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Infrared thermal modulation
endoscopy for label-free tumor
detection
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In optical imaging of solid tumors, signal contrasts derived from inherent tissue temperature
differences have been employed to distinguish tumor masses from surrounding tissue. Moreover,

with the advancement of active infrared imaging, dynamic thermal characteristics in response to
exogenous thermal modulation (heating and cooling) have been proposed as novel measures of tumor
assessment. Contrast factors such as the average rate of temperature changes and thermal recovery
time constants have been investigated through an active thermal modulation imaging approach,
yielding promising tumor characterization results in a xenograft mouse model. Here, to assess its
clinical potential, we developed and deployed an endoscopic infrared thermal modulation imaging
system, incorporating anti-reflection germanium lenses. Employing tissue cooling, we evaluated

the feasibility of detecting in situ tumors in a syngeneic rectal tumor mouse model. Consequently,
early-stage tumors were successfully localized and evaluated based on their heat signatures. Notably,
tumors exhibited a higher rate of temperature change induced by thermal modulation compared to
adjacent tissues. Through the introduction of this label-free technology, Infrared Thermal Modulation
Endoscopy (ITME), our study showcased an effective method for optically delineating and assessing
solid tumors. This innovative diagnostic technology holds significant promise for enhancing our ability
to detect, classify, and characterize abnormal tissues.

Keywords Tumor detection, Thermal endoscopy, Thermal modulation, Infrared imaging, Thermal contrast,
Rectal tumor model

For the majority of developed countries, cancer has been one of the leading causes of death, in which early
detection is critically important for effective treatment!. Among clinically available diagnostic modalities,
computerized tomography (CT) and positron emission tomography (PET) provide a highly robust means for
visualizing solid tumor formation, but these methods are typically open to the risks of radiation exposure.
Magnetic resonance imaging (MRI) is non-invasive but limited by high cost, relatively long acquisition time,
and high sensitivity to movement. More recently, molecular imaging emerged as a novel strategy to reveal
cancer-associated functional groups on tumor cells using target-specific probes designed for various imaging
platforms. However, the complicated synthesis of contrast agents along with the regulation and safety issues
as well as unknown distribution characteristics of these agents adds difficulties to the straightforward clinical
translation of molecular imaging?. In this study, we address such shortcomings of current medical imaging
devices and strategies through the implementation of the non-invasive, active thermal imaging technique.
By utilizing dynamic heat characteristics in response to thermal modulation, we propose a label-free tumor
detection method with the development of the infrared thermal modulation endoscopy (ITME), based on
inherent biophysical differences between tumor and normal tissues.

For non-destructive inspection of heat signatures, thermographic imaging has been adopted as a fast,
inexpensive tool to obtain visual displays of the infrared energy in an object’. When applied in biomedicine,
infrared thermography facilitates the optical detection of solid tumors unlike other traditional tracer-based
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approaches, by precluding the administration of exogenous contrast medium into the systemic circulation.
In particular, thermographic tumor identification is highly efficient due to the simplicity of the determining
factor: the abnormal temperature of the tumor mass, generated by its differences in structure, physiology, and
metabolism from adjacent normal tissues. Indeed, thermographic imaging has already been utilized to detect
tumor formation and evaluate therapy efficacy in a breast tumor xenograft murine model*®. Furthermore,
transient thermal properties have been exploited via dynamic thermal imaging by assessing temporal features
such as thermal relaxation time to reach the equilibrium temperature. This concept has been applied in several
past studies, reporting the use of artificial surface temperature manipulation for characterizing topical tissue
damage such as burn injury and melanoma skin cancer®®. Additionally, external irradiation using LED enabled
selective heating of red blood cells with strong absorption at 530 nm, avoiding the heating of surrounding water-
rich tissue’. Moreover, we previously demonstrated the capability of active thermal modulation imaging to
detect and analyze early-stage tumors in a xenograft murine tumor model*°.

In this study, we implemented an active endoscopic imaging modality to detect in situ rectal tumor masses
in a preclinical setting to establish the practical utility of the thermal modulation technique. Tissue heating
and cooling modulation were achieved using air convection. The study results demonstrate that active thermal
modulation enabled the detection of early-stage tumors, which was enhanced by employing the thermal feature
contrast (e.g., thermal recovery time constant). The incorporation of endoscopic features significantly improved
the applicability of the thermographic imaging method, offering a potentially important way to assess and
grade solid tumors based on multiple thermal characteristics. The availability of various thermal manipulation
mechanisms could contribute to the methodological diversity and applicability. The current preclinical
study demonstrated the capability of endoscopic thermal modulation imaging for diagnostic and prognostic
evaluations of rectal tumors. Given its noninvasive feature and exclusion of an exogenous contrast medium, the
clinical prospects for clinicians are noteworthy in the application of the proposed device.

Materials and methods

Development and characterization of infrared thermal modulation endoscopy (ITME)

The infrared endoscopic imaging scope consisted of a 3.0 mm insertion scope, anti-reflection (AR) - coated
germanium lenses, and a thermal camera (FLIR A325sc, FLIR Systems Inc., USA) as shown in Fig. 1a. The custom-
designed insertion scope was attached at the distal end of the lens tube for rectal application. The germanium
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Fig. 1. Schematic of the thermal endoscopic imaging system. (a) The experimental setup for thermal
endoscopy. (b) Evaluation result of the temperature sensing ability of the ITME. (c) IR images of the 0.1 mm
pinhole attached to a heating pad. Two colormaps (gray and jet) from MATLAB are utilized. Scale bar: 0.2 mm.
(d) X and Y-axis line profiles of 0.1 mm pinhole images including (c) (gray). The averaged FWHM of the X and
Y-axes is calculated from 15 line profiles of each axis. (green and orange). (e) Conceptual diagram illustrating
temperature changes in tumor and neighboring tissues during thermal modulation (cooling).
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lens has the highest refractive index of commonly available IR-transmitters and low optical dispersion to
longwave radiation. The IR light passed through the insertion scope was transmitted to the proximal end of the
AR-coated germanium lenses and recorded using a thermal camera. For convectional thermal stimulation, a
thermal modulator was fabricated with an air pump. Air from the thermal modulator passes through the tube
and the tip (a pipet tip) connected to it. This tip is attached to the insertion scope of the endoscopy. 42 ‘C and 22
C were selected for heating and cooling, respectively.

To characterize the ITME, we imaged a heating plate (LCI-0016 controlled by CU-201, Live Cell Instrument,
South Korea) that underwent temperature changes from 28 °C to 42 °C. As shown in Fig. 1b, the temperature
changes of the thermal endoscopic imaging system show a good linear correlation with the actual temperature
changes. Additionally, the USAF 1951 resolution test target (R3L2S1P, Thorlabs, NJ, USA) and a 100 um pinhole
(P100K, Thorlabs Inc., USA) were placed on a flexible heating pad (SRFR-3/5-P, Omega Engineering Inc., United
Kingdom) and imaged (Fig. Sla in Supplement file 1 and Fig. 1c). The information gleaned from the images
enabled us to calculate the spatial resolution, relative contrast, and full width at half maximum (FWHM). The
ITME system achieved a circular imaging field with a diameter of 5.28 mm using an insertion scope for the
rectum imaging. Additionally, it attained a lateral resolution of 169.0 um along the X-axis and 174.9 um along
the Y-axis (Fig. 1d). The uniformity of the field was assessed by plotting cross-sectional intensity profiles along
the X and Y-axis. This assessment was performed using an image of a uniformly heated heating pad (Fig. S1 in
Supplement file 1). The insertion scope was modeled and printed with 3D CAD software (SolidWorks 2019,
SolidWorks, USA) and a 3D printer (Ultimate 2, Ultimate, England). The data were analyzed by FLIR ResearchIR
MAX software (FLIR Systems Inc., USA) and MATLAB.

Tumor mouse models

SL4-DsRed, a murine colon cancer cell line was cultured to make syngeneic tumor mouse models. SL4-DsRed
cancer cells were provided by the Edwin L. Steel Laboratory (Massachusetts General Hospital and Harvard
Medical School, MA, USA). These cells were cultured in Dulbecco’s modified Eagle’s medium/Ham’s F-12
(DMEM/ F12) 1:1 medium supplemented with L-glutamine and 2.438 g/L NaHCO3, 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin solution'!.

Six-week-old Balb/C immune-deficient female nude mice (DBL, South Korea) were used to establish the
subcutaneous tumor mouse model. Each mouse received a subcutaneous injection of 1Xx106 SL4-DsRed
cancer cells in 100 uL volume into the right flank tissue. The subcutaneous tumor mouse model was established
following the previously described protocols'?. In order to use the tumor in its early-stage with a volume of
around 100 mm?, tumor sizes were measured using a caliper considering an ellipsoid shape'>.

Previously, orthotopic colon cancer mouse models were established by injecting cancer cell lines into the
rectal tissue!*!%. To establish our rectal tumor mouse model, seven-week-old C57BL/6 mice were used. While
under anesthesia in a supine position, mice underwent gentle anal dilation using blunt-tripped forceps at the
anal opening. A 30-gauge syringe was then used to inject 1 X 106 SL4 cancer cells labelled red fluorescent protein
in PBS submucosally into the distal posterior rectum. The injection site was at the rectal mucosa, approximately
1-2 mm beyond the anal canal. Mice were observed for 2 h until fully recovered and monitored twice weekly for
tumor development'®.

Label-free tumor imaging was performed when the tumor was in its early-stage (< 100 mm?) considering the
aim of early detection of the tumor. Following the implantation of SL4-DsRed cancer cells, endoscopic imaging
was conducted twice a week to monitor tumor formation through red fluorescence. Throughout all experiments,
including surgery and imaging, the mice were kept anesthetized. We intraperitoneally administered a Zoletil/
Xylazine (60/10 mg/kg body weight) mixture diluted with saline solution.

The study commenced in October 2021 following the approval from the Institute Animal Care and Use
Committee (IACUC) of Gwangju Institute Science and Technology (GIST) under the protocol number GIST-
2021-103. All procedures, including animal handling, were conducted in strict accordance with IACUC
guidelines and the ARRIVE guidelines. Mice were housed in a controlled environment under a 12-hour light/
dark cycle with unlimited access to food and water. They were monitored daily for signs of distress or discomfort,
including abnormal behavior or pain. If any criteria for suffering were met, they were humanely euthanized
using CO, inhalation, as permitted by IACUC guidelines, to ensure death.

Active thermal modulation measurement in subcutaneous and rectal tumor mouse models
Thermal imaging experiments were conducted at a constant room temperature (22+1 ‘C). During the
investigation, ambient lighting was minimized to avoid affecting the performance of the thermal camera. First,
the steady-state temperature distribution in the tumor and neighboring tissues was recorded for 10 s using
the thermal camera (passive thermal imaging). Subsequently, external thermal modulation was applied while
measuring temperature changes from the tissue surface for 10 s (i.e., active thermal imaging). The goal of thermal
modulation was to alter the temperature of the skin surface sufficiently to induce a transient thermal response,
thereby differentiating the tumor from the neighboring tissues. After the convectional thermal modulation, the
tissue temperature was recorded as it returned to its background level over 40 s (i.e., recovery phase). Finally, the
time series of thermal images were quantitatively assessed to extract the rate of temperature change and thermal
recovery time constant.

In the study with the subcutaneous model, we used convectional modulation to enhance the thermal contrast.
Either warm or cool air at 42 “C or 22 ‘C, respectively, was blown onto the flank, including the tumor area for 10 s
with an airflow velocity of 3.6 m/s. With the rectal models, we similarly employed convectional cooling, in which
cool air at 22 ‘C was blown onto the rectum tissue including the tumor area. As previous study has shown that
tissue damage can begin at 43 “C17, only the cooling modulation was used in the mouse rectum to avoid potential
tissue damage due to temperature increase in the enclosed space. From each group (subcutaneous and rectal
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tumor models), three mice were used with the active thermal modulation measurement repeated 34 times per
mouse. All experiments were conducted within three weeks of implantation before the tumor became too large.

In addition to the developed endoscope, a customized fluorescence imaging system was used to locate the
tumor cells labelled with red fluorescent protein after thermal modulation imaging for confirmation. Specific
details of the fluorescence endoscopy are described in the literature'®. After the localization of the tumor, we
then collected thermal data related to early-stage tumors in the same tumor mouse models. These data were
processed using FLIR ResearchIR Max software, (FLIR Systems, Inc., USA). After post-processing, temperatures
of neighboring and tumor tissues were plotted over time to evaluate thermodynamic modulation. The raw image
data were analyzed using OriginPro software (OriginLab Corporation, Northampton, MA, USA) to visualize
and examine the time series of temperature changes in the selected region of interest.

Quantification of active thermal contrast parameters

From the diagram of temperature changes in tumor tissue and neighboring tissue over time, we calculated the
rate of temperature change and the thermal recovery time constant to quantify the thermodynamic contrast. In
addition, we measured the temperature difference between the tumor and neighboring tissues using both active
and passive thermal imaging, with and without convectional thermal modulation, respectively. From Fig. le, the
rate of temperature change (‘C/sec) represents the average rate of temperature change during the convectional

thermal modulation ( WL calculated separately for the tumor and neighboring tissue. The thermal

recovery time constant () was determined using the simple exponential fitting (T (t) = a4 be™*/7) in
OriginPro software. The temperature differences between the tumor and neighboring tissue were obtained
before and after the convectional thermal modulation, for either passive (A T : Tinitiar difference) or active
thermal imaging (A T4 : Tpear difference), respectively. For the temperature difference, values averaged the
results of three mice in a group were used for the analysis.

Experimental results

To examine the utility of the ITME, we additionally took visible data using white-light and fluorescence imaging
in the mouse tumor model to confirm the presence of tumor tissue. The active thermal modulation measurement
consists of three phases: (1) the initial stage when the surface temperature is in equilibrium with the ambient
condition, (2) the heating or cooling phase during active thermal modulation, and (3) the thermal recovery phase
without thermal modulation. During thermal imaging, distinct thermal responses were observed in temperature
changes in tumors and adjacent tissues throughout the manipulation and recovery phase. The results indicate
that the external thermal modulation can effectively enhance the temperature contrast between the tumor and
neighboring tissues. The time courses of tissue temperature during convectional heating and cooling processes
were plotted and compared, where notable differences in thermal traits were observed between the tumor and
neighboring tissues. In particular for the rectal model, the thermal endoscope with a scope diameter of 3 mm
was inserted into the mouse rectum, in which the same active thermal imaging was performed for the cooling
modulation.

Active thermal modulation measurement in subcutaneous tumor mouse model

Subsequent to tumor identification via white-light and fluorescence imaging, we performed active thermal
imaging at the frame rate of 15 Hz, chosen for optimal temporal resolution, on a subcutaneous tumor mouse
model (Fig. 2a-b). The temperature of tumor tissues increased more rapidly than that of surrounding tissues
during the heating phase (Fig. 2¢c-d), and conversely, decreased more sharply during the cooling phase (Fig. 2e-
f). The maximal temperature contrast between the tumor and adjacent tissues was observed at the 20-second
mark for both heating and cooling. Average data from quadruplicate experiments indicate that this thermal
contrast can be accentuated by applying thermal modulation, bolstering the detection capabilities of our method
(Fig. 2¢, e). Representative thermal images showcasing the efficacy of tumor detection at various intervals (0, 20,
and 60 s) during each modulation phase are provided (Fig. 2d, f), indicating the potential of our active thermal
modulation approach for improved tumor visualization.

Quantification of active thermal imaging parameters in subcutaneous tumor mouse model
As depicted in Fig. 3, the active application of heating and cooling stimuli revealed that thermal contrast
parameters, such as the rate of temperature change and the thermal recovery time constant, displayed a
significant difference between the tumor and neighboring tissues. Specifically, in xenograft subcutaneous
tumors utilizing heating modulation, we found that the rate of temperature increase in tumor tissue (0.68 +0.07
C = 8.05+0.87) compared to its neighboring tissue (0.49+0.04 ‘C/sec and 7 y = 10.47 + 0.57), as depicted
in Fig. 3a-b. Similarly, with cooling modulation, the rate of temperature decrease in tumor tissue was greater
(—0.40 + 0.07 C/sec) than that in the neighboring tissue (—0.27 + 0.03 ‘C/sec), and the thermal recovery time
constant was smaller for the tumor tissue (7 7 = 8.63 + 0.81) compared to the neighboring tissue (7 y = 10.34
+ 0.81), as shown in Fig. 3d-e. In summary, the temperature modulation was more rapid in the tumor area
than in the neighboring tissue. Moreover, the temperature differentials between the tumor and adjacent tissue
obtained from the active thermal imaging were larger than those from passive thermal imaging for both heating
and cooling modulations (Fig. 3¢, f). These findings demonstrate that convectional thermal modulation can
induce a transient thermal response, facilitating the differentiation between the tumor and neighboring tissues.
All comparative results showed statistical significance (p < 0.01), which was similarly and consistently observed
in early-stage tumors.
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Fig. 2. Thermal contrast imaging using convectional thermal modulation on a subcutaneous tumor mouse
model. (a) Schematic representation of imaging subcutaneous tumor mouse model. (b) Comparative
visualization of the tumor under white-light (WL) imaging, fluorescence (FL) imaging, and their superimposed
image. (c)-(d) IR imaging results during convectional heating. (c) Temperature dynamics in the tumor versus
neighboring tissue over time during heating. (d) Sequential IR images captured at 0, 20, and 60 s, showing
temperature distribution. (e)-(f) IR thermal imaging results during convectional cooling. (e) Temperature
dynamics over time in tumor and neighboring areas during cooling. (f) IR images showing the cooling process
recorded at the same intervals as heating.

Active thermal modulation measurement and quantitative analysis in rectal tumor mouse
model

A syngeneic rectal tumor mouse model, induced by SL4-DsRed cancer cells, was established (Fig. 4a). Prior to
thermal imaging, we utilized a home-built imaging system to locate grossly visible tumors within the mouse
rectum (Fig. 4b). Passive thermal imaging failed to discern tumor formation due to the minimal thermal contrast
between the tumor and neighboring tissues. Consequently, a 10-second convectional thermal modulation was
applied during a 60-second imaging period, similar to the previous experiment, by directing cool air into the
mouse’s rectum (Fig. 4c). During the modulation phase, the tumor region’s temperature decreased more rapidly
than the neighboring areas.

Sequential thermal endoscopic images revealed the greatest temperature difference between the tumor and
neighboring tissues at the 20-second mark following the end of cooling modulation (Fig. 4d). This substantial
temperature disparity persisted throughout the thermal recovery phase, indicating that the cooling process
augmented the thermal contrast between the tumor and normal tissues. Under appropriate conditions, thermal
IR imaging can effectively distinguish between the thermal radiations from the tumor and neighboring tissues.

As depicted in Fig. 4e-f, the tumor tissue exhibited a greater rate of temperature decrease (—0.28+0.03
C/sec) and a shorter thermal recovery time constant (7 7 = 8.76 +£0.30) compared to the neighboring tissue
(—0.20+0.02 ‘C/sec and 7 y = 10.49 + 0.60) under cooling modulation. In essence, temperature modulation

Scientific Reports | (2024) 14:31575 | https://doi.org/10.1038/s41598-024-76173-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a * % b * % c b
o 1.04 g 151 3
2 5 0.81 =z —_ —4—
3 == 2 2101 % teghzes £ o
25 061 Q- <
-3 . agime g = ~o 10471057 2.2540.12
£ g 041 0.6810.07 . SZ ] 8054087 % 4.
‘S g i 0.49 + 0.04 E% Vo T U. e 0.27 4+ 0.10
25 Y4 = <
o Q
2 ' , 2%0 . , 0 == :
Tumor Neighboring Tumor Neighboring Passive Active
tissue tissue tissue tissue
d e i __|** f ”
0. as Q 15 3.
o E~ .
25 -02] el o0 Eorl o
25 —F s2 ] =y = 1.03 + 0.04
£E L T -0271£003 8= % 1034081 i
< & -061 = ) "
5 g —0.40 + 0.07 53 %] 863+081 % 11 0304006 —E=—
2 £ -0.8] ES S
3 29 ' —2m—
-1.0 T T - 0 T T 0 T T
Tumor Neighboring Tumor  Neighboring Passive Active
tissue tissue tissue tissue

Fig. 3. Quantitative analysis of thermal contrast parameters in subcutaneous tumor model. The parameters
were obtained through convectional heating (a-c) and cooling (d-f) modulation. Panels (a) and (d) display the
rate of temperature changes in the tumor and neighboring tissue during thermal modulation. Panels (b) and
(e) show the thermal recovery time constants for tumor (1) and neighboring tissues (t,;) post-modulation.
Panels (c) and (f) compare the temperature differentials between tumor and neighboring tissues during passive
(AT,) and active (AT, ) thermal imaging. Error bars represent standard deviations calculated from all ROI data.
Statistical significance is denoted as follows: ** indicates p <0.01 and *** indicates p < 0.001.

occurred more swiftly in the tumor region than in the neighboring tissue, and the thermal recovery of the tumor
tissue was faster post-cooling modulation. Furthermore, the active thermal imaging demonstrated a larger
temperature difference (A T4 = 1.18 # 0.30 C) between the tumor and neighboring tissue obtained than did
the passive thermal imaging ( A Tp = 0.53 + 0.27 ‘C) during cooling modulation (Fig. 4g).

Heating modulation was not conducted in the rectal tumor model to avoid the risk of internal tissue damage
from hot air accumulation.

Discussion
In this study, we pioneered an Infrared Thermal Modulation Endoscopy (ITME) technique to distinguish tumor
tissue from adjacent tissue based on dynamic thermal response. By integrating extrinsic thermal modulators
into thermal endoscopy, we have engineered active thermal imaging as an effective label-free tool for tumor
detection. Our study focused on leveraging the benefits of active dynamic thermal imaging to artificially heighten
the thermal signal contrast, a stark departure from the reliance of passive thermal imaging on subtle temperature
differentials between tumors and surrounding tissues. In the current investigation, employing both subcutaneous
and rectal tumor mouse models, we have showcased the proficiency of active thermal imaging in pinpointing
early-stage tumors. Experimentally, to substantiate the efficacy of active thermal IR imaging, we corroborated
the tumor tissue locations using both white-light and fluorescence imaging modalities in conjunction with
ITME within an in vivo setting. Of particular significance is our demonstration of the potential of integrating
infrared endoscopy with thermal modulators for in situ rectal tumor detection. The current findings underscore
the practicality of our approach, which employed controlled convective heating and/or cooling strategies.
Tumor tissue typically exhibit distinctive physiological and architectural traits compared to normal tissue,
particularly in relation to blood vessels. The blood vessels in tumors often display a diminished caliber and
irregular arrangement, resulting in compromised blood flow and drainage'®. Both the baseline blood flow and
the vascular response to thermal stimuli likely influence the dynamic thermal response traits in tumors. Under
heat exposure, normal blood vessels dilate to dissipate excessive heat from the tissue?’. Consequently, during
both heating and cooling phases, variations in basal vascular state and heat dissipation mechanism likely results
in variable thermal recovery time constants across normal and tumor tissue types. In addition, our experiments
indicated that, at steady-state, the temperature of tumor tissue in both subcutaneous and rectal tumor mouse
models is generally lower compared to that of adjacent tissues, a phenomenon potentially influenced by altered
blood flow and thermoregulatory mechanisms. Employing these intrinsic differences in thermos-vascular
characteristics, we devised an external means to amplify the thermal contrast by directly applying thermal stress
to the tumor tissue. We further hypothesize that active thermal imaging results demonstrate significant image
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Fig. 4. Assessment of thermal modulation imaging with convectional cooling to detect early-stage mouse
rectal tumors. (a) Schematic of the imaging procedure for a rectal tumor in a mouse. (b) Visual differentiation
of the tumor under white-light (WL) and fluorescence (FL) imaging. (c)-(d) IR imaging results following
convectional cooling: (c) Temperature trajectories in tumor and neighboring tissues during cooling. (d) IR
images captured at 0, 20, and 60 s, illustrating temporal thermal changes. (e)-(g) Quantitative analysis of the
thermal contrast parameters: (e) The rate of temperature changes. (f) The thermal recovery time constants

for tumor (1) and neighboring tissues (1) post-thermal modulation. (g) Differential temperature analysis
between tumor and neighboring tissues under passive (AT}) and active (AT, ) thermal conditions. Error bars
represent standard deviations from all the ROI data. Statistical significance is denoted by *: p <0.05.

contrast based on thermos-physical properties, such as the rate of temperature change and thermal recovery
time constant, effectively delineating the solid tumor mass.

Typically, body temperature varies gradually, with the skin temperatures adjusting rapidly to ambient
changes, followed by the more gradual responses of deeper tissues. The regulation of blood flow is essential in this
thermoregulation. Ectopically implanted tumor models are often display reduced vascular density?!, contributing
to lower rates of blood flow changes in tumors compared to normal tissue altering thermoregulatory responses.
Variations in blood flow, blood volume, and tissue composition also give rise to the distinct thermal characteristics
observed between tumor and normal tissues. Furthermore, the potential for inadequate development of
peripheral nerves within tumor tissue could exacerbate these differences, as effective thermoregulation relies on
an internal feedback mechanism that detects and adjusts to local temperature fluctuations to maintain thermal
homeostasis!’. Consequently, our results suggest that tumor tissue warms up more rapidly during heating
modulation due to localized heat accumulation, which cannot be dissipated effectively by blood flow. Similarly,
cooling occurs faster in tumor tissue compared to surrounding tissues, due to the tumor’s diminished capacity
to counteract heat loss during cooling modulation.

During the thermal recovery phase, tumor tissue temperatures changed more rapidly than those of the
surrounding tissue, despite the tumor’s compromised thermoregulatory capacity. To investigate whether the
atypical thermal responses of tumors arise from differences in intrinsic tissue compositions or vascular structure
compared to adjacent tissue, we analyzed ex vivo specimens from a subcutaneous tumor in a mouse model
(see Fig. S2 in Supplement file 1). In the absence of blood flow, tumor tissue demonstrated a more pronounced
temperature increase upon heating compared to normal tissue. Our experiments indicated that tumor tissue’s
thermal response to external thermal modulation is distinct from that of surrounding tissue, contributing to
an increased thermal contrast. Employing the ITME system, which offers simultaneous convective thermal
modulation and thermal imaging, we were able to effectively differentiate tumor tissue.

While the infrared spectrum is useful for diagnostic applications in dermatology, the primary challenge
with thermal imaging is its limited penetration depth, typically up to 2-3 mm?2. Moreover, imaging can be
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compromised by movement artifacts from respiration and heartbeat, affecting the precision of temperature
measurements. Minor movements of the animals during convective modulation also have affected image quality.
In future studies, a motion compensation method will be employed to accurately align images taken at different
times, allowing for a more precise measure of temperature distribution during thermal recovery. In addition,
thermal stimulation using an IR light source could replace convectional stimulation, offering more sophisticated
stimulation control in both models. While this approach cannot be used for cooling, radiative heating could be
effectively utilized in thermal modulation endoscopy, enabling heating stimulation for the rectal tumor model.
These improvements will mitigate data variability and enhance overall data quality.

Conclusions

In conclusion, this study marks substantial advancements in the use of mouse tumor models. Our methodology
applies ‘convection mode’ thermal modulation for label-free tumor detection, thereby improving thermal
contrast. Furthermore, we have executed the detection of rectal tumors within the gastrointestinal tract using
active convective cooling, contributing to a more complete understanding of the varied thermal responses
between tumor tissue and its neighboring tissue.

Data availability
The data underlying the results presented in this paper are not publicly available at this time but may be obtained
from the corresponding authors upon reasonable request.
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