterization of brain tissues is by no means trivial because they are
extremely soft and their elastic properties may change with the
variation in the surrounding environment (Christ et al., 2010;
Destrade et al., 2015; Goriely et al., 2015; Hrapko et al., 2008). To
date, a number of mechanical testing methods have been used to
measure the mechanical properties of brain tissues, including tension
(Miller and Chinzei, 2002), compression (Rashid et al., 2012), simple
shear (Destrade et al., 2015; Rashid et al., 2013), indentation (Christ
et al., 2010; Miller et al., 2000; Weickenmeier et al., 2016) and the split
Hopkinson pressure bar tests (Zhang et al., 2011). Besides the
conventional testing methods above, the shear wave elastography

method has been recently demonstrated to be a promising technique
to measure the elastic properties of brain tissues in a non-destructive
manner (Jiang et al., 2015; Kruse et al., 2008; Urbanczyk et al., 2015).
The key idea behind this method is to generate shear waves in the brain
and track the propagation of the shear wave with a medical imaging
method, e.g., the ultrasound or magnetic resonance imaging, then the
elastic properties of brain tissues can be inferred from the measured
shear wave velocity.

It is of notice that the reported data for the biomechanical proper-
ties of brain tissues exhibit large scatters due to such reasons as the
different working frequency of the specified testing methods (Hrapko
et al., 2008), the different time post-mortem (Garo et al., 2007) and
difference in the preservation temperature (Rashid et al., 2013). This
paper is concerned with the temperature-dependence of the elastic
properties of brain tissues. Recent studies showed that the elastic
moduli of brain tissues were dependent on the temperature at which
the experiments were conducted. For instance, Hrapko et al. (2008)
used the rotational rheometer to characterize the brain tissue and
reported that the dynamic modulus at room temperature (~23 °C) was
approximately 60% higher than that at the body temperature (~37 °C).
Rashid et al. (2013) showed that the shear modulus of a brain tissue
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measured with a simple shear test decreased about 31% when the
temperature varied from 22 °C to 37 °C. Although these experimental
results clearly show that the mechanical properties of brain tissues are
sensitive to the temperature variation, it remains a challenging issue to
fully reveal the temperature-dependence feature of the brain elasticity
using these destructive testing methods. Besides, these ex vivo experi-
ments were performed without considering the physiological condi-
tions and only limited data at several typical temperatures were
obtained.

Bearing the above issues in mind, in this paper we suggest a
protocol based on the shear wave elastography method to measure the
temperature-dependent elastic properties of brain tissues in a non-
destructive manner. Using the present experimental setup, the tem-
perature of the brain tissues can be well controlled with an increment
of 1 °C in the measurement. In addition, the brain tissues are preserved
in the physiological saline during the measurement to simulate the
physiological environment.

2. Materials and methods

2.1. Brain tissues

The porcine brains investigated in this study were obtained from
freshly slaughtered animals. All the samples were stored in the ice-box
in which the temperature was about 2 to 4 °C and the experiments were
conducted within 12 h postmortem. A total of twelve samples were
used in this study. Six of them were tested and their shear moduli were
determined, whereas the other six samples were used to monitor the
temperature variation in the brain tissues during the measurement.

2.2. Equipment

In the present study, the shear wave elastography measurements
were conducted with the Aixplorer® ultrasound system (Supersonic
Imagine, Aix-en-Provence, France) upon which the supersonic shear
imaging (SSI) technique was implemented. In the SSI technique, the
moving acoustic radiation force is imposed to the soft tissues through
the ultrasound probe, and the resulting shear wave is confined in a
Mach cone due to the elastic Cherenkov effect (Bercoff et al., 2004a; Li
et al., 2016a, 2016b). When the moving speed of the vibration source is
much greater than the speed of the shear wave in the soft tissue, quasi-
plane waves can be generated and the shear modulus of the tested soft
tissue can therefore be deduced from the velocity of the interfered wave
front by using the following equation

μ ρc= ,2 (1)

where ρ is the mass density of the soft tissue. ρ is taken as 1000 kg/m3

in the present study. It should be pointed out that the shear waves
generated by the moving shear source are broad-band (10–2000 Hz)
and c is the velocity of the interfered wave front (Bercoff et al., 2004a;
Gennisson et al., 2013). Most biological soft tissues are viscoelastic. For
shear waves generated by present stimuli, Bercoff et al. (2004b) has
demonstrated that viscosity of soft tissues can lead to the decay of the
wave amplitude, but that its effect on the velocity of the shear wave is
not significant provided that the attenuation length is much larger than
the wavelength.

