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Differentiate Thermal Property of Mammary Glands for
Precise Photothermal Therapy

Yuxin Fang, Weijie Zheng, Yuxuan Peng, Jianhua Liu, Jianshu Gao, Yi Tu, Shengrong Sun,
Xiaona Huang, Jinjuan She,* Chuang Chen,* Shen Xu, and Yanan Yue*

As an alternative to conventional methods, photothermal therapy is promising
in breast cancer therapy. It is essential to prevent overheating of normal
tissues and underheating of target tissues, which strongly depends on thermal
transport processes. In this work, for the first time, the thermal properties of
mammary glands in pubertal and mature mice is accurately measured.
Thermal conductivity of mammary gland in pubertal mice is measured as
0.19 +0.005

−0.005 W m−1 K−1, slightly higher than that of fat (0.17 W m−1 K−1), which
is the main component of connective tissue in mammary glands. However,
with the growth and pregnancy of mature mice, thermal conductivity of
mammary gland increases to 0.32 +0.004

−0.004 W m−1 K−1, 66.84% higher than that
of pubertal mice. Numerical simulations are conducted to understand the role
of thermal conductivity in photothermal therapy. The maximum temperatures
in mammary glands of pubertal and mature mice are 49.6 and 44.6 °C,
respectively, under the same laser irradiation conditions. This implies that
higher thermal conductivity in mature mice mammary glands might lead to
ineffectiveness in reaching to the desired temperature. This work suggests
that age and pregnancy affect the thermal properties of mammary glands
which are not negligible in breast cancer photothermal therapy.
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1. Introduction

Breast cancer (BC) is the most common
malignant tumor in women worldwide ac-
cording to the data from Global Cancer
Observatory.[1,2] Traditional treatments of
BC, including surgery,[3] radiotherapy,[4]

and chemotherapy[5] are difficult to eradi-
cate BC stem cells, which are responsible
for tumor dissemination andmetastasis.[6,7]

A new therapeutic method, photothermal
therapy, is applied to patients who are not
suitable for traditional treatments due to
their physical conditions and their concerns
about side effects.[8,9] Photothermal ther-
apy employs photothermal agents to con-
vert optical energy into thermal energy at
a specific wavelength.[10,11] It has attracted
wide attention due to advantages such as
minimal side-effect,[12] simple operation,[13]

high temporal-spatial resolution,[14] and
low toxicity to normal tissues.[15] Photother-
mal therapy has been regarded as one of
the most promising techniques that could
be applied to the treatment of BC.[16]

In photothermal therapy, the target areas require to be kept at
a temperature range between 41 and 47 °C for tens of minutes or
higher temperature for a shorter time under laser irradiation.[17]

High-temperature rise could cause irreversible damage to nor-
mal cells, while low temperature (<40 °C) could not ablate tumor
cells effectively in a short time. It is vital to improve the efficiency
and accuracy of treatment and avoid unwanted thermal damage
to the healthy tissue, especially in clinical application. The direct
measurement of heat transfer in photothermal therapy is often
difficult due to access and practicalmeasurement issues, then an-
alytical or numerical methods could be valuable alternatives in al-
lowing us to predict the outcome of heat transfer procedure. The
reliability of predictions depends on employing an appropriate
heat transfer model and accurate thermal conductivity of mam-
mary gland. The accurate knowledge of the thermal conductivity
is essential to understand the heat transfer mechanisms, which
could facilitate the development of realistic time-dependent ther-
mal models and reasonable parameter settings in BC hyperther-
mia.
One of the first techniques used tomeasure thermal conductiv-

ity of biological tissues was the guarded hot plate method, which
is a 1D heat flow model and based on a steady-state process.[18,19]

Longer exposure can change the basic structure of tissue and
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Figure 1. a) Anesthetized pubertal mouse (left) andmature mouse (right). b) Themobilizedmammary gland of pubertal mouse(left) andmature mouse
(right). c) The mammary gland H-E stained section of pubertal mice. d) The mammary gland H-E stained section of mature mice.

increase water loss resulting in inaccurate values.[20] The laser
flash method is a noncontact and transient optical technique,[21]

but it assumes the sample to be a blackbody with a layer of
black coating on the sample surface[22] which is unsuitable for
biomaterials. The cut-bar and embedded thermistor method can
measure the thermal conductivity of biomaterials, but it requires
sample to have at least ≈10 mm thickness.[23] The thermal con-
ductivity of swine left ventricle in normal and ablated conditions
has been obtained by this method ex vivo.[24] The thickness
of the mammary gland is only about 2 mm, which requires
the method to measure the thermal conductivity of thin-film
material. The three-omega method is common in measuring the
thermal conductivity of thin materials.[25] But the requirement
of obtaining the temperature coefficient of resistance in advance
limits its application in measuring mammary gland thermal
conductivity.[26] Above methods have strict requirements for
the tested sample size or need complex numerical analysis to
obtain results. It is challenging to find a suitable method to
measure the thermal conductivity of the mammary gland with a
small size.
The customized hot wire method is used in this paper to study

the thermal conductivity of mammary glands. Sample prepara-
tion is described in Section 2. The theory and governing equa-
tions for the simplified analysis are given in Section 3. Subse-
quent experiments conducted on the mammary glands of puber-
tal and mature mice are described in Section 4 to uncover the
effective thermal transport inmammary glands. In Section 5, nu-
merical simulations are conducted to understand the role of ther-
mal properties in photothermal therapy. Under the same irradia-
tion conditions, the effective treatment areas of pubertal and ma-

ture mice mammary glands are different. It shows that the effect
of pregnancy and age on the thermal conductivity of mammary
glands could not be ignored in BC photothermal therapy.

2. Sample Preparation

2.1. Ethics Statement

All animal studies are reviewed and approved by the Laboratory
Animal Welfare & Ethics Committee (IACUC) of Renmin Hos-
pital of Wuhan University (Issue No. 20200702). All animals are
housed in sterilized plastic cages under pathogen-free conditions
(21–25 °C, 12/12 light/dark cycle). Food and water are offered
ad libitum. The animals are euthanized using CO2 overdose fol-
lowed by cervical dislocation to ameliorate their suffering.

2.2. Preparation Details

The female Balb/c mice are anesthetized with 1% pentobarbital
sodium injected intraperitoneally (30 mg Kg−1). After the mice
are well anesthetized, the limbs are secured, and the abdominal
skin is sterilized. An incision is made on the abdomen to expose
and dissect the inguinal gland within 5 min. The measurement
of thermal conductivity is conducted subsequently, and then the
mice are euthanized. All animals are monitored with pulse and
breath and are placed on the warming pad for temperature con-
trol during anesthesia. As shown in Figure 1a, the anesthetized
pubertal Balb/c mouse (left) is about 9.50 cm in length and the
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average weight of pubertal mice is 22–25 g. The mature mouse
(right) is about 10 cm in length and the average weight of mature
mice is 28–32 g. The mammary glands are close to the skin,
which is beneficial to conduct laser irradiation for photothermal
therapy. The mammary gland in the pubertal mice mobilized
by blunt dissection is presented in Figure 1b, which is 3.20 cm
in length, 0.35 cm in width, and 0.20 cm in thickness. The
mammary gland in the mature mouse is about 3.7 cm in length
and 0.40 cm in width. After the measurement, the mammary
glands are fixed in 10% formalin-buffered acetate, dehydrated,
and embedded in paraffin. The embedded specimens are cut
into 5 μm serial sections, stained with hematoxylin-eosin, then
dehydrated and viewed under the microscope Figure 1c,d.
The inguinal gland is dissected, spread out on glass slides,

