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Abstract

Women with silicone-gel breast implants may be at risk of burns on reconstructed tissue
due to inadequate blood flow and heat transfer after mastectomy. This study employed
thermal imaging and numerical simulations to examine the impact of external heat on
silicone breast implants. By applying infrared radiation across three spectrum ranges,
detailed thermal maps were created and analyzed with MATLAB software (Mathworks,
Natick, MA, USA) version release 2020b. Implants were heated to simulate body and
external conditions, enabling thermal imaging to assess temperature distribution. The
Finite Element Method was utilized for heat transfer simulations. Our results indicated
deeper thermal penetration in the implanted breast model compared to a standard model.
This study highlights thermal imaging as a reliable, non-invasive method to evaluate
implant responses to heat and suggests strategies to reduce heat-related injuries in patients
with breast reconstruction. This method has the potential for comfortable and safe home
monitoring of patients using handheld thermal imaging cameras that are now available as
attachments for smartphones.

Keywords: plastic surgery; silicone implants; heat; in situ; modeling analysis

1. Introduction

Silicone-gel breast implants are used for reconstructive or aesthetic purposes. Re-
constructive implants restore breast appearance after mastectomy, correct congenital or
traumatic defects, or address asymmetries, often improving psychological well-being, self-
esteem, and body image [1,2]. Aesthetic implants enhance breast size or shape through
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augmentation or mastopexy. Implants can be placed above (prepectoral) or below (subpec-
toral) the pectoralis major muscle, with reconstruction performed immediately or delayed
after mastectomy.

Implant complications include general surgical risks like infection, bleeding, or de-
layed healing and implant-specific issues such as capsular contracture, rupture, or malposi-
tion [3,4]. Risk factors include smoking, high BMI, older age, poor skin quality, chemother-
apy, and radiotherapy [5-7]. Complication rates vary by mastectomy type [8,9], implant
type [10], bilateral surgery [11], and the weight of the mastectomy [12]. Comparing com-
plication rates is challenging due to differences in reconstruction techniques, surgeon
experience, patient health, and follow-up duration [13-15]. Studies report noninfectious
complications in 10.3% of implant-based mastectomies [16] and surgical site infections in
8.9% (immediate) and 5.7% (delayed) of reconstructions [17].

The thermo-physical behavior of silicone-gel breast implants in response to external
heat exposure is not well understood, and there is limited research quantifying the risks of
thermal injury associated with these implants [18]. Factors such as reduced sensation, poor
blood circulation, and altered heat transfer in reconstructed breast tissue may intensify
burns, thereby increasing the risk of unnoticed thermal damage [19]. A review of 59 cases
revealed that the primary causes of burns in reconstructed breasts were heat conduction
(63%), solar radiation (32%), and convection (5%) [18]; however, it did not provide a detailed
analysis of how the thermal properties of implants affect these injuries.

This study presents a novel approach that combines in situ thermal imaging and
numerical modeling to quantitatively assess the impact of external heat on silicone-gel
implants. By clarifying their thermo-physical properties, this research aims to address the
existing knowledge gap and inform strategies to prevent thermal injuries.

2. Materials and Methods
2.1. In Situ Experiment—Thermal Imaging

This part describes the experimental work conducted in the laboratory using the
implants and thermal imaging.

2.1.1. The Experimental System

Thermal imaging is a non-invasive and painless imaging technique that relies on
the detection of infrared (IR) radiation emitted by an object due to its temperature. The
resulting thermal image of an object serves as a heat map of the object’s surface temperature
distribution and does not expose the imaged object to ionizing radiation.

The human eye is sensitive to visible light, which is a form of electromagnetic radiation
with wavelengths ranging from 400 nm to 700 nm. IR wavelengths range from 700 nm to
1 mm and are invisible to the human eye. Thermal imaging cameras are mechanistically
unique as they form an image using infrared radiation rather than visible light. Thermal
imaging uses three ranges of the IR spectrum: (i) near-IR (750-2500 nm); (ii) mid-IR
(2500-5000 nm); and (iii) far-IR (5000-15,000 nm). Most biomedical IR imaging modalities
utilize the near-IR spectrum for both structural and functional imaging. In contrast, the
far-IR spectrum is primarily employed for capturing the thermal emission of tissues.

The thermal camera used in this project was the Optris Xi 400 (Berlin, Germany), which
was connected to a computer to facilitate detailed filming of the implant’s response during
the experiments. This setup allowed for precise monitoring and recording of thermal data,
which was crucial for accurate analysis (see Figure 1).
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Figure 1. The Optris Xi 400 thermal camera setup. By connecting to a computer, detailed filming and
precise monitoring of the implant’s thermal response during experiments can be achieved.

If an IR camera is calibrated correctly, the surface temperature distribution can be
recovered from the detected radiation. IR imaging can be either passive or active; passive
imaging refers to capturing the representation of an object’s spontaneously emitted radi-
ation, while active imaging addresses capturing the representation of a thermal contrast
(difference) in an object’s emitted radiation caused by either heating or cooling. Entropy,
skewness, and kurtosis are texture parameters relevant to image processing, which we
analyzed in the current experiment. Recently, thermal imaging has been utilized in med-
ical diagnosis. Previous studies have shown its capability to characterize physiological
and pathological conditions in various organs, including the breast [20-22]. In assessing
the thermal behavior of silicone-gel breast implants, our study utilizes thermal imaging
techniques similar to those reported in our prior study [23], which first characterized the
thermal profiles of three specific implant sizes. We acknowledge the foundational work
of this earlier research, which has paved the way for more detailed investigations into
the thermal properties of these materials. While our use of thermal imaging is not novel
in itself, our study extends previous work by providing a more detailed analysis of the
thermal response. This includes a comprehensive examination of the implications of these
thermal properties for patient safety and clinical outcomes.

The studied silicone-gel implants had a textured, round, and highly cohesive silicone
shell. They included the following: (i) a 350 cubic centimetres (cc) MemoryGel® implant,
high-profile, with a diameter of 11.7 cm and a projection of 4.8 cm (Mentor® catalog
#324-4350; Mentor Worldwide LLC, Irvine, CA, USA); (ii) a 300 cc MemoryGe1® implant,
moderate-plus profile, with a diameter of 12 cm and a projection of 3.6 cm (Mentor® catalog
#324-5300; Mentor Worldwide LLC, Irvine, CA, USA); and (iii) a 280 cc implant, medium
profile, with a diameter of 12.3 cm and a projection of 3.7 cm (Eurosilicone® catalog #35R280;
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GC Aesthetics, La Ciotat, France). These implants were chosen for their availability and
their representation of common volumes and structures used in clinical settings.

2.1.2. The Experiment Protocol

The lab temperature was set at 25 °C. The experiment consisted of the following
sequence of steps: (i) the silicone implant was placed on a heating surface set at 37 °C,
which simulates internal body temperature; (ii) after twenty minutes, a hot water bottle
containing boiling water (around 100 °C) with an external temperature of 65 °C was placed
on the implant for 30 min before being removed; (iii) the implant was photographed by a
thermal camera every 10 min for 40 min; (iv) the implant was then placed on a surface at
room temperature (25 °C) until it returned to its initial temperature of 25 °C.

2.1.3. Data Processing

The thermal camera data were processed offline using the camera and MATLAB
software. Each thermal image of an implant was evenly divided into five geometric regions
representing the anatomical breast subunits: (i) center; (ii) superior; (iii) inferior; (iv) lateral;
and (v) medial (Figure 2). The camera software was used to (i) convert the image to
grayscale, (ii) calculate the mean temperature for each region, and (iii) generate cooling
graphs. Entropy, skewness, and kurtosis were computed using MATLAB functions for each
region.

Figure 2. The five regions of each implant. Each thermal image of an implant was divided into five
sections representing the breast’s anatomical subunits (Area 1-5).