In our measurement, the temperature was monitored using a multi-
channel thermocouple thermometer with four thermal couples. The
temperature measurement range of the thermometer is -50 to 200 °C
and the resolution is 0.1 °C.

2.3. Experimental protocol

The experimental setup is shown in Fig. 1. The whole brain tissues
were immersed in the physiological saline. During the experiments, two
brain samples were used at the same time; two thermal couples (T2 and
T3) were penetrated into one brain sample to monitor the temperature
variation in the brain tissues when the physiological saline was heated,
whereas the SSI measurement was performed on another brain sample
to assess the shear wave velocity and infer the brain shear modulus. In
the measurement, the two thermal couples (T1 and T4) in the
physiological saline as shown in Fig. 1 were used to monitor the
temperature variation of the water. The ultrasound probe was fixed by
a home-made holding device to avoid the effects of the probe move-
ments during the experiment. Our measurement started from the room
temperature (~23 °C) and the following steps were followed.

(1) The two brain samples were put into the physiological saline at the
same time and the measurement was performed when the four
thermal couples showed the same temperature value.

(2) The shear wave speeds in the regions of interest (ROIs) were
measured with the Aixplorer® ultrasound system. In this study, six
ROIs in each brain sample were selected. The mean values of the
wave speeds in the ROIs were recorded.

(3) Heating the physiological saline and increasing the temperature by
approximately 1 °C, when the temperature values shown by the
four thermal couples were stable, measurements as described in
Step (2) were repeated.

(4) Repeating Step (3) until the temperature reached the specified
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Fig. 1. The experimental setup used in the present study. Two porcine brains were used at the same time; one was used to monitor the temperature, and the other was used to conduct
the elastography measurement. The samples were immersed in the physiological saline whose temperature was increased by a heating platform.
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maximum value, e.g., 37 °C for samples #1 to #5 and 48 °C for
sample #6 in the present measurements. Then we changed the
physiological saline, put the other two brain samples into the
physiological saline and went to Step (1) to continue the measure-
ments.

Fig. 2 shows the shear moduli of brain tissues in two typical ROIs. It
can be seen that the shear moduli decrease when the temperature
increases from 22.8 °C to 29.3 °C.

3. Results

This study mainly focuses on the dependence of the brain elasticity
on the temperature when the temperature varies from the room
temperature (~23 °C) to the body temperature (~37 °C). Typical results
for the variations of the shear moduli with the temperature for samples
#1 and #2 are plotted in Fig. 3(a) and (b), respectively. Variation of the
averaged values of the brain shear moduli with temperature can be
approximately fitted with a linear function of μ c T T μ= ( − ) +0 0 with
the temperature T in the range of 23 to 37 °C, where T =0 23 °C is the
room temperature, μ0 and μ are the shear moduli at T0 and T ,
respectively. The coefficient c determines the dependency of μ on T .

The mean value and the standard deviation of μ0 by averaging the
values in the six ROIs for each brain sample together with the
parameter c are listed in Table 1. The mean values of μ0 and c by
averaging the corresponding results from the six brain samples are
1.440 ± 0.200 kPa and −0.041 ± 0.006 kPa/°C (Mean ± SD), respec-
tively, as shown in Table 1.