and fixed in Carnoy’s fixative (VitroViewTM Cat. No. VB-300)
for 2–4 h at room temperature. The slides are washed with al-
cohol/distilled water gradually, starting with 70% ethanol for
30 min, and then rinsed in distilled water for 5 min. Then, the
mammary gland is stained in carmine alum (VitroViewTM Cat.
No. VB-300) at room temperature overnight. Next, the samples
are washed in 70%/95%/100%EtOH for 15min per time orderly.
Samples are cleaned with three changes of xylene (10 min per
change) and photographically documented.
To intuitively compare the mammary ductal architecture of

the two kinds of mice, a 50 μL Hamilton syringe affixed with a
33 G metal hub needle is used to inject 1% methylene blue (a
dye widely applied clinically) into the mammary ducts through
the opening of nipple. The detailed procedure is as followings.
BALB/c mouse is anesthetized with a mix of isoflurane and oxy-
gen using a chamber to rapidly induce anesthesia, thenmaintain
it by switching the mouse under the stereoscope with a mask for
drug delivery. After securing its extremities and sterilizing the
skin on the inguinal gland, themouse is injected 20 μLmethylene
blue through the nipple opening to fill the entire ductal tree.[27]

Lastly it is euthanized and dissected to expose the dyedmammary
gland for photographical documentation.

3. Measurement Method

3.1. Principle

As mentioned above, the mammary glands’ small size and thin
thickness limit the choice of thermal conductivity measure-
ment methods. Based on the principle of the transient 1D heat
conduction,[28] the hot wire introduces a thermal pulse for a fi-
nite time with a constant heating power and generates cylindrical
coaxial isotherms initially at equilibrium. The temperature distri-
bution is sensitive to the radial heat flow and thermal properties
of mammary glands, which is defined by the governing equation

𝜕2T
𝜕r2

+ 1
r
𝜕T
𝜕r

= 1
𝛼

𝜕 T
𝜕 t

(1)

where T is the temperature at position r and time t, 𝛼 is the ther-
mal diffusivity. The initial and boundary conditions are T =T0 at
t= 0 and q = − 2𝜋kr 𝜕T∕𝜕 r for t> 0. Finally, the thermal conduc-
tivity can be obtained by the fundamental equation as[4]

k =
q
4𝜋

∕ 𝜕 T
𝜕 ln t

(2)

Figure 2. Simplified system diagram of experimental measurement.

As illustrated in Figure 2, the whole experiment system com-
prises the measurement system, data acquisition system, and
control circuit. The data acquisition can record voltage data at
the rate of 1000 samples s−1 simultaneously from all channels,
which could ensure the accuracy of the logged data. A current
source with 1 mV resolution is utilized to supply a constant volt-
age in the measurement system. The specially treated hot wire
monitors its own temperature while generating heat gradient in
themammary glands, acting as a temperature source and sensor.
The mathematical modeling error mainly results from the devi-
ation between the measuring apparatus and the theoretical 1D
heating model.
Previous studies indicated that L/D ratio must be greater than

25 to minimize the axial heat loss through hot wire, and the
model could be taken as infinitely long.[29] The effective length
of the hot wire (L = 1.5 cm) and radius (r1 = 15 𝜇m) in this
measurement meet the requirements to reduce the error in the
mathematical model. The thermal conductivity could be derived
through fitting the voltage–time line

k =
E3R2

0R𝛼1

4𝜋L
(
R0+R

)4 ∕ d U
d lnt

(3)

where E is the applied constant voltage. 𝛼1 = 0.00386 K−1 is the
temperature coefficient of the hot wire.[30] L is the effective length
of the hot wire.R andR0 are the resistance in the circuit.U is volt-
age of hot wire which changes with the resistance. dU/dlnt is the
slope obtained from the linear region of voltage and logarithmic
time plot which can be recorded by data acquisition. The mini-
mum time requires to achieve a linear relationship is estimated
by r1