2.1.4. Statistical Analysis

A one-way ANOVA was conducted to compare temperature changes across the three
silicone-gel implants (Implant 1: 350 cc, Implant 2: 300 cc, and Implant 3: 280 cc) at each
time point (baseline, post-heating, and 40 min post-cooling). Post hoc Tukey tests were
performed to identify significant differences between implant pairs (p < 0.05). Temperatures
at baseline and 40 min post-cooling were compared using a paired ¢-test. Statistical analyses
were performed using Stata SE 16, and significance was set at the standard 5% level.

2.2. Numeric Model Simulation

To complement the in situ thermal imaging experiments, a numerical model was
created to simulate heat transfer in breast tissue. It compared a standard anatom-
ical model with one that included a silicone-gel implant. This approach used the
Finite Element Method (FEM) in SOLIDWORKS (version 2018, Dassault Systémes,
Vélizy-Villacoublay, France) to generate geometry and COMSOL Multiphysics® (ver-
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sion 5.5, COMSOL Inc., Burlington, MA, USA) for detailed heat transfer analysis under
controlled boundary conditions.

2.2.1. SolidWorks Model

The breast geometrical model consists of 4 main tissue layers, namely (from outer-
most to innermost), cutaneous, adipose, glandular, and muscular. The dimensions of the
model are shown in Figure 3. The silicone-gel implant model features a glandular layer
replaced with a silicone-gel implant, thereby simulating a prepectoral implant-based breast
reconstruction. The geometric models of the breast were created using SOLIDWORKS
software and subsequently integrated into COMSOL software for heat transfer simulations
and analyses.

Figure 3. The dimensions of the breast silicone-gel implant geometric model (mm). Depicted are the
cross sections of the four main layers, namely (outermost to innermost), skin, fat, gland, and muscle.

2.2.2. COMSOL Numerical Simulations

The assumptions of the numeric model were as follows: (i) steady-state conditions;
(ii) no radiation; (iii) constancy of parameters (k, h, p.); (iv) the materials of the different
breast layers are homogeneous and isotropic; (v) the temperature distribution of the bound-
ary conditions is uniform; and (vi) environmental conditions, such as atmospheric pressure
and gravity, do not affect the model.

The FEM is widely used for solving engineering and mathematical problems [24].
It is frequently applied in areas like structural analysis and heat transfer [25]. FEM is a
numerical technique specifically designed to solve partial differential equations involving
two or three spatial variables, commonly referred to as boundary value problems. To solve
a problem, the FEM divides a large system into smaller parts called ‘finite elements.” This
division is achieved through spatial discretization, which involves creating a mesh of the
object. This mesh represents the numerical domain for the solution and comprises a finite
number of points. The FEM representation of a boundary value problem ultimately results
in a system of algebraic equations [26]. The method approximates the unknown function
over the domain. The simple equations for these finite elements are then combined into a
larger system of equations that models the entire problem. FEM uses variational methods
from calculus of variations to approximate a solution by minimizing an associated error
function. In our case, we used COMSOL software (COMSOL Inc., Burlington, MA, USA) to
solve the finite element equations of the current numerical model simulation.

2.2.3. Heat Transfer Simulation

Typically, heat transfer occurs through four primary mechanisms: conduction, convec-
tion, phase change, and radiation. Conduction is the process through which heat diffuses
through a solid or a liquid. Convection is the transfer of heat due to the bulk movement of
molecules within gases and liquids. Phase change is the process by which matter changes
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from one form to another due to changes in temperature. Radiation is the process by which
heat is transferred through electromagnetic radiation; the current COMSOL simulation,
however, incorporates heat transfer by conduction. The general equation for heat transfer
by conduction is presented in Equation (1), where g, k, A, and dT /dx represent the heat,
thermal conductivity, the cross-sectional area, and the temperature gradient, respectively.
The current numeric model utilized this equation to simulate heat transfer in the studied
silicone-gel model.