4. Discussion

It has been recognized in the literature that the elastic properties of
brain tissues vary with temperature. For instance, Rashid et al. (2013)

Fig. 2. Typical measurement results for the brain sample #1. Two ROIs (the white circles) in the imagining plane and the corresponding measurement results are illustrated in the each
figure.
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Fig. 3. Variations of the shear moduli with the increase in the temperature for two
typical brain samples (a) #1, and (b) #2. For each brain sample, six ROIs were selected in
which the mean values of the shear wave velocities were recorded and used to determine
the shear moduli by invoking Eq. (1). The variation range of the experimental data from
the six ROIs is highlighted by the blue shaded area. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
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conducted simple shear experiments and obtained that the shear
moduli were 1.019 ± 0.295 kPa and 0.699 ± 0.195 kPa at 22 °C and
37 °C, respectively. Shear wave elastography method has been demon-
strated to be a useful tool to study the temperature-dependence of the
elastic properties of soft tissues (Sapin-de Brosses et al., 2010;
Tornberg, 2005). To gain a better understanding on the effects of
temperature on the brain elasticity, a protocol based on the shear wave
elastography method is suggested here. The present protocol compared
with the previous destructive testing methods has several obvious
merits: first, the measurements are performed in a simulated physio-
logical environment; second, the measurements are conducted in a
non-destructive manner; third, the temperature can be accurately
controlled in the present experimental setup. With the protocol
introduced here, the quantitative relation between the brain shear
modulus and the temperature has been fully revealed for the first time
though some limited data have been reported in the literature.

This study is interested in the temperature range of 23 °C (room
temperature) to 37 °C(body temperature), however, the presented
protocol can be easily used to investigate the variation in the mechan-
ical properties of brain tissues in a wider temperature range. To
illustrate this point, we conduct a case study on the brain sample #6,
which is heated to approximately 48 °C from the initial temperature of
21 °C during the measurements. The variation of the brain shear
modulus for this sample is shown in Fig. 4, which uncovers some
interesting information. (1). When the temperature varies from 23 °C
to 37 °C, the shear modulus decreases with the increase in the
temperature. (2). In the temperature range of 37 to 43 °C, the shear
modulus of the brain is basically insensitive to the variation in the
temperature. (3). When the temperature is above 43 °C, the brain shear
modulus will increase with the increase of the temperature. Our above
results indicate that the brain tissue is the softest when the temperature
is in the vicinity of the body temperature. Decrease of the shear
modulus when the temperature varies from room temperature to body

temperature might be due to the unfolding of the myosin. Whereas
increase in the shear modulus with temperature when T is higher than
a certain critical value may be caused by the denaturation of proteins.
Sapin-de Brosses et al. (2010) showed that the temperature beyond
which the elastic moduli of the skeletal muscles began to increase was
about 57 °C, which was higher than 43 °C as we found for the brain
tissues. This difference is not surprising considering that the denatura-
tion temperatures for different proteins vary in a wide range, e.g., from
42 °C to 100 °C, and are sensitive to the environment (Somero, 1995).

This study is limited to the ex vivo measurements and the protocol
suggested here appears to be inapplicable to the in vivo measurements
because it is difficult to vary the temperature in a wide range in an in
vivo measurement. Brain tissue is complex which consists of the gray
matter and white matter. In our measurement, 6 different ROIs are
selected for each brain sample, however, it is difficult to clearly
differentiate these two different matters in the experiments. Using
the protocol introduced here, it is possible to study the elastic proper-
ties of cerebellum tissues as well, which has not been investigated in
this paper and deserves further efforts. The coefficient c measured
during the cooling process may change somehow in comparison with
that obtained in the heating process. However, obtaining c during the
cooling process is by no means trivial because samples are usually kept
in an ice-box to keep fresh before the testing (Garo et al., 2007). A
possible way to address this challenge is to preserve the brain sample in
the physiological saline of body temperature once it is removed from
the animal's body, and then perform the measurements at once with
the present protocol by gradually cooling the sample to obtain c. This
issue is interesting and deserves further efforts.

5. Conclusion

In this communication paper, a protocol based on the shear wave
elastography method has been suggested to investigate the tempera-
ture-dependent elastic properties of brain tissues in a simulated
physiological environment. The following results fully revealing the
temperature-dependent feature of brain elasticity have been obtained
and may find important applications in brain biomechanics research.

When the temperature increases from the room temperature
(~23 °C) to the body temperature (~37 °C), the shear moduli of brain
tissues decrease approximately linearly with a slope of −0.041 ±
0.006 kPa/°C.

The case study in which the brain tissue has been heated up to
48 °C shows that the brain tissues are the softest when the temperature
is in the vicinity of the body temperature and the shear modulus of the
brain tissue will increase when the temperature is higher than 43 °C.
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