2/4𝛼t < (0.16)2, where r1 is 15 𝜇m and 𝛼 is 10–7–10–6 m2 s−1

in this measurement.[31] According to the above equations, the
thermal conductivity can be determined from the voltage and log-
arithmic time plot.
Since the air between the sample and hot wire will lower the

accuracy of the measurement results, it is critical to exclude the
residual air and keep the mammary glands in good contact with
the hot wire in this experiment. The mammary gland is lightly
pressed using a small clamp to minimize contact resistance. Be-
sides, controlling the measurement time and monitoring the
temperature rise is vital in this experiment. The prolonged expo-
sure would change the tissue’s basic structure, resulting in large
errors in the measured thermal conductivity. Thus, the sample
is exposed to the environment for up to 3 min, and surrounding
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Figure 3. a) Voltage variation against time in deionized water. b) Voltage varies with logarithmic time.

Figure 4. a) Measured thermal conductivity of mammary gland in pubertal mice. b) Measured thermal conductivity of mammary gland in mature mice.
c)Mean and standard deviation of thermal conductivity of mammary gland in pubertal mice (12 samples) andmaturemice (12 samples). “***” indicates
the difference is statistically significant at 0.001 level with the ANOVA test.

temperature and humidity is kept constant during eachmeasure-
ment.

3.2. Measurement Details and Verification

The accuracy of the customized experimental equipment is cali-
brated before the mammary gland measurement. Deionized wa-
ter is employed as a standard material with thermal conductivity
of 0.61 W m−1 K−1.[32] Figure 3a,b shows the voltage varies with
time and logarithmic time in destinedwater. A linear relationship
between temperature and logarithmic time is determined when
the measurement time is sufficiently long. The measurement is
repeated four times, and the result is 0.62+0.005−0.005 Wm−1 K−1, which

confirms the feasibility of the measurement method and verifies
the accuracy of the equipment for measuring the thermal con-
ductivity of conductive materials.

4. Experimental Results and Discussion

4.1. Statistical Analysis

Adapting the same method, thermal conductivity of mammary
glands for different mice is measured as shown in Figure 4a,b.
Before analysis, the experimental data were processed in Excel
to calculate thermal conductivity for each sample by using Equa-
tion (3) as discussed in Section 3.1. In total, 25 individual thermal
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Table 1. ANOVA Test summary and mean and standard deviation of each
type of the mice.

Factor F-statistics df P-value Partial 𝜂2

Mouse type 5235 (1,22) <0.001 0.99

Mean ± SD Mature: 0.32 ± 0.004 Pubertal: 0.19 ± 0.005

conductivities were obtained: 12 for pubertal samples and 13 for
mature samples. All were analyzed using statistical techniques
in R Studio.
To test the differences of thermal conductivity in mature ver-

sus pubertal mice, a one-way analysis of variance (ANOVA) was
performed with the derived thermal conductivity as the depen-
dent variable, mouse type (pubertal or mature) as the between-
subject factor. The initial assumption checked identified sam-
ple #10 in mature mice as an outlier and therefore it was re-
moved in analysis, which led to 12 samples in each type of
mice. Further Shapiro–Wilk test of normality on the dataset with-
out the outlier showed that the data was normally distributed
(p-value = 0.809 > 0.05). In addition, Levene’s test of homo-
geneity indicated that there were no differences in variances
of both groups (p-value = 0.243 > 0.05). Therefore, the dataset
met the assumptions of ANOVA test. Results were summarized
in Figure 4c and Table 1. It is obvious that mature mice has
a significantly higher thermal conductivity than pubertal mice
(0.32 ± 0.004 vs 0.19 ± 0.005, F(1,22) = 5235, p-value < 0.001),
and the effect size is large (Partial 𝜂2 = 0.99 > 0.14).
From the analysis above, the average thermal conductiv-

ity of the mammary gland in pubertal mice is obtained as
0.19 +0.005

−0.005 W m−1 K−1, which is close to the thermal conductiv-
ity of fat cells 0.17 W m−1 K−1.[33] Similarly, the average ther-
mal conductivity for mature mice is 0.32 +0.004

−0.004 Wm−1 K−1, which
increases 66.80% compared to that of the pubertal mice. The
change in thermal properties is reasonable considering the vari-
ation in the microstructure of the mammary glands. Previous
studies revealed that pregnancy and breastfeeding have a dual
effect on the development of BC. Hackman and Kugel[34,35] con-
ducted experiments on mammary glands’ genes during lactation
and nonlactation. The results revealed that the morphology and
function of mammary glands drastically changed during preg-
nancy and lactation. It is derived from the changes in genes and
hormones. Our results imply that changes in internal morphol-
ogy and genes after a mouse gives birth might affect the thermal
conductivity of the mammary gland, which will be discussed in
detail in followed section.
The thermal conductivity of the mammary gland in puber-

tal mice is much lower than that of other organs reported
in literature, such as 0.38 W m−1 K−1 for bovine liver[36] and
0.89 W m−1 K−1 for mouth skin.[37] Therefore, it is inaccurate to
use the thermal conductivity of the mouse skin or other organs
instead of that of the mammary glands for photothermal treat-
ment analysis. Based on the thermal conductivity of the mam-
mary gland in mice, the heat transferability of mammary gland
could be characterized and the BC photothermal therapy could
be explained from the perspective of thermal physics. The de-
tailed thermal analysis of the mammary glands in pubertal mice
is instrumental in improving photothermal therapy formore con-

venient and precise BC treatment. Combining accurate thermal
properties and detailed numerical analysis helps precisely predict
the photothermal therapy effectiveness. The thermal conductiv-
ity measurement of the mammary glands can be adapted to de-
termine early symptoms of BC, which will benefit the efficacy of
thermography-based diagnosis.

4.2. Explanations of Differences in Thermal Conductivity

As revealed in the experiments above, the mammary glands of
mice with reproductive histories or not exhibit a distinct ther-
mal conductivity disparity. The components of mammary glands
need to be taken into consideration. The mammary gland is
prominently composed of two portions: a ductal network formed
by the bilayer mammary epithelium and its surrounding stroma,
including adipocytes, vascular endothelial cells, stromal cells,
and immune cells.[38] In the nonlactating gland, white adipose
tissue in the stroma comprises the majority of the mammary
gland mass.[39] Figure 2c and 2d shows the HE-stained slices of
the mammary glands of the pubertal and mature mice. No obvi-
ous disparity in basic structure appears between two mammary
glands in Paraffin tissue sections. However, the pubertal mam-
mary gland is undergoing the process of epithelium expansion
into the mammary fat pad through the proliferation of the ter-
minal endbuds (TEBs). While the mature mice have completed
the mammary development and experienced several cycles of
the pregnancy-lactation-mature process. Thus, the epithelial cells
and the surrounding tissue structure of the mammary glands go
through a distinct amount of remodeling during each cycle.[40]

Figure 5 illustrates a visualized comparison between themam-
mary ductal architecture of two groups of mice. In Figure 5a the
ductal network of the pubertal mouse is incomplete, while in Fig-
ure 5b, an integrated ductal tree is shown in the mature mouse,
which displays a higher density and number of mammary ducts
than the former. It is readily comprehensible because the elevated
level of hormones each time of pregnancy leads to a dramatic
proliferation of epithelia by ductal side-branching and alveolar
expansion. After lactation, the mammary gland turns into a ma-
ture state characterized by extensive epithelium apoptosis, adi-
pose refilling, and tissue remodeling, which result in a state re-
sembling the prepregnant mammary gland, but the ductal sys-
tem retains more side-branching framework compared to the
nulliparous mammary gland.[41] The whole-mount-stained slices
reveal less branching structure in puberty mammary ductal sys-
tem than the mature one. Taking the results together, it can be
concluded that the mammary gland of the mature mouse has a
higher thermal conductivity, probably due to the changes in gland
structure caused by the development and reproductive history. It
indicates that thermal conductivity may differ individually and
therefore could affect photothermal therapy.

5. The Role of Thermal Properties in Photothermal
Therapy

5.1. Modeling Results and Discussion

Numerical simulations with finite element method have been
conducted to further understand the role of thermal conductivity
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Figure 5. The inguinal mammary gland of a) pubertal mouse and b) mature mouse injected with methylene blue. The whole-mount stained mammary
gland of c) the pubertal mouse and d) the mature mouse.

of mammary glands in pubertal and mature mice in photother-
mal therapy. The first stage of the simulation is to determine the
physicalmodel and relative governing equation of heat transfer in
themammary gland. Pennes bioheat transfer equation[42] is com-
monly used to describe the interaction of biological tissue under
laser irradiation. In this study, the heat radiation is ignored and
the equation is described as

𝜌c 𝜕T
𝜕t

= ∇ (k∇T)+𝜔bcb𝜌b(Tb − T)+Qmet+Q (3)

where 𝜌, c, k, and T denote the density, specific heat, thermal
conductivity, and temperature of biomaterials, respectively. Then
𝜔b, cb, 𝜌b, and Tb denote the blood perfusion rate, specific heat,
density, and temperature of the blood, respectively. The second
term on the right side of the equation is the heat transfer from
the blood. Qmet means the volumetric metabolic heat generation.
The term Q represents the heat source of tissue converted from
the absorption of light and it can be expressed as[43]

Q(r, z, t) = 𝜇a 𝜑(r, z, t) (4)

𝜑(r, z, t) = (1 − R)𝜑0 exp[(−
2r2

𝜔2
0

) exp(𝜇sz) − 𝜇tz] exp[−
4(t − 𝜏)2

𝜏2
]

(5)

where 𝜇a, 𝜇s, and 𝜇t represent the absorption coefficient, scat-
tering coefficient, and attenuation coefficient, respectively. 𝜑0 =
2P0∕𝜋𝜔

2
0 is initial luminous flux density, where P0 denotes laser

power 150 mW. 𝜏 denotes irradiation time 300 s. The light inten-
sity attenuates to P0∕e2 where r = 𝜔0 = 0.4 mm.
The simulation model is illustrated in Figure 6a. The mam-

mary gland is supposed to be an axisymmetric geometric con-
figuration. The experimental sample is set as a hexahedron of
0.5 cm × 0.5 cm × 0.12 cm. The heat convection would occur at
the top surface (z = 0 mm) due to natural convection with the
ambient air. A heat transfer coefficient of 4 W m−2 K−1 is con-
sidered to match the natural convection condition.[44] The other
surface boundary conditions are assumed to be at a constant sur-
face temperature of 37 °C. A core body temperature of 37 °C is
considered as the initial condition. The energy densities of line
y = 0 along the x-axis at different depths (z-values) are shown
in Figure 6b. A Gaussian distribution is presented along the ra-
dial direction (x-axis). The energy density decreases quickly along
the z-axis, showing an exponential decay. The solving method of
the equations is the finite element method, which has meshing
advantages. The grid independence is checked for various grid
sizes before calculation. There are only differences in the thermal
properties of pubertal and mature mice. The optical properties,
like incident conditions and other relative settings, are controlled
as the same.

5.2. Simulation Results and Discussion

Temperature distributions at z = 0 mm plane are shown in Fig-
ure 7a,b. Themodels of pubertal andmaturemice show a similar
temperature distribution form under the same irradiation con-
dition. The temperature at the center of the laser beam is the
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Figure 6. a) Numerical model and boundary conditions of simulation. b) Power density in different x–y plan.

Figure 7. Temperature distribution at z = 0 mm of a) pubertal mice and b) mature mice. Quarter section temperature distribution at z = 0 mm of c)
pubertal mice and d) mature mice.

highest, and then it decreases outward quickly. The maximum
temperature of the pubertal mice tissue reaches 49.6 °C, which
occurs at the point of incidence, whereas it is 44.6 °C for the
mature mice. The pubertal mice have a higher temperature and
sharper temperature decline radially than the mature mice due
to the lower thermal conductivity.
Photothermal therapy requires elevating the tissue to 42–46 °C

to take effect since protein denaturation and DNA damage occur
in this temperature range. Thus, the area where the temperature

is above 42 °C is highly considered. For ease of expression, it is
called an effective treatment area in this study. Since the tempera-
ture distribution is symmetrical, as shown in Figur 7a,b, a quarter
section of the surface is analyzed for simplicity. As shown in Fig-
ure 7c,d, the temperature of a quarter section declines with the
hemispherical radius. For the mammary gland in pubertal mice,
the radius of the effective treatment area is about 0.375 mm,
which means the cells in this area can be heated to ablate. For
the mammary gland in mature mice, the radius of the effective

Adv. Therap. 2022, 5, 2100216 © 2022 Wiley-VCH GmbH2100216 (7 of 9)
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Figure 8. Temperature at different x–y plane of a) pubertal mice and b) mature mice.

treatment area is only 0.2 mm. The difference in the thermal
conductivities reduced the effective treatment area of the mature
mice by 21.7%. Hyperthermia requires an accurate temperature
rise rate and distribution control to ablate target cells as a precise
microscale treatment method. The damage to normal tissue is
undesirable in photothermal therapy. A small effective treatment
area could help to avoid damaging normal tissues. Thus, the ma-
ture mice can achieve a more accurate treatment than pubertal
mice under the same irradiation conditions.
Besides the incident surface, we further study the treatment

effects within the tissue. The temperature distributions of line
y = 0 mm along the x-axis in the tissue of the pubertal and ma-
ture mice are shown in Figure 8. At each depth, the tempera-
ture declines with the distance from the incident point increase.
The same form as power density distribution (Figure 6b) illus-
trates the temperature rise results from incident light. Tmax is
different at each depth, and it declined with the depth increase.
From z = −0.2 mm to z = −0.4 mm, the temperature in the tis-
sue of the mature mice dropped faster than that in the pubertal
mice. While from z = −0.4 mm to z = −0.6 mm, the result is
conversible. The temperature in the tissue of the pubertal mice
dropped more compared to that of the mature mice. In clini-
cal application, photothermal therapy should consider the posi-
tion of the tumor to take effects. The effective treatment depth
(Tmax > 42 °C) is 0.6 mm for the mammary gland in the puber-
tal mice and 0.4 mm for the mature mice. Hence, the pubertal
mouse can achieve better treatment of deeper tumors under the
same illuminate conditions.
The simulation results demonstrate that the obvious differ-

ences will occur in the mammary glands’ treatment effectiveness
due to the difference of thermal conductivity inmammary glands
using the same irradiation conditions. It is necessary and worthy
to consider age and pregnancy in photothermal therapy.

6. Conclusion

In summary, for the first time, we measure the thermal conduc-
tivity of mammary glands in pubertal and mature mice with a
customized method. The thermal conductivity of the mammary
gland plays a key role in the effectiveness of BC clinical hyperther-
mia applications. It is measured to be 0.19 +0.005

−0.005 W m−1 K−1 for
the pubertal mice and 0.32 +0.004

−0.004 Wm−1 K−1 for the mature mice,

respectively, exhibiting 66.84% increment due to the microstruc-
ture differences. In addition, the role of thermal properties in
clinical thermal therapy is further uncovered by the simulation
analysis based on the experimental results. Under the same inci-
dent conditions, the different effectiveness in photothermal treat-
ment between pubertal and mature mice is explored. Results
show that the mammary glands in the pubertal mice exhibit a
higher temperature rise and a deeper treatment area than the
mature mice. Thus, mature mice need a more focused heating
source to heat a smaller area to avoid damaging normal tissue
and achieve accurate treatment compared to pubertal mice. The
results imply that applying the same laser conditions to conduct
hyperthermia is not appropriate for various types of patients, and
at least, the role of reproductive history of patients should also be
considered.
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