Heat transfer by conduction:
aT

q= *kAE 1)
Heat transfer in the human body is defined by Equation (2), where py, ¢, wy,
Typop, ¢y, wy, Ty and k represent blood density, specific heat of blood, blood perfusion rate,
arterial temperature, and thermal conductivity, respectively. The current numeric model
utilizes this equation to simulate heat transfer through human tissue layers.
Heat transfer in the human body

aT
Pnen =k VAT + pyopey (Ty = To) + Qu @)

Table 1 summarizes the heat transfer parameters in the four breast tissue layers
simulated in the numeric model, namely (from outermost to innermost), skin, fat, gland,
and muscle.

Table 1. The heat transfer properties of the different breast layers.

Skin § Fat Gland Muscle Silicone
0 [%} 1200 930 1050 1100 1050
Cp| k] 3396.3 2770 3770 3800 1500
k%] 0.375 0.21 0.48 0.48 0.14
w, 1] 0.0005 - . . -

§ The average of the skin’s sub-layers; p: blood density; C: specific blood heat; k: thermal conductivity; w: blood
perfusion rate.

Regarding boundary conditions, the temperature at the bottom of the model was
set to 37 °C, simulating the body’s internal temperature (Figure 4A). The temperature
on the outer surface of the skin was set to 40 °C to simulate external heating of the skin
(Figure 4B). The skin surface convective boundary condition is depicted by Equation (3),
where 11 = 10 W/Km?, m?, k = 0.235 W/Km, and T = Tj = 21 °C.

&

Figure 4. Three-dimensional model of the breast: outer surface view (A) and bottom view (B) as used
in the COMSOL heat transfer simulation.
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Skin surface convective boundary condition
oT
—k=— =h(To — Teo 3

3. Results
3.1. In Situ Experiment Baseline Silicone-Gel Implant Temperature Change

Before initiating the in situ experiment, we determined the time it took for the implant
to reach 45 °C under exposure to sunlight. The initial temperature of the implant was
35.4 °C, reaching 44.4 °C within an hour (Figure 5A,B).

_+Z4.4c ﬁ4.7c

Figure 5. Baseline examination of the silicone-gel implants” time to heat from baseline (A) to a
temperature simulating sun exposure (B).

3.2. Thermal Images

The first and second phases of the in situ experiment involved heating silicone-gel
implants using a hot water bottle. Figure 6 shows the thermal images of the silicone-gel
implants during the experiments. Figure 7 provides a quantitative breakdown of the
temperature changes in the implants depicted in Figure 6. The images were taken at room
temperature before external heating, right after exposure to external heating, and at 10, 20,
30, and 40 min after the external heating was removed.

The thermal images indicate the temperature of an area by its color. The brighter the
area, the higher the temperature in it as compared to its surroundings. In keeping with this,
the darker the area, the lower the temperature in that area is compared to its surroundings.
Figure 6 illustrates this thermodynamic feature; the silicone-gel implants in thermal image
A of each figure are the darkest, indicating that they have the lowest temperature. On
the contrary, the silicone-gel implants in thermal image B of each figure are the brightest,
indicating that they have the highest temperature. Lastly, images C, D, E, and F visualize
the implants gradually becoming less bright, corresponding to the implants cooling over
time. Notably, each implant has a slight defect, evident in the thermal images.

3.3. Temperature Data Extracted from Thermal Images

Table 2 summarizes the characteristics of three silicone-gel implants: Implant 1 (350 cc),
Implant 2 (300 cc), and Implant 3 (280 cc). The average baseline temperatures of these
implants ranged from 26.14 °C to 27.98 °C before external heating was applied. A one-way
ANOVA revealed a significant effect of implant volume on baseline temperature, with
F(2,12) = 15.67 and p < 0.001 (w? = 0.66). As a result, comparisons for post-heating and
measurements taken 40 min post-cooling were made using relative values expressed as
percentage changes, calculated with the following formula:

Percentage Change = ((New Value — Old Value)/Old Value) x 100.
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Implant 3: 280 cc Eurosiicone® implant

| .
Temperature Scale [oC]
Figure 6. Thermal images were taken of silicone-gel implants during different stages: at room
temperature before exposure to external heating using a hot water bottle (A); immediately after
exposure to external heating (B); and 10, 20, 30, and 40 min after the removal of external heating
(C,D,EF, respectively).

Implant 1: 350 cc MemoryGel® implant

o
£ e
2
E o e t——— 4
2 »
5 i
= Time [min]
. Implant 2: 300 cc MemoryGel® implant
g o
- \
3 B L1 |
= Time [min]
- Implant 3: 280 cc Eurosilicone® implant
E w
50 \
K Time [min]
—o—-Areal —e—Area2 —e—Area3 Aread —e—Area$s

Figure 7. The cooling process of the silicone-gel implants after exposure to a hot water bottle.
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Table 2. Application of external heating to silicone-gel implants.
Baseline Post-Heating 40 min. Post-Heating 40 min Post-Cooling
Implant Area ©0) ©C) Post-(gco;)lmg (Percent;i/%;e Change, (Percente:);g; Change,

1 25.90 48.10 34.70 85.71 —27.86
2 26.40 47.50 36.50 79.92 —23.16
1 3 26.30 47.80 34.40 81.75 —28.03
4 26.20 48.20 34.80 83.97 —27.80
5 25.90 46.80 33.10 80.69 —29.27

Mean (SD) 26.14 (0.23) 47.68 (0.56) 34.70 (1.21) 82.41 (2.39) —27.22 (2.35)
1 27.50 54.50 38.20 98.18 —29.91
2 28.20 54.60 38.10 93.62 —30.22
2 3 27.80 52.70 37.60 89.57 —28.65
4 28.60 54.20 37.50 89.51 —30.81
5 27.80 53.60 36.40 92.81 —32.09

Mean (SD) 27.98 (0.43) 53.92 (0.79) 37.56 (0.72) 92.74 (3.57) —30.34 (1.26)
1 26.00 50.90 35.50 95.77 —30.26
2 26.60 50.70 36.20 90.60 —28.60
3 3 26.80 51.60 35.90 92.54 —30.43
4 28.10 52.00 35.70 85.05 —31.35
5 26.80 50.10 35.00 86.94 —30.14

Mean (SD) 26.86 (0.77) 51.06 (0.75) 35.66 (0.45) 90.18 (4.30) —30.16 (0.99)

Notes: The percentage change for post-heating values is based on the baseline values, while the percentage change
for values measured 40 min post-cooling is based on the post-heating values; Implant 1 (350 cc), Implant 2 (300 cc),
and Implant 3 (280 cc). The abbreviation “SD” stands for standard deviation.

A one-way ANOVA was conducted to compare the mean percentage change in
post-heating temperatures among three types of silicone-gel implants. The analysis in-
dicated a significant effect of implant type on the percentage change in temperature
(F(2,12) =11.767, p = 0.001). The effect size was large (w? = 0.589), indicating that the
implants exhibited distinct thermal responses after being externally heated. Post hoc Tukey
tests confirmed significant differences in several pairwise comparisons. Specifically, Im-
plant 2 was significantly warmer than Implant 1, with a mean difference of —10.330%
(t = —4.657, p = 0.001). Similarly, Implant 3 was also significantly warmer than Implant 1,
showing a mean difference of —7.772% (t = —3.504, p = 0.011). The standard error was consis-
tent at 2.218. A p-value adjustment was applied for multiple comparisons. The comparison
between Implant 2 and Implant 3 revealed a mean difference of 2.558% (t = 1.153, p = 0.502),
indicating that while the smaller implants (300 cc and 280 cc) accumulated a similar amount
of heat, they retained more heat than the larger 350 cc implant.

The ANOVA results also indicated a significant effect of implant volume on percentage
change in temperature after a 40 min cooling period (F(2, 12) = 5.569, p = 0.019, w? =0.383),
demonstrating distinct thermal properties during cooling. Post hoc Tukey tests revealed
significant differences in several pairwise comparisons: Implant 1 compared to Implant 2
showed a mean difference of 3.112% (t = 2.296, p = 0.028), while Implant 1 compared to Im-
plant 3 showed a mean difference of 2.932% (t = 2.283, p = 0.038). The comparison between
Implant 2 and Implant 3 revealed a mean difference of —0.180% (t = —1.173, p = 0.984). The
p-values were adjusted for multiple comparisons, with significant differences observed
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between Implants 1 and 2, as well as between Implants 2 and 3; however, no significant
difference was found between Implants 1 and 3.

Despite these decreases, all three implants maintained temperatures above their re-
spective baseline levels (Student’s t-test, p < 0.001).

Figure 8 summarizes the mean cooling process temperatures for each area of the
silicone-gel implants. Notably, the highest temperature was obtained immediately upon
removing the external heating, and it remained greater than 30 °C in all cases, which was
still higher than the initial temperatures listed in Table 2.

Implant 1: 350 cc MemoryGel®implant

% 5 y = 44.014¢ 0007

5 R?=0.76

o

L °

Q *

£ 30

g 0 10 20 30 40
Time [min]

Implant 2: 300 cc MemoryGel®implant

&)

%‘ 60 y = 49.609¢e0-008x

S s \\\ RZ=0.79

@ 40 —

Q.

£ 30

()

= 0 10 20 30 40
Time [min]

Implant 3: 280 cc Eurosilicone® implant

o

E‘ 60 y = 46.827¢e0-008x

,E 50 ¥ RZ =0.77

@ 40

= —

£ 3

(]

- 0 10 20 30 40
Time [min]

Figure 8. Mean cooling process temperatures of all of the areas after exposure to the hot water bottle.

3.4. Numeric Model

Figure 9A illustrates the temperature distribution at the X-Y plane throughout the
four main tissue layers of a breast, namely (outermost to innermost), cutaneous, adipose,
glandular, and muscular. Figure 9B illustrates the silicone-gel implant model, where
the glandular layer has been replaced with the silicone-gel implant, thereby simulating
a prepectoral implant-based breast reconstruction (full coverage with the muscle is not
always possible). Comparing the models illustrates that in the modified (latter) model,
high temperatures spread toward the innermost muscle layer significantly more robustly
than in the original model.
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Figure 9. Model (A) illustrates the temperature distribution at the X-Y plane throughout the four
main tissue layers of a breast, namely (outermost to innermost), cutaneous, adipose, glandular,
and muscular. Model (B) depicts the silicone-gel implant model, where the glandular layer has
been replaced with the silicone-gel implant, thereby simulating a prepectoral implant-based breast
reconstruction. The color bar on the right indicates temperature levels in degrees Celsius.

3.5. Summary of Experimental and Simulated Data Findings

Table 3 presents a comparison between the experimental in situ thermal imaging data
and the Finite Element Method (FEM) simulation results for silicone-gel breast implants
subjected to external heating. The experimental data from three implants (350 cc, 300 cc, and
280 cc) indicated baseline temperatures ranging from 26.14 °C to 27.98 °C. After heating,
temperatures increased to between 47.68 °C and 53.92 °C, representing an increase of
82.41% to 92.74%. After 40 min of cooling, the temperatures returned to between 34.70 °C
and 37.56 °C, reflecting a decrease of 27.22% to 30.34%. These findings indicate significant
heat retention (refer to Table 2).
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Table 3. Comparison summary of experimental in situ data and simulated data for silicone-gel breast

implants.

Metric

Experimental Data
(In Situ)

Simulated Data (FEM)

Comparison Notes

Baseline Temperature
0

26.14-27.98 (average
across implants: 350 cc:
26.14, 300 cc: 27.98, 280 cc:
26.86; Table 2)

37 °C (bottom boundary
condition, simulating
body temperature;
Section 2.2.3)

The simulated baseline assumes
a higher, uniform body
temperature; experimental data
reflect actual lab conditions
(25°QC).

Post-Heating
Temperature (°C)

47.68-53.92 (average
across implants: 350 cc:
47.68, 300 cc: 53.92, 280 cc:
51.06; Table 2)

40 °C (external skin
surface boundary
condition; Section 2.2.3)

Experimental temperatures are
higher due to direct heating
(65 °C hot water bottle);
simulated data use a lower
external temperature.

40 Min Post-Cooling
Temperature (°C)

34.70-37.56 (average
across implants: 350 cc:
34.70, 300 cc: 37.56, 280 cc:
35.66; Table 2)

Not quantified; implied
retention above baseline
(Figure 9, Section 3.4)

Experimental data show
significant heat retention;
simulation suggests prolonged
retention but lacks specific
values.

Post-Heating % Change

82.41-92.74% (350 cc:
82.41%, 300 cc: 92.74%,
280 cc: 90.18%; Table 2)

Not quantified; qualitative
increase due to implant’s
thermal properties
(Section 3.4)

Experimental data show a
significant temperature rise;
simulation confirms higher heat
accumulation in the implant
model.

40 Min Post-Cooling %
Change

—27.22 to —30.34% (350 cc:
—27.22%, 300 cc: —30.34%,
280 cc: —30.15%; Table 2)

Not quantified; implies
slower cooling in implant
model (Figure 9,

Section 3.4)

Experimental data indicate
partial cooling; simulation
suggests slower heat dissipation
due to a lack of perfusion.

Thermal
Penetration/Retention

Heat retention above
baseline after 40 min
(Section 3.3)

Deeper thermal
penetration in the implant
model vs. the standard
breast model (Figure 9,
Section 3.4)

Both methods confirm that
implants retain heat longer than
native tissue, with simulations
showing deeper penetration.

Notes: Experimental data were obtained from thermal imaging of three silicone-gel implants (350 cc, 300 cc, and
280 cc) heated using a 65 °C hot water bottle (Section 2.1.2); Simulated data were generated using COMSOL FEM
with a prepectoral implant model, assuming homogeneous layers and no perfusion (Section 2.2.2); Differences in
temperature values indicate the use of experimental (lab-based, variable heating) versus simulated (controlled
boundary conditions) methodologies; The simulation does not provide precise post-cooling temperatures because
it relies on steady-state assumptions, which limit the ability to make direct numerical comparisons.

In contrast, the FEM simulations, which utilized a prepectoral implant model with
internal and external boundary conditions of 37 °C and 40 °C, respectively, demonstrated
greater thermal penetration within the implant model compared to a standard breast model.
However, the exact post-cooling temperatures were not measured due to the steady-state
assumptions used in the simulations (see Figure 9).

Both methods confirm that silicone-gel implants retain heat for a longer period than
native tissue. The experimental data highlight the specific thermal responses of the implants,
while the simulations reveal deeper heat penetration, underscoring the potential risks of
thermal injury.

4. Discussion

The current study aimed to utilize an in situ experiment based on thermal imaging
and numerical model simulation to quantitatively and qualitatively delineate the effect of
external heating on silicone breast implants. Several noticeable findings emerged from the
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current study. Our findings are consistent with recent thermo-mechanical modeling ap-
proaches in implantable medical devices, where FEM using representative volume element
techniques has shown value in predicting temperature-induced stress and heat distribution
in sensitive anatomical regions [27]. While previous studies, such as the study by Brandon
et al. [28], have focused on the mechanical and thermal degradation thresholds of breast
implant materials under extreme conditions, our study addresses a distinct clinical concern,
namely, the thermal dynamics of silicone-gel implants under moderate external heat expo-
sure as encountered in real-world settings. Future studies may benefit from integrating
both mechanical and thermal performance data to further enhance safety assessment. The
distinct thermal responses observed among the silicone-gel implants (350 cc, 300 cc, and
280 cc) are attributable to their varying sizes and associated physical properties, particularly
their surface-to-volume ratios. The significant influence of implant volume on post-heating
temperatures, as well as during the cooling phase, suggests that smaller implants are more
adept at accumulating and dissipating heat. This is likely due to their higher surface-to-
volume ratio, which facilitates more efficient heat absorption relative to their mass during
external heating, resulting in a greater percentage temperature increase for the 300 cc
and 280 cc implants compared to the 350 cc implant. During the 40 min cooling period,
the smaller implants also exhibit enhanced heat dissipation, as indicated by significant
differences in percentage change, reflecting a more rapid release of heat due to their higher
surface-to-volume ratio [29]. These results highlight how implant size influences thermal
dynamics, making smaller implants more susceptible to heat accumulation. This holds
significant clinical relevance, as it may increase the risk of thermal injuries in patients with
smaller silicone-gel implants, particularly those with reduced sensation post-mastectomy.
Therefore, customized patient education and monitoring strategies, such as handheld
thermal imaging cameras for smartphones, are essential. This is further supported by the
observation that all implants maintained temperatures significantly above their baseline
levels even after 40 min of cooling.

The numerical model of the silicone-gel implants demonstrated a more robust spread
of increased temperatures toward the innermost muscle layer than the original model of
a breast without an implant. These differences in heat conduction stem from the diverse
thermodynamic properties of native human tissues versus silicone-gel breast implants.
Notably, the risk of breast burns in patients with implants often stems more from patient
behavior and sensory loss than from the implants themselves. After a mastectomy, many
patients experience reduced sensation in the chest area, resulting in decreased awareness of
heat exposure, such as from prolonged sun exposure. This highlights the need for patient
education about the risks of heat exposure and the importance of protective measures,
particularly for those with compromised skin sensation.

Additionally, blood vessels and blood flow, which are present in native human tissues,
are lacking in silicone-gel implants. These components comprise the homeostatic system
of the body, which contributes to heat convection from the body to the environment.
Specifically, upon external heating, the body reacts physiologically with vasodilation, i.e.,
the body physiologically reacts with vasodilation, resulting from the relaxation of smooth
muscle cells within the blood vessel walls, particularly in the large veins, arteries, and
arterioles [30]. This reaction promotes the cooling of blood due to a greater distribution
capacity, i.e., its flow through a larger surface area. This physiological reaction, which
is of paramount importance in situations of tissue overheating, is lacking in silicone-gel
implants, and this could be the main reason for the difference between the original human
tissue model and the silicone-gel implant model.

Several limitations within this work are to be acknowledged. The in situ experiment
and numerical model provide initial insights into how silicone-gel breast implants behave
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under external heating. The temperature of the implants decreased by approximately
30% over a 40 min period after initial heating. However, it remained above the baseline
temperature, suggesting that the implants tend to retain heat. This heat retention may be
worsened by defects identified through thermal imaging, as presented in our previous
study [23]. However, these findings are specific to the prepectoral implant model and
controlled conditions, which limit direct application to clinical scenarios.

Additionally, the numerical model shows that heat penetrates the implant more deeply
than native tissue, suggesting a potential risk of thermal injury. This needs to be validated
in vivo, considering patient-specific factors such as skin thickness, sensory loss, and blood
perfusion. The absence of physiological responses, such as vasodilation in the implants,
may also contribute to heat retention, but further research is necessary to quantify this
effect in clinical settings. It is crucial to educate patients about the risks of prolonged heat
exposure, especially for those who have reduced sensation following a mastectomy.

The native tissues that remain postoperatively may vary depending on the vicinity
of the excised tumor to their margins, age, skin quality, BMI, vascular comorbidities,
preoperative radiation and chemotherapy, as well as a history of pregnancies, breastfeeding,
weight loss, and smoking [31]. Notably, these factors were not included in the current
study, which primarily aimed to evaluate the direct effect of external heating on silicone-gel
implants rather than its amalgamated effect evoked in combination with the factors above.

5. Conclusions

Thermal imaging is an effective method for characterizing the thermal profiles of
silicone-gel breast implants, particularly in terms of their response to external heating. The
numerical model suggests that external heating has a significant impact on silicone-gel
implants, potentially causing heat-induced injury to native tissues and compromising the
implant’s integrity. However, it is important to note that these findings are preliminary
and based solely on in situ studies. Future research should validate these findings, taking
into account patient-specific factors and various reconstruction techniques. While thermal
imaging shows promise as a non-invasive tool for assessing implant integrity, its clinical
utility still requires further investigation through controlled trials. The added potential for
safe and user-friendly home monitoring could enhance its practical application for patients.
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