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RESUMO

Introducgédo: O linfedema relacionado ao cancer de mama (LSCM) é uma condigéo
cronica que provoca limitagao progressiva da funcionalidade e prejuizo da qualidade
de vida. O diagnéstico precoce é fundamental para um manejo eficaz e para prevenir
complicagbes mais graves. Métodos tradicionais de diagndstico, como volumetria e
perimetria, sdo amplamente utilizados, mas apresentam limitagdes, especialmente
nos estagios subclinicos. A termografia infravermelha (TI) surge como uma técnica
promissora, nao invasiva e de baixo custo, que pode detectar variagdes térmicas
associadas ao linfedema, possibilitando o diagndstico precoce da condigao.
Objetivo: Para o primeiro estudo o objetivo foi determinar a reprodutibilidade inter e
intraexaminador da Tl na medigao da temperatura da pele dos Membros Superiores
(MMSS) em mulheres sobreviventes de cancer de mama e estimar a variabilidade
das medi¢des por meio do coeficiente de variagdo. Para o segundo estudo o objetivo
foi avaliar a acuracia diagndstica da Tl na deteccdo do LSCM; determinar a
sensibilidade e especificidade da Tl no diagnéstico do LSCM e estabelecer um ponto
de corte de temperatura para diagnéstico do linfedema. Materiais e Métodos: Foi
realizado um estudo transversal para analise da reprodutibilidade. A volumetria
indireta foi utilizada como método de referéncia para o diagndstico do linfedema. A
temperatura da pele foi medida por Tl em cinco regides de interesse (ROI) nos
MMSS, em quatro diferentes posturas (anatbmica anterior, anatébmica posterior,
voador anterior e voador posterior). A reprodutibilidade intra e inter-examinadores foi
avaliada por meio do coeficiente de correlagéo intraclasse (CCIl) e coeficiente de
variagcdo (CV). Em uma etapa subsequente, foi avaliado a acuracia da Tl no
diagnéstico do linfedema, comparando as diferengas de temperatura entre os
membros, sensibilidade e especificidade. Resultados: Para avaliar a
reprodutibilidade e acuracia, um total de 3.600 e 1056 ROI foram analisadas
respectivamente. A Tl apresentou excelente reprodutibilidade, com CCI variando de
0,82 a 1,00, e coeficiente de variagao abaixo de 10%, indicando baixa variabilidade

das medigbes. A Tl demonstrou ter uma acuracia moderada para diagnosticar o



LSCM, apresentando sensibilidade de 85% e especificidade de 56%, com o ponto de
corte de -0,45°C na diferenca de temperatura entre os membros superiores.
Conclusao: A Tl € uma técnica confiavel e reprodutivel para medir a temperatura
cutdanea dos MMSS dessas mulheres. Além disso, mostrou uma acuracia moderada,
indicando que a Tl pode ser uma ferramenta complementar viavel para o diagnéstico
precoce do linfedema relacionado ao cancer de mama, oferecendo vantagens como

rapidez, baixo custo e auséncia de radiagao.

Palavras-chave: Linfedema, Cancer de mama, Diagnodstico, Termografia

Infravermelha.



ABSTRACT

Introduction: Breast cancer-related lymphedema (BCRL) is a chronic condition that
progressively impairs functionality and negatively impacts quality of life. Early
diagnosis is crucial for effective management and to prevent more severe
complications. Traditional diagnostic methods, such as volumetry and perimetry, are
widely used but have limitations, particularly in subclinical stages. Infrared
thermography (IT) has emerged as a promising, non-invasive, and cost-effective
technique capable of detecting thermal variations associated with lymphedema,
enabling early diagnosis. Objective: The first study aimed to determine the intra- and
inter-examiner reproducibility of IT in measuring skin temperature in the upper limbs
(UL) of breast cancer survivors and to estimate the variability of the measurements
through the coefficient of variation. The second study aimed to evaluate the
diagnostic accuracy of IT in detecting BCRL, determine its sensitivity and specificity,
and establish a temperature cutoff point for lymphedema diagnosis. Materials and
Methods: A cross-sectional study was conducted to analyze reproducibility. Indirect
volumetry was used as the reference method for lymphedema diagnosis. Skin
temperature was measured using IT across five regions of interest (ROI) in the UL in
four different postures (anterior anatomical, posterior anatomical, anterior flying, and
posterior flying). Intra- and inter-examiner reproducibility was assessed using the
intraclass correlation coefficient (ICC) and coefficient of variation (CV). Subsequently,
IT's diagnostic accuracy for lymphedema was evaluated by comparing temperature
differences between limbs, as well as sensitivity and specificity. Results: A total of
3,600 and 1,056 ROl were analyzed to assess reproducibility and accuracy,
respectively. IT showed excellent reproducibility, with ICC values ranging from 0.82 to
1.00 and a coefficient of variation below 10%, indicating low variability in
measurements. |T demonstrated moderate diagnostic accuracy for BCRL, with a
sensitivity of 85% and specificity of 56%, and a cutoff point of -0.45°C for temperature

differences between upper limbs. Conclusion: IT is a reliable and reproducible



technique for measuring skin temperature in the UL of breast cancer survivors.
Additionally, it demonstrated moderate diagnostic accuracy, suggesting that IT could
serve as a viable complementary tool for the early diagnosis of breast cancer-related

lymphedema, offering advantages such as speed, low cost, and absence of radiation.

Keywords: Lymphedema, Breast cancer, Diagnosis, Infrared Thermography.
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1 APRESENTAGAO

Esta tese faz parte da linha de pesquisa “Exercicio terapéutico, sinais
bioldgicos e Oncologia clinica” do Programa de Pds-graduagédo em Biologia Aplicada
a Saude da Universidade Federal de Pernambuco.

A ideia deste estudo surgiu diante da necessidade de investigar a
reprodutibilidade da Termografia Infravermelha para mensurar a temperatura
cutdnea de membros superiores de mulheres sobreviventes de cancer de mama,
bem como, de investigar a acuracia diagndstica para o Linfedema Secundario ao
Cancer de Mama. Os dados obtidos desta tese resultaram em dois artigos originais,
sendo o primeiro artigo, intitulado “Reproducibility of Thermography for Measuring
Skin Temperature of Upper Limbs in Breast Cancer Survivors” (Apéndice C) aceito
na revista Biomedicines, conceito A2 (CAPES). O segundo Artigo intitulado
“‘Accuracy of Thermography in Diagnosing Breast Cancer-Related Lymphedema”
(Apéndice D) foi aceito na Journal Clinical Medicine, conceito A2 (CAPES).

Paralelamente ao desenvolvimento desses produtos, foi desenvolvido outro
produto, fruto do trabalho em equipe do grupo de pesquisa, artigo intitulado “Efficacy
of supervised exercise on sleep of women who survived breast cancer: a systematic
review with meta-analysis.”, aceito na Journal of Cancer Survivorship, conceito A1
(CAPES). Foram apresentados quatro resumos no Encontro Internacional de
Ciéncias do Movimento e Saude, sendo estes publicados em Anais e dentre eles,
um recebeu premiacao de melhor trabalho apresentado. Outros sete resumos foram
elaborados e apresentados no 14° Congresso Internacional de Fisioterapia.

Durante o periodo do doutorado, foi realizado estagio docéncia na disciplina
de Fisioterapia aplicada a Reumatologia durante um semestre no curso de
Fisioterapia da UFPE e na disciplina Fisioterapia em Saude da Mulher também
durante um semestre. Além disso, participei do projeto de extensdo “Assisténcia
Fisioterapéutica em Oncologia” durante um ano, realizando fisioterapia nas mulheres
que foram voluntarias no projeto de pesquisa e que necessitavam de tratamento
para o linfedema. A elaboracdo desta tese atendeu as normas vigentes do
Programa de Pos-
graduacgéo Stricto Sensu em Biologia Aplicada a Saude da UFPE.
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2 INTRODUGAO

O linfedema secundario ao cancer de mama (LSCM) é uma disfungéo crénica
que leva ao acumulo de fluido no intersticio, além de provocar complicagbes na
estrutura e fungéo dos tecidos afetados, como fibrose e deposigdo de gordura (HE et
al., 2020). Essas alteragdes resultam em edema, sensagao de peso, dor e limitagao
funcional no membro superior (MS) acometido (Dayan et al., 2018). O diagndstico
precoce é fundamental para evitar os efeitos progressivos do linfedema, visto que
intervengdes realizadas nos estagios iniciais podem prevenir complicagdes mais
graves e proporcionar melhores resultados clinicos (Borman, 2018).

Dentre as técnicas de avaliagdo e diagnostico disponiveis para o linfedema, a
Volumetria Indireta se destaca por ser de facil uso e baixo custo, mas nio oferece a
sensibilidade necessaria para detectar os estagios subclinicos da doenga (Matthews
et al., 2021). Em busca de ferramentas mais objetivas, os exames de imagem se
mostram promissores, pois permitem diferenciar tecidos e, quando associados a
avaliacao clinica, proporcionam um diagndstico mais assertivo. A linfocintilografia é
considerada o padrdo-ouro para o diagnostico do linfedema, embora seja um
método invasivo que envolve exposi¢ao a radiacdo e altos custos (Bae et al., 2018;
Borman, 2018).

Diante dessas limitagdes, a comunidade cientifica tem buscado
incessantemente ferramentas com melhor custo-beneficio e que possam ser
integradas na propedéutica terapéutica para o diagnostico e manejo do LSCM.
Nesse contexto, a termografia infravermelha surge como uma ferramenta
promissora, por ser de baixo custo, acessivel e ndo invasiva, além de ser capaz de
detectar o linfedema em estagios subclinicos (Debiec-bak et al., 2020).

A termografia detecta variagdes sutis na radiagcéo infravermelha emitida pelo
corpo, que sao indicativas de alteragdes circulatdrias e metabdlicas. Essa tecnologia
gera imagens térmicas de alta resolugdo, oferecendo uma representagcédo visual
precisa das variagdes de temperatura cutdnea e permitindo a identificagdo de

disfungcdes na termorregulacédo (Kesztyls; Brucher; Kesztylus, 2022). Alteracdes na
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vascularizacdo e aumento de tecido adiposo, complicagbes comuns no LSCM,
podem influenciar a transferéncia de calor para a pele e sua subsequente
dissipagao, resultando em anormalidades térmicas (Da Silva et al., 2022; Debiec-bagk
et al., 2020).

Entretanto, apesar do potencial dessa técnica, a literatura ainda é limitada
quanto a sua reprodutibilidade e acuracia no diagnoéstico do LSCM. Fatores como
variagdes ambientais, posicionamento dos pacientes e a auséncia de protocolos
padronizados para a aquisicdo e anadlise das imagens térmicas podem afetar a
confiabilidade dos resultados. Portanto, este estudo tem como objetivo avaliar a
reprodutibilidade e a acuracia da Tl para o diagnéstico do LSCM, estabelecendo

parametros que possam garantir sua aplicagao efetiva na pratica clinica.
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3 REFERENCIAL TEORICO

3.1 LINFEDEMA SECUNDARIO AO CANCER DE MAMA (LSCM)

O linfedema € uma disfuncao resultante do comprometimento da funcdo do
sistema linfatico e do déficit no transporte da linfa (Internacional Society of
Lymphology, 2016). Ele é classificado como primario quando ocorre devido a
alteragdes congénitas, como malformagdes do sistema linfatico, e secundario

quando surge em consequéncia de lesdes ou traumas (Brix et al., 2021).

O LSCM é uma disfungao cronica que afeta mulheres que passaram por
tratamentos oncoldgicos, incluindo mastectomia, linfadenectomia axilar e
radioterapia (He et al., 2020). Embora essas intervencdes sejam necessarias para o
controle do cancer de mama, elas podem lesar o sistema linfatico, que desempenha
um papel central na manutencdo da homeostase tecidual, sendo responsavel pela
drenagem do excesso de fluido intersticial, além do transporte de lipidios e células

imunoldgicas (Suami, 2020).

Quando o fluxo linfatico é interrompido, como ocorre apdés a remogéo de
linfonodos ou lesdo dos vasos linfaticos durante a cirurgia ou radioterapia, ha uma
estagnacao do fluido intersticial, resultando no acumulo de linfa no membro superior
(MS) ipsilateral a cirurgia (Lawenda; Mondry; Johnstone, 2009). Esse acumulo
provoca uma série de alteragdes nos tecidos, comprometendo a fungdo do membro
afetado. Além disso, o linfedema pode causar efeitos sistémicos, como a alteracéo
da fungdo imunolégica global, o que impacta negativamente a qualidade de vida
dessas mulheres (Wolf et al., 2022).

3.2 EPIDEMIOLOGIA DO LSCM

Uma em cada cinco mulheres que sobrevivem ao cancer de mama
desenvolvera linfedema (Dispio et al., 2013). No entanto, a incidéncia do LSCM pode
variar dependendo do tipo de intervengao cirurgica, da extensao da dissecgédo dos
linfonodos axilares e do uso de radioterapia. A mastectomia e a linfadenectomia

axilar estdo associadas a um maior risco de linfedema, em comparagdo com
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cirurgias menos invasivas, como a quadrantectomia (Deldar et al., 2023; Menezes et
al., 2016). A radioterapia, por causar danos aos vasos linfaticos e aos tecidos
circundantes, agrava a estagnacao do fluido linfatico, aumentando a probabilidade
de complicagdes futuras (Klein et al., 2023).

No Brasil, a prevaléncia esta em torno de 40%, com variagdes de acordo com
a técnica utilizada e os critérios de diagndstico adotados (Ren et al., 2022). No
entanto, a prevaléncia do LSCM depende de varios fatores. Mulheres de idade
avangada e afrodescendentes possuem maior chance de desenvolver linfedema
(Ren et al., 2022). Além disso, a interacdo entre o sistema linfatico e a resposta
imunologica pode variar entre populagdbes com diferentes caracteristicas
demograficas, o que afeta diretamente a prevaléncia da doenga (Kataru et al., 2019).

Fatores de risco como idade avancada, obesidade, tratamentos adjuvantes
(como quimioterapia e radioterapia), numero de linfonodos removidos durante a
cirurgia (>8), invasdo capsular do tumor e predisposicdo genética séo preditores
importantes no desenvolvimento do LSCM (Gillespie et al., 2018; He et al., 2020;
Jinbo et al., 2023). Mulheres com maior indice de massa corporal (IMC) apresentam
um risco aumentado, pois 0 excesso de tecido adiposo pode prejudicar o retorno

linfatico e exacerbar o acumulo de fluido intersticial (Antonini et al., 2021).

3.3 FISIOPATOLOGIA DO LSCM

A fisiopatologia do LSCM é complexa e multifatorial, envolvendo mecanismos
locais e sistémicos. De forma ampla, no linfedema ocorre a interrupgcdo do fluxo
linfatico, promovendo o acumulo de proteinas no intersticio, aumentando a retencao
de liquido e desenvolvimento de edema (Rezzola et al., 2022). Esse processo é
agravado pela insuficiéncia linfatica remanescentes de compensar o fluxo, devido ao
aumento da presséo tecidual e presencga de citocinas pré inflamatérias, que quando
ativadas, desencadeiam um ciclo inflamatério e por consequéncia deposicao de

fibrose tecidual (Dayan et al., 2018).

Algumas teorias explicam como o linfedema vai além do simples acumulo de
fluido, devido envolver uma complexa interagcédo de fatores inflamatorios, metabolicos

e estruturais:
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. Hipotese da Falha Linfatica

A falha linfatica € um dos principais fatores responsaveis pelo
desenvolvimento do LSCM. O trauma ao sistema linfatico, decorrente de cirurgias ou
radioterapia, compromete a capacidade de drenagem da linfa, resultando em estase
do fluxo linfatico. Essa estase provoca uma sobrecarga no sistema, tornando-o
incapaz de transportar adequadamente a linfa, o que leva ao acumulo de fluido
intersticial e ao consequente edema (Brix et al., 2021; Jiang et al., 2018).

Além disso, ocorre a deposig¢ao de proteinas proé-inflamatérias, intensificando
ainda mais o edema. Como consequéncia, a sobrecarga continua do sistema
linfatico estimula a proliferagdo de fibroblastos e a deposi¢cdo de colageno nos
tecidos, resultando em fibrose e aumento do volume do membro superior (MS)
ipsilateral (Brix et al., 2021; Jiang et al., 2018).

Il. Hipoétese Hemodinamica

A teoria hemodinamica sugere que o linfedema é causado por um
desequilibrio na dindmica dos fluidos corporais. Em condi¢cdes normais, o sistema
linfatico regula a producédo e drenagem de fluido, mas no LSCM essa capacidade é
prejudicada devido a lesbes nos linfonodos e vasos linfaticos. O acumulo de fluido,
por sua vez, danifica as células endoteliais € aumenta a permeabilidade vascular. A
remogao de linfonodos e a dissecgao cirurgica elevam a pressao nos vasos linfaticos
remanescentes, dificultando o fluxo adequado da linfa (He et al., 2020).

Com o acumulo continuo de fluido e a sobrecarga do sistema linfatico, ocorre
hipertrofia da musculatura lisa dos vasos coletores, reduzindo o lumen dos vasos e
comprometendo a capacidade de bombeamento da linfa (Azhar et al., 2020). Esse
processo resulta no acumulo de linfa rica em proteinas nos tecidos, o que aumenta a
pressao osmatica, promove a infiltracido de células imunes e intensifica a inflamagao
(Vang et al., 2023).

lll. Hipdtese Intersticial

A teoria sugere que a sobrecarga do sistema linfatico prejudica a troca de

nutrientes e residuos metabdlicos, resultando em um processo inflamatério cronico.
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A reducédo da velocidade do fluxo linfatico estimula a linfangiogénese, que, por
reflexo, eleva tanto o volume quanto a presséao do fluido intersticial (Brix et al., 2021;
He et al., 2020).

No entanto, o aumento exacerbado do fluido desencadeia um desequilibrio na
pressao hidrostatica entre os capilares linfaticos e o intersticio, promovendo o
acumulo do liquido dentro dos capilares e gerando um ciclo vicioso. Esse ciclo
estimula células imunes, como macréfagos e linfocitos T, que se infiltram nos
tecidos, ativando vias inflamatdrias. Esse processo também incentiva a proliferagao
de fibroblastos, provocando a formacao de fibrose tecidual e o enrijecimento dos
tecidos afetados (He et al., 2020).

IV. Teoria da Expansao e Remodelacido do Tecido Adiposo

No linfedema, os adipdcitos aumentam de tamanho (hipertrofia) ou se
multiplicam (hiperplasia) quando a capacidade de armazenamento de lipidios é
atingida. Esse processo € agravado pela estase linfatica crénica, que promove a
diferenciagdo de precursores adipogénicos, resultando no aumento do volume de
gordura subcutanea (Azhar et al., 2020).

Essas alteragbes no tecido adiposo geram um desequilibrio na producéo de
adipocinas, provocando estresse metabdlico e inflamacgao local de baixa intensidade.
Esse processo inflamatorio € caracterizado por um aumento na liberacido de
citocinas pro-inflamatérias, como Fator de Necrose Tumoral, Interleucina 6 e
Interleucina 8, que estimulam a infiltragao de células do sistema imunolégico (Azhar
et al., 2020).

Quanto maiores os niveis de adiponectina e leptina na circulagdo sanguinea,
maior a presenga de tecido adiposo, gerando um ciclo vicioso no linfedema, pois o
aumento dos lobulos de gordura favorece a compressdo dos vasos linfaticos e,

consequentemente, mais edema tecidual (Azhar et al., 2020).

3.4 MANIFESTACOES CLINICAS DO LSCM

O desenvolvimento do linfedema pode ocorrer logo apdés o tratamento ou

surgir anos depois, tornando-se essencial o acompanhamento continuo para a
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deteccao precoce. As manifestagdes clinicas do linfedema variam em gravidade e
distribuicdo, sendo classificadas em quatro estagios (International Society of

Lymphology, 2016), conforme a progressao da doenga:

1. Estagio 0 (Subclinico): Momento inicial da doenga em que o transporte
linfatico estd comprometido, mas o edema ainda nao € visivel. Embora sem
presenca de sintomatologia, exames de imagem avangados podem detectar
alteragdes linfaticas, tornando o diagndstico precoce um desafio. Essa fase

pode durar meses ou até anos antes que o edema se torne perceptivel.

Figura 1: Linfedema de membro superior direito Grau 0

Fonte: Dados da pesquisa, 2023

2. Estagio I: O edema é visivel e palpavel, sendo reversivel com a elevagéao do
membro. Sintomas como sensacgao de peso, formigamento e desconforto leve

S30 comuns.

Figura 2: Linfedema de membro superior esquerdo Grau 1

‘ .
Fonte: Dados da Pesquisa, 2023

3. Estagio Il: O edema persiste e néo regride com a elevagdo do membro, e a

fibrose tecidual comecga a se desenvolver, resultando em enrijecimento dos
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tecidos. A pele pode se tornar mais espessa e o sinal de Cacifo (depressdes

deixadas pela pressao na pele) desaparece, dificultando o manejo clinico.

Figura 3: Linfedema de membro superior direito Grau |l

Fonte: Dados da Pesquisa, 2023

4. Estagio lll: O estagio mais avangado € marcado por fibrose extensa, acumulo
de tecido adiposo, o membro afetado se torna pesado e rigido, com risco

aumentado de complicagdes, como ulceras e infecgdes cutaneas.

Figura 4: Linfedema de membro superior direito Grau Ill

Fonte: Dados da Pesquisa, 2023

Os sinais e sintomas dependem do estagio do Linfedema (Quadro 1)

(Borman, 2018).

Quadro 1: Principais sinais e sintomas encontrados no Linfedema Secundario ao Cancer de Mama.

Inicialmente, o edema é leve e reversivel, mas pode
Edema progredir para um aumento significativo de volume no
membro.

O acumulo de fluido, aumento de tecido adiposo e

Sensacéo de Peso . _
fibrose acarretam em sensacéo de peso do membro.
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Acontece por consequéncia da inflamacdo local,
Dor compressdao de nervos periféricos e fibrose,

aumentando com a progressao da doenca.

Pode surgir desde o inicio do Linfedema, por leséo
Parestesia nervosa periférica causando desconforto e prejuizo na

funcionalidade do membro.

Decorrente da fibrose tecidual que acarreta na

Rigidez
diminuicao da flexibilidade.
A funcdo do MS é afetada conforme o Linfedema
progride, devido ao aumento de volume e a fibrose, que
Reducgao de

) . limitam os movimentos. A perda de mobilidade & mais
movimento articular . o
pronunciada nos estagios avangados, quando o
membro pode se tornar disfuncional.
O Linfedema crénico provoca espessamento da pele,
. R hiperpigmentacdo, e tendéncia a infeccbes como
Alteragoes Cutaneas o . o
erisipela e celulite. Nos estagios avancados, podem

ocorrer Ulceras e fissuras na pele.

Fonte: Elaboragao propria, 2024.

O LSCM exerce um impacto significativo na qualidade de vida das pacientes,
afetando dimensbes fisicas, emocionais e sociais. O edema e a dor limitam a
mobilidade e a capacidade de realizar atividades cotidianas, como vestir-se,
cozinhar e realizar tarefas domésticas (Gillespie et al., 2018). Além disso, a
alteracdo da aparéncia do membro e as limitacbes funcionais podem resultar na
reducao da autoimagem, bem como em sentimentos de frustragdo e dependéncia,
comprometendo o bem-estar emocional e aumentando o risco de ansiedade e
depressao (Manrique et al., 2022).

O LSCM também impde um Onus financeiro consideravel. O tratamento
continuo, que frequentemente envolve terapia de compressao, drenagem linfatica
manual, exercicio e, em casos mais graves, intervengdes cirurgicas, acarreta custos
substanciais para as mulheres (De vrieze et al., 2020). Essa carga econdmica pode
agravar ainda mais os efeitos negativos na qualidade de vida, especialmente em

contextos onde o acesso a cuidados especializados € limitado (Deldar et al., 2023).
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Sendo assim, € crucial que métodos de avaliagdo estejam disponiveis para a
deteccdo e monitoramento do linfedema, a fim de identificar a condicédo

precocemente e otimizar o manejo clinico.

3.5 METODOS DE AVALIAGCAO E DIAGNOSTICO DO LSCM

O diagnodstico e a avaliaggo do LSCM sdo essenciais para o manejo
adequado dessa condi¢ao, que impacta significativamente a qualidade de vida das
mulheres. As técnicas utilizadas para avaliar o linfedema incluem histérico clinico e
exame fisico (Borman, 2018). As abordagens mais comuns sdo a medicao
volumétrica e perimétrica, que comparam o volume ou a circunferéncia do membro
afetado com o contralateral. Essas técnicas sdo amplamente utilizadas devido a sua
simplicidade e baixo custo, mas sdao métodos dependentes do avaliador, o que pode
gerar variabilidade nos resultados e prejudicar a detecgédo precoce (Campanholi et
al., 2021; Levenhagen et al., 2017).

O diagnéstico também pode ser feito por meio de exames de imagem, uma
forma mais objetiva de avaliagao. A linfocintilografia, considerada o padréao-ouro, e a
linfangiografia por fluorescéncia com indocianina verde sdo capazes de detectar
alteracdes no sistema linfatico, como refluxo dérmico e linfangiogénese (Bae et al.,
2018; Manrique et al., 2022). No entanto, essas técnicas sao invasivas, apresentam
alto custo e expdéem as mulheres a radiagédo, o que limita sua aplicagdo em larga
escala e como ferramenta de triagem (Donahue et al., 2023).

A bioimpedéancia espectroscopica tem se mostrado uma alternativa
promissora para a detecgao precoce do linfedema. O método mede a resisténcia dos
tecidos a passagem de uma corrente elétrica, identificando variagdes na composicao
de liquidos antes do surgimento clinico do edema. Contudo, fatores como hidratacao
e composi¢ao corporal podem afetar os resultados, exigindo ajustes especificos para
diferentes perfis de individuos (Liu et al., 2021).

Outra ferramenta promissora € a termografia infravermelha. Esse método
mede a radiagdo infravermelha emitida pela pele, permitindo a detecgdo de
variacdes térmicas associadas a alteragcdes na circulagao linfatica e metabdlica (Ko
et al.,, 2018). Em pacientes com LSCM, o membro afetado geralmente apresenta

temperaturas mais baixas em comparag¢ao ao contralateral, especialmente em casos
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avangados (Ammer K., 1995; Debiec-bgk et al., 2020; Ko et al., 2018). A termografia
se destaca por ser nao invasiva, de baixo custo e rapida, tornando-se uma
ferramenta promissora tanto para o diagndstico precoce quanto para o

acompanhamento do linfedema.

3.6 TERMOGRAFIA INFRAVERMELHA

A termografia infravermelha (Tl) € uma técnica de imagem que mede a
radiacdo infravermelha emitida pela pele, capturando variagdes térmicas que
indicam alteracbes circulatérias e metabdlicas associadas a varias condigdes
meédicas, incluindo o linfedema. Inicialmente desenvolvida para uso industrial e
militar, a termografia foi introduzida na medicina na década de 1950 e tem sido
aplicada desde entdo em areas como diagnéstico de artrite, oncologia, inflamagdes,
e avaliagcado de linfedema. Avangos na tecnologia melhoraram a sensibilidade e a
precisao das imagens térmicas, tornando a Tl uma ferramenta viavel para uso clinico
(Gatt et al., 2015).

Entre as principais vantagens da Tl estdo o baixo custo, a rapidez na
realizacdo do exame, e o fato de nao expor o paciente a radiagao, tornando-a uma
opgao segura para uso repetido. Essa técnica é especialmente relevante para o
monitoramento continuo de doencas cronicas, como o linfedema, onde a repeticdo
de avaliagbes é essencial para acompanhar o progresso do tratamento e identificar
precocemente quaisquer sinais de piora (Kesztyus; Brucher; Kesztyus, 2022).

Entretanto, a Tl também apresenta algumas limitacbes. A precisao dos
resultados pode ser influenciada por fatores externos, como temperatura ambiente e
umidade, exigindo um ambiente controlado para a realizacdo do exame (Quadro 2).
A padronizagao na calibragdo dos dispositivos e no posicionamento dos pacientes é
crucial para garantir a confiabilidade das medi¢cdes (American Academy of
Thermology, 2015). Existe uma lacuna quanto a acuracia diagnéstica da termografia
do LSCM, ja que nao existe estudos até o presente momento que investigou. Sendo
assim é importante estudar a reprodutibilidade e acuracia da Tl para entender a

viabilidade da aplicagao na pratica clinica de forma segura, confiavel e precisa.

Quadro 2: Comparagdo dos Métodos de Avaliacdo e Diagndstico do Linfedema Secundario ao
Cancer de Mama.
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Método
Volumetria
Indireta

Bioimpedancia

Termografia
Infravermelha

Linfocintilografia

Linfangiografia
por
Fluorescéncia

Tomografia por
Impedancia
Elétrica

Descrigao

Medigcao do volume do
membro afetado por
meio de calculos
baseados em medidas
de circunferéncia em
pontos especificos.
Avalia a composic¢ao
corporal e detecta
variagdes no conteudo
de agua, indicando
possiveis acumulos
linfaticos.

Utiliza cadmeras
infravermelhas para
detectar variacoes de
temperatura na
superficie da pele,
indicando alteracoes
na circulacéao linfatica.

Utiliza radiois6topos
para mapear o sistema
linfatico, identificando
obstrucdes ou
alteragdes no fluxo.

Inje¢éo de corante
fluorescente
(indocianina verde)
para mapear linfaticos
superficiais em tempo
real, avaliando a
funcéo e a anatomia
do sistema linfatico.

Técnica de imagem
qgue reconstroi a
distribuicdo de
impedancia elétrica no
corpo, permitindo a

Vantagens

- Nao invasivo.

- Custo baixo.

- Facil aplicacdo em
ambiente clinico.

- Nao invasivo e
rapido.

- Sensivel a
alteragbes nos fluidos
antes do
aparecimento do
edema clinico.

- Nao invasivo e
indolor.

- Rapido e fornece
imagens em tempo
real.

- Identifica variacdes
subclinicas

- Fornece imagens
detalhadas da
anatomia e fungao do
sistema linfatico.

- Considerado
padrao-ouro para
diagnodstico do
linfedema.

- Alta precisédo na
visualizacao de
linfaticos superficiais.
- N&o utiliza radiacéo
ionizante.

- Permite avaliagao
dindmica em tempo
real.

- N&o invasivo e
seguro.

- Repetibilidade
frequente para
monitoramento.

Desvantagens

- Nao detecta estagio
subclinico

- Depende da
experiéncia do
avaliador.

- Resultados
influenciados por
fatores como
hidratagao e atividade
fisica.

- Equipamento pode
ser caro.

- Exige padronizacao
rigorosa

- Exige ambiente
controlado
(temperatura,
umidade, auséncia de
luz solar).

- Necessidade de
treinamento
especializado para
analise e
interpretacao.

- Procedimento
invasivo com
exposicao a radiagao.
- Necessidade de
infraestrutura e
equipe
especializadas.

- Desconforto para o
paciente durante a
injecéo de
radioisétopos.

- Procedimento
invasivo com
necessidade de
injecao do corante.

- Menor alcance em
linfaticos profundos.
- Disponibilidade
limitada e custos
elevados.

- Resolugao limitada
em comparagao com
outros métodos de
imagem.

- Interpretacéo




Ressonancia
Magnética (RM)

Ultrassonografia

visualizacao de
alteracodes na
composicao dos
tecidos.

Utiliza campos
magneéticos e ondas de
radio para gerar
imagens detalhadas de
tecidos moles,
incluindo o sistema
linfatico.

Utiliza ondas sonoras
de alta frequéncia para
gerar imagens dos
tecidos subcutaneos e
avaliar a presencga de
fluidos ou alteragdes
estruturais.

- Sensivel a
alteracoes na
composicao de
fluidos.

- Alta resolucéao
anatémica.

- Sem radiagao
ionizante.

- Avalia extensdo e
localizagao do
linfedema.

- Nao invasivo e
amplamente
disponivel.

- Diferencia fluido de
tecido sdlido.

- Util para
acompanhamento ao
longo do tempo.
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complexa.

- Equipamento
especializado pode
nao ser amplamente
disponivel.

- Custo elevado e
disponibilidade
limitada.

- Contraindicado para
pacientes com
implantes metalicos.
- Desconforto em
pacientes
claustrofébicos.

- Menos sensivel em
estagios iniciais.

- Qualidade depende
do operador.

- Dificuldade em
detectar alteragoes
microvasculares.

Fonte: Elaboragéo propria, 2024
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4 JUSTIFICATIVA

Devido ao avango da ciéncia e da tecnologia, a expectativa de vida de
mulheres com cancer de mama aumentou significativamente. Progresso em
recursos e métodos de tratamento, como radioterapia, quimioterapia e cirurgias,
contribuiu para a reducdo da taxa de mortalidade nessa populacdo (Klein et al.,
2023). Com isso, o foco principal desloca-se para a investigacdo de métodos de
avaliacdo e tratamento de disfuncbes e sequelas decorrentes do tratamento,
buscando preservar e melhorar a qualidade de vida das sobreviventes.

Entre as complicagbes mais comuns nas mulheres que superaram o cancer
de mama esta o linfedema secundario ao cancer de mama (LSCM), uma condi¢ao
progressiva que impacta negativamente a funcionalidade dos membros superiores
(MMSS) e, consequentemente, a qualidade de vida (He et al., 2020). Dada sua
relevancia clinica e social, a comunidade cientifica tem se dedicado a investigacao
de métodos e instrumentos de avaliagdo que sejam seguros, de facil aplicagao e nado
invasivos, com o objetivo de detectar precocemente o linfedema e otimizar seu
manejo clinico.

Embora existam métodos de avaliagdo simples, como a volumetria indireta,
essas abordagens apresentam limitagdes significativas, especialmente na deteccéo
do linfedema em estagios iniciais, pois dependem de alteragdes volumétricas que sé
se tornam evidentes em estagios mais avangados (Borman, 2018). Nesse contexto,
estudos recentes (Da Silva et al., 2022; Debiec-bak et al., 2020) tém destacado a
termografia infravermelha (T1) como uma ferramenta promissora para a avaliagdo do
linfedema, por sua capacidade de capturar e monitorar o comportamento da
temperatura cutdnea nos MMSS. Essa caracteristica permite identificar alteracdes
subclinicas que, de outro modo, passariam despercebidas por métodos tradicionais.

Além de sua aplicabilidade clinica, a Tl possui um grande potencial para ser

integrada em programas de saude publica, especialmente em contextos de triagem
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e prevencado. Por ser um meétodo nao invasivo e relativamente acessivel, a TI
poderia ser uma alternativa mais econdmica para a detecg¢ao precoce do linfedema,
reduzindo os custos relacionados ao manejo de complicagdes mais avangadas e
melhorando o progndstico das pacientes. Sua utilizagdo em servigos publicos de
saude poderia, por exemplo, permitir a triagem em larga escala de mulheres em
acompanhamento apds o tratamento de cancer de mama, especialmente em areas
com recursos limitados.

Entretanto, para viabilizar sua adogdo em programas de saude publica, é
fundamental consolidar evidéncias sobre a reprodutibilidade e acuracia da Tl na
avaliacdo do linfedema. Este estudo, portanto, busca preencher essas lacunas,
investigando tanto a confiabilidade intra e interexaminadores quanto a sensibilidade
e especificidade da Tl na identificacdo de LSCM. Resultados positivos poderiam
fundamentar a recomendacido dessa técnica como uma ferramenta complementar
eficaz e economicamente viavel, apta para ser incorporada em politicas de saude
publica. Além disso, a utilizacdo de Tl pode contribuir para a detecgao precoce de
alteragdes subclinicas, prevenindo o avango do linfedema para estagios mais graves

e melhorando significativamente a qualidade de vida das mulheres afetada.
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5 HIPOTESE

A termografia infravermelha € uma técnica reprodutivel, confiavel e acurada

para auxiliar no diagnostico do Linfedema Secundario ao Cancer de Mama.
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6 OBJETIVOS

6.1OBJETIVO GERAL

Avaliar a reprodutibilidade e a acuracia da Tl na medicdo da temperatura
da pele dos MMSS e no diagndstico do LSCM.

6.2 OBJETIVOS ESPECIFICOS

Artigo 1: Reproducibility of Thermography for Measuring Skin Temperature of

Upper Limbs in Survivors of Breast Cancer

e Determinar a reprodutibilidade inter e intraexaminador da Tl na medigao da
temperatura da pele dos MMSS em mulheres sobreviventes de cancer de
mama;

e Analisar a temperatura maxima, minima e média em cinco regides especificas
dos MMSS (C1, C2, C3, C4 e Cup), em quatro posturas diferentes;

e Estimar a variabilidade das medi¢des por meio do coeficiente de variagao.

Artigo 2: Accuracy of Thermography in Diagnosing Breast Cancer-Related
Lymphedema

e Avaliar a acuracia diagnostica da Tl na detecgédo do LSCM,;
e Determinar a sensibilidade e especificidade da Tl no diagndstico do LSCM,;
e Estabelecer um ponto de corte de temperatura para diagndstico do linfedema.
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7 MATERAIS E METODOS

7.1 DESENHO DO ESTUDO

Trata-se de um estudo observacional de carater quantitativo. A pesquisa foi
aprovada pelo Comité de FEtica em Pesquisa da UFPE (CAAE:
57624121.0.0000.5208) e o estudo foi desenvolvido de acordo com a Declaragéo de

Helsinque.
7.2 LOCAL

A pesquisa foi desenvolvida no Laboratério de Fisioterapia da Saude da
Mulher e Assoalho Pélvico (LAFISMA), do Departamento da Fisioterapia da
Universidade Federal de Pernambuco (UFPE), localizado na Avenida Professor
Moraes Rego, s/n - Cidade Universitaria, Recife - PE, 50670-420.

7.3 POPULACAO, AMOSTRA E CRITERIOS DE ELEGIBILIDADE

A amostra foi constituida por 44 mulheres sobreviventes ao cancer de mama,
que preencheram os seguintes critérios de inclusdo: idade entre 40 a 70 anos e que
tenham realizado mastectomia unilateral. Foram excluidas do estudo mulheres com:
histérico de cancer de mama bilateral, estar em tratamento de quimioterapia ou
radioterapia, linfedema primario, edema associado a outras causas (doengas
reumatologicas, renais, neurologicas, problemas ortopédicos ou doengas vasculares
prévias), erisipela, intertrigo, ulcera, psoriase, dermatite atopica (eczema), dermatite
seborreica, celulite, hanseniase, vitiligo, escabiose, herpes zoster, acne inflamatéria
e foliculite, bem como outras alteracdes cutaneas preexistentes que poderiam alterar

a termorregulacéo da pele.
7.4 RECRUTAMENTO E TRIAGEM

As participantes foram recrutadas por meio de divulgacéo do estudo em redes
sociais, clinicas e hospitais de referéncia da cidade. As mulheres Interessadas
entraram em contato para participar da triagem conduzida no LAFISMA. Durante a

triagem, as mulheres foram avaliadas por uma ficha contendo os critérios de
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elegibilidade. Aquelas consideradas elegiveis e dