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ABSTRACT

Breast cancer remains a primary cause of global cancer-related mortality, necessitating
advanced early-stage diagnostic modalities. This study investigates the efficacy of infrared
thermography (IRT) coupled with a systematic multi-angle acquisition protocol for characterizing
malignant breast thermal signatures. A cohort of 38 patients with biopsy-proven breast cancer
was evaluated using a FLUKE infrared system integrated with the BKA-06 thermal stimulation
device. Thermographic data were acquired at multiple orientations (0°—180°) to comprehensively
map thermal distribution patterns. Quantitative analysis identified significant thermodynamic
anomalies, including elevated core temperatures, asymmetric heat dissipation, and heterogeneous
isothermal contours. Recorded temperature differentials (AT) between tumor cores and peripheral
tissues ranged from 1.2 °F to 1.8 °F. Comparative validation demonstrated high spatial
congruence between thermographic “hotspots” and MRI-identified lesions, with histopathological
biopsy serving as the definitive reference. Distinct from conventional binary classification
approaches, this research systematically analyzes intrinsic thermal characteristics linked to
pathological angiogenesis and metabolic hyperactivity. The findings suggest that the proposed
IRT framework provides a reliable, non-invasive, and radiation-free adjunctive modality,
enhancing the precision of early-stage breast cancer screening and clinical assessment.
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1. INTRODUCTION

Breast cancer remains one of the most prevalent and life-threatening malignancies among
women worldwide. According to the latest estimates from the International Agency for Research
on Cancer (IARC) and the World Health Organization (WHO), approximately 2.3 million new
cases and nearly 670,000 deaths were reported globally in 2022 [1]. These figures account for
about 11.6% of all newly diagnosed cancer cases and 6.9% of total cancer-related deaths [1].
Projections indicate that the global cancer burden will continue to rise significantly, with the
number of new cases expected to exceed 35 million annually by 2050, representing a 77% increase
compared to 2022 [2]. In this alarming context, early detection plays a critical role in improving
prognosis and increasing patient survival rates [3]. Currently, conventional imaging modalities
such as mammography, ultrasound, and magnetic resonance imaging (MRI) are widely used for
breast cancer screening and diagnosis. However, these techniques present several limitations,
including exposure to ionizing radiation in mammography, high operational costs, and reduced
sensitivity in patients with dense breast tissue [4]. Such constraints may lead to missed lesions or
delayed diagnosis, particularly in the early stages of the disease.

In recent years, infrared thermographic imaging (IRT) has emerged as a promising adjunctive

modality due to its non-invasive nature, absence of ionizing radiation, and relatively low cost [5].
Recent developments in infrared detectors, thermal sensors, and uncooled microbolometers have
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markedly enhanced the spatial resolution and thermal sensitivity of modern thermographic
cameras, broadening their utility across military, industrial, and biomedical domains [6, 7]. In
oncology, thermography has gained momentum for breast cancer detection. A 2024 systematic
review demonstrated its clinical efficacy, reporting a pooled sensitivity of 88.5% [6]. To further
refine diagnostic accuracy, contemporary research integrates artificial intelligence, machine
learning, and FPGA-based image stitching algorithms [8, 9]. Key thermal indicators—such as
vascular asymmetry, hotspot morphology, and spatial temperature heterogeneity—have proven
crucial for differentiating pathological lesions from healthy tissues [8]. Moreover, recent surveys
highlight the growing significance of multiscale representations, thermal texture analysis, and deep
learning architectures in automating lesion classification [10].

Despite recent advances in infrared imaging technology and thermal image analysis, significant
challenges remain in breast cancer thermography. Most existing studies emphasize lesion
classification, whereas comprehensive investigations of intrinsic tumor thermal characteristics—
including thermal gradients, heat diffusion patterns, and temperature heterogeneity—are still
limited [10, 11]. Consequently, this study focuses on characterizing breast tumor thermal signatures
to support non-invasive, radiation-free, and clinically feasible early-stage breast cancer detection.

2. THEORETICAL BACKGROUND AND METHODOLOGY

2.1. Physical basis of infrared thermography

Fundamental physical principles dictate that any object maintaining a temperature above
absolute zero (0 K) emits electromagnetic radiation within the infrared spectrum. In medical
diagnostics, the human body primarily radiates in the long-wave infrared (LWIR) band (8 +~ 14
pum), which is quantifiable using advanced sensors [11]. The total radiant energy emitted from the
skin surface follows the Stefan—Boltzmann law, where radiative power density (P) is proportional
to the fourth power of absolute temperature (T), defined as P= ¢.06.T%) [12]. Modern high-
sensitivity systems, utilizing microbolometers or cooled detectors, achieve a noise equivalent
temperature difference (NETD) below 30 - 50 mK, facilitating the detection of subtle cutaneous
thermal variations as minute as 0.1 - 0.3 °C approx 0.18 - 0.54 °F [13]. In breast oncology, tumor
progression is coupled with disrupted thermodynamic equilibrium. Malignant proliferation
triggers accelerated cellular metabolism and aggressive angiogenesis, characterized by disordered
microvasculature that significantly augments local blood perfusion [6]. These physiological
anomalies induce localized hyperthermia and "thermal bypass" from the core to the dermal surface,
manifesting as measurable temperature gradients relative to contralateral healthy tissue. Infrared
thermography (IRT) captures this emission, reconstructing high-resolution 2D thermograms where
"hot spots" serve as pivotal biomarkers for neoplastic activity [14].

However, IRT precision remains sensitive to multi-factorial artifacts. Accuracy is heavily
influenced by environmental variables, including ambient temperature stability (AT < 1°C),
humidity, and convective airflow. Consequently, clinical frameworks, notably by the American
Academy of Thermology (AAT), mandate rigorous acquisition protocols—including a 15-20
minute acclimatization period—to ensure the reliability and reproducibility of thermal signatures
in oncological screening [15].

2.2. Instrumentation and clinical cohort

Thermal imaging data were acquired using an integrated diagnostic system comprising a BKA-
06 excitation source and a FLUKE Visual IR Thermometer (USA). The BKA-06 device operates
at a peak wavelength of 622.8 nm, facilitating non-invasive optical penetration into breast
parenchyma with an effective depth of approximately 15 + 17 cm [16, 17]. To ensure metrological
reliability, the excitation system was strictly calibrated in accordance with the certification
standard V11.CN6.3000.23. The auxiliary infrared imaging system (FLUKE) featured a
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measurement range from — 20 °C to 400 °C (- 4 °F to 752 °F) with a thermal accuracy of £ 2%.
Technical specifications included a spatial resolution of 120 x 90 pixels and a spectral sensitivity
range of 6.5 + 14 um, optimizing the detection of long-wave infrared (LWIR) emissions from the
skin surface.

The clinical study involved a cohort of 38 patients diagnosed with breast tumors. Diagnostic
confirmation for all subjects was established via histopathological biopsy—the gold standard—
at K Hospital (Tan Trieu campus, n = 12) and Thai Nguyen National Hospital (n = 26). Within
this cohort, a subset of 12 patients from K Hospital, recruited between September and December
2025, underwent comprehensive thermographic assessment. These specific subjects exhibited
clinical manifestations of breast abnormalities and were subsequently referred for Magnetic
Resonance Imaging (MRI) to correlate thermal signatures with morphological findings from
clinical examinations.

Table 1. Clinical characteristics of the breast cancer patient cohort (n = 12).

Patient's full Tumor Patient's full Tumor
No. Age i No. Age .
name characteristics name characteristics

. LBT, TsNiMo, S- . RBT, T3N>Mo, S-

1 Dang ThiB | 47 1B 7 Doan ThiD |38 MIA
. RBT, T3NoMo, S- . LBT, T4NiMo, S-

2 | NguyenThi T |51 1B 8 | Hoang ThiH |41 1B
3 Hoang Thi T |55 LBT, T-NiMy, 8- 9 | Nguyen Thi Q |40 LBT, TaNoMo, S-

11B I11B
. LBT, T3NiMoy, S- . RBT, T3N>Mj, S-

4 Le Thi N 30 1B 10| PhamThiY |58 A
. RBT, T2NoMo, S- . LBT, T4N2M,, S-

5 Le ThiH 37 A 11 Vu Thi K 48 1B
. Ta Thi P 10| LBT. TIQII]\;]MO, 5- 11, Nguyen Thi L | 64 LBT, TIﬁ\II;MO, S-

Note: LBT = left breast tumor, RBT = right breast tumor; TNM = tumor—node—metastasis
classification; T; (£2 cm), T> (2 -5 cm), T3 (> 5 cm), Ty (invasive to the chest wall or skin); Ny
Early/localized disease, N; Limited regional spread, N, Advanced regional spread; My (no
metastasis), S-11 = Stage I1; S-1II = Stage I1I.

Patient Characteristics: A total of 12 breast cancer patients were included, all
histopathologically confirmed and classified as non-metastatic (My). According to the TNM
classification, the cohort was equally divided between Stage II and Stage III disease. Stage II cases
were mainly categorized as Stage IIA-IIB, characterized by T,—T3 tumors with limited nodal
involvement (No—N;). In contrast, Stage III cases (IIIA-IIIB) were associated with locally
advanced disease, including T3;N> and T4 tumors with higher nodal burden. Tumor laterality
analysis revealed a predominance of left breast tumors (LBT, 8/12), while right breast tumors
(RBT) accounted for the remaining 4 cases.

2.3. Data acquisition protocol

Thermographic data acquisition was performed using a high-precision infrared imaging system
coupled with a BKA-06 thermal excitation source. To ensure metrological integrity, measurements
were conducted in a climate-controlled environment at 23 £ 1 °C (73.4 + 1.8 °F). Participants
underwent a mandatory 15-minute acclimatization period to achieve thermal equilibrium and
minimize physiological variability [15]. All clinical procedures strictly adhered to institutional
ethical standards, receiving formal approval from the Ethics Committee (No. 356/BVK-HDDD).

Thermographic data were acquired using a systematic multi-angle protocol across five
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orientations 0° - 180° alongside vertical trajectories, centering on the tumor locus as the spatial
reference. The infrared sensor was positioned perpendicularly at 0° and 180° for frontal and posterior
imaging, respectively, while oblique angles (45°, 135°) captured structural and thermal
heterogeneity. A 90° vertical scan evaluated the superior—inferior thermal distribution. This multi-
directional approach enabled precise mapping of heat diffusion gradients within the tumor
microenvironment, ensuring a high-fidelity representation of pathological thermodynamic behavior.

I
(@) <L\ | s>
)
Top to bottom

90.7° 90.9% 912" 91.7° 92.3° 93.4° 93.1°
. . . . . . B

Bottom up

Figure 1. Thermographic data acquisition protocol: (a) Schematic representation of imaging
orientations, (b) Operational procedure for thermal capture; (c) Clinical imaging
implementation, (d) Spatial data acquisition of thermal points surrounding the anomalous region.

2.4. Image processing and thermal feature extraction

The proposed experimental workflow comprised three sequential phases: thermographic pre-
processing, quantitative feature extraction, and clinical validation. Initially, Regions of Interest
(ROIs) were segmented based on anatomical landmarks to maintain spatial consistency. Raw
thermograms were normalized and contrast-enhanced utilizing integrated software tools on the
FLUKE system to mitigate environmental noise and isolate pathological hyperthermia.

The core boundary was defined by a relative threshold criterion: Thotspot > Tbackground + 1.2 °F.
A multidimensional set of thermal descriptors was extracted to quantify tissue thermodynamics.
Key parameters included statistical metrics—peak (Tmax), nadir Tmin), and mean temperatures—
alongside thermal heterogeneity, which measures spatial variance and gradient distributions as
indicators of metabolic hyperactivity. Furthermore, morphological and chrominance analyses
assessed "hot spot" geometry and pseudo-color distribution to identify focal hyperthermia
associated with potential malignancy.

Finally, clinical validation was established by benchmarking these spatial differentials against
structural MRI and histopathological biopsies. Crucially, image interpretation was conducted by
blinded evaluators independent of clinical records. This comparative framework enabled a
rigorous assessment of tumor localization and staging, confirming that functional thermodynamic
signatures correspond directly to the underlying metabolic and angiogenic status of the lesion

3. RESULTS AND DISCUSSION

3.1. Thermographic imaging results in patients

Representative patient thermograms acquired at multiple viewing angles illustrate spatial
variation in thermal patterns across different perspectives. Analysis of intensity and color
distribution, reflecting surface temperature variations, reveals a distinct boundary between
suspicious lesions and surrounding healthy tissue (Figure 2). As depicted in images (a—f), the
central region of the suspected lesion displays intense deep red tones, corresponding to an elevated
temperature of approximately 93.4 °F. In contrast, adjacent areas exhibit lighter hues with lower
temperatures around 90.2 °F, establishing a pronounced thermal gradient between the lesion core
and surrounding parenchyma. This core-to-periphery gradient reflects underlying
pathophysiological alterations within malignant tissue. Elevated core temperatures correlate with
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high cellular density, local hypermetabolism, and angiogenesis-induced vascularization, which
accelerate regional blood perfusion and heat dissipation. Conversely, non-pathological
parenchyma demonstrates a lower, homogeneous thermal baseline. The micro-spatial thermal
variations detected within the lesion further reflect structural and functional heterogeneity, serving
as critical biophysical indicators for anomalous tissue identification and characterization.

Figure 2. Thermal images of the breast tumor in patient Dang Thi B acquired at different
viewing angles. (a) 0°, (b) 45°, (c) 90°, (d) 135°, (e) 180°, and (f) top view.
Following segmentation of the region of interest (ROI) and temperature normalization, thermal
features were extracted along profiles passing through the lesion center. Representative results are
illustrated in Figure 3.

Figure 3. Spatial data acquisition of thermal points surrounding anomalous regions across
clinical subjects: (a) Patient Doan Thi D; (b) Patient Vu Thi K; and (c) Patient Dang Thi B.

Thermographic Signature Analysis: Figure 1 displays representative breast thermograms
exhibiting pathognomonic thermal signatures of underlying malignancy. Quantitative analysis
reveals distinct isothermal contours defining dynamic temperature gradients. A pronounced
hyperthermic core (red isotherms) is identified with peak temperatures of 93.0 °F — 93.3 °F,
characterized by steep gradients relative to the periphery. The intermediate zone (yellow
isotherms) ranges from 92.1 °F — 92.4 °F, while the outer boundary (blue isotherms) registers
approximately 91.5 °F — 91.7 °F.

The core-to-periphery temperature differential (AT) approximates 1.2 °F to 1.8 °F. In clinical IRT
protocols, gradients exceeding 1.0 °C (approx 1.8 °F) provide significant diagnostic evidence for
tumor angiogenesis and altered metabolic heat production [6]. Morphologically, Figure. la
demonstrates focal, concentric contours suggesting a localized lesion. Conversely, Figure. 1b and 1¢
exhibit increasing morphological asymmetry and expanded thermal diffusion patterns. This observed
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thermal heterogeneity and irregular contour morphology are critical biomarkers, correlating with the
chaotic microvasculature and metabolic demand typical of high-grade neoplasms [14].

3.2. Comparative diagnostic validation

To evaluate the diagnostic efficacy of infrared thermography (IRT), identified hyperthermic
regions were systematically cross-referenced with Magnetic Resonance Imaging (MRI) datasets,
the latter serving as a high-fidelity reference for morphological staging. Figure 4 illustrates
representative findings from the clinical cohort, demonstrating the spatial correlation between
thermal anomalies and structural pathology.

Figure 4. Comparative MRI and infrared thermographic (IRT) scans of selected patients: (a)
Hoang Thi T; (b) Vu Thi K; (c) Pham Thi Y; (d) Le Thi H.

Figure 4 demonstrates high spatial congruence regarding tumor localization, dimensions, and
morphology. MRI findings reveal neoplastic lesions characterized by high signal intensity,
irregular margins, and stromal infiltration, predominantly within the upper-outer quadrant (UOQ).
Correspondingly, IRT identifies "thermal cores" spatially synchronized with these malignant
masses, validating the system's localization precision.

Thermal radiation patterns in Figures (a—c) serve as pathognomonic indicators of angiogenesis,
where neo-vascularization facilitates enhanced heat transfer from deep-seated tumors to the
cutaneous surface. In contrast, the lesion in MRI image (d) is situated deeper than those in (a—c),
resulting in a less intense thermal core due to increased tissue attenuation. Quantitative analysis
indicates that larger, invasive masses identified via MRI consistently manifest as more expansive
thermographic signatures.

While MRI, CT, and IRT are effective for detecting physiological and structural anomalies,
their findings must be cross-validated. Histopathological biopsy remains the definitive gold chuan
for differentiating between benign and malignant pathologies and confirming the underlying
biological status of the identified lesions.

3.3. Comparative validation with histopathological biopsy results (n = 26)

The clinical study comprised a cohort of 26 female patients (age range: 34—70 years) admitted
to the Oncology Department at Thai Nguyen Central Hospital. All participants had previously
undergone clinical examinations and received a definitive diagnosis of breast cancer via
histopathological biopsy. The comprehensive data regarding their thermographic characteristics
and pathological profiles are summarized in Table 2.

The consolidated results presented in Table 2, comprising 26 biopsy-confirmed breast cancer
patients, provide a representative dataset for evaluating the capability of the proposed infrared
thermography (IRT) system. Invasive ductal carcinoma (NST) constituted the predominant
histopathological subtype, accounting for 84.6% of the cohort. All examined malignant cases
exhibited measurable thermal abnormalities, characterized by localized hyperthermia at the lesion
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site following BKA-06 excitation. Most tumors presented a temperature difference (AT) of > 1.2
°F relative to the surrounding tissue, indicating increased metabolic activity associated with
malignant progression. More advanced lesions (Stage II-III) generally demonstrated higher
thermal intensity and more pronounced hotspot formation than early-stage tumors.

Table 2. Summary of Clinicopathological Data and Thermographic Features (n=26).

Value /

Parameter | Category distribution Associated thermographic abnormalities (IRT)

Thermal Gradient (AT): Pathological elevation ranging

Total cohort | Sample size| - n =26 from 1.2 °F to 1.8 °F compared to contralateral baseline.

Nodal involvement: Extended thermal dissipation

Demographics) Age range | 34 -70 towards the axillary region in metastatic cases.

Invasive 22/26 | Core Characteristics: Prominent "hotspots" exhibiting
carcinoma | (84.6%) | bright red or white-scale intensity at the tumor locus.

i ] . - . ;
istopathology Metastatic 4/26 | Vascular  Signatures:  Asymmetric  peri-tumoral

carcinoma | (15.4%) | hyperthermia indicative of pathological angiogenesis.

Histologic Stace 1T & 111 8/26 | Metabolic Intensity: High-grade tumors correlated with
grade & (30.8%) | steeper thermal gradients and irregular isothermal contours

The spatial correspondence between biopsy-confirmed lesions and thermographically detected
hotspots suggests that infrared imaging is capable of capturing functional physiological alterations
associated with tumor angiogenesis and elevated blood perfusion. Furthermore, the multi-angle
acquisition protocol (0°-180°) enabled comprehensive visualization of temperature distribution,
improving the assessment of thermal gradients and heterogeneous heat patterns compared with
single-view imaging. Combined with the FLUKE thermal camera, the BKA-06 imaging platform
provides a non-invasive, radiation-free, and cost-effective approach for characterizing breast
tumor thermal signatures. Although infrared thermography cannot replace conventional imaging
or histopathological examination, it demonstrates considerable potential as an adjunctive technique
for improving early breast cancer screening and functional assessment

4. CONCLUSIONS

Based on the principles of infrared thermodynamics and a systematic multi-angle data
acquisition approach, this study investigated the thermal signatures of breast tumors in a cohort of
38 patients. Using the BKA-06 stimulation source combined with the FLUKE thermographic
measurement system, characteristic thermal biomarkers, including elevated core temperature and
asymmetric heat dissipation, were identified and validated against histopathological biopsy as the
gold-standard reference. The novelty of this work lies in the systematic evaluation of intrinsic
thermal features, such as thermal gradients and isothermal contour distributions, rather than relying
solely on conventional binary classification approaches. The obtained results demonstrated high
spatial agreement between infrared thermography (IRT) “hotspots” and MRI findings, indicating
comparable localization capability to established structural imaging standards. These findings
highlight the potential application of the proposed method as a screening examination, non-
invasive, cost-effective adjunct tool for early-stage breast cancer screening and clinical diagnosis.

Acknowledgement: This research was funded by the basic research project BENH VIEN K, number:
1002/QD-BVK-131.
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TOM TAT
Nghién ciru cac diu hi¢u nhiét dic trung ciia khodi u vi bing phwong phap anh nhiét

Ung thuw vi hién la nguyén nhdn gdy tir vong hang ddu o phu nit toan cau, dat ra yéu cau
cap thiét vé cdc phuong phap chan dodn sém. Nghién ciru nay danh gid hiéu qua cua
phirong phap do nhiét hong ngoai (IRT) két hop ky thudt thu thip dit liéu da goc dé nhdn
dién cac déu hiéu nhiét ddc trung cua khoi u. Thuc nghiém duoc tién hanh trén 38 bénh
nhan (dd xdc chan bang mé bénh hoc), bang hé thong hong ngoai FLUKE phéi hop thiét bi
gia nhiét BKA-06. Di lidu nhiét dwoc thu nhdn tai nhiéu géc dé (0°—-180°) dé ldp ban do
phdn bé nhiét mét cach toan dién. Két qua phan tich dinh heong tai ving dc tinh cho thdy
cac bat thuong ro rét: nhiét do vung 10i tang cao, phan bé nhiét mat doi xung, do déc nhiét
I6m va dwong ding nhiét khong dong nhat. Chénh 1éch nhiét d¢ (AT) gitia ving I6i khoi u
va mo ldn cdn dao dong trong khoang 1.2 °F to 1.8 °F. Dang chui y, cac "diém nong’ "trén
danh nhiét ¢é si twong dong cao vé khong gian véi ton thuwong trén MRI. Khdc véi cdc tiép
can phan loai nhi phdn thong thuong, nghién ctru nay tdp trung phdn tich sau ddc tinh nhiét
lién quan dén sinh 1y khoi u va sw tang sinh mach mau. Két qua khang dinh IRT la phwong
phdp bé tro khéng xam lan, khéng bire xa va toi wu chi phi trong sang loc ung thir vii som.

Twr khoa: Do nhiét hf”)ng ngoai; Ung thu vu; Hinh anh nhiét; Phan tich da goc; Pac diém héa khéi u.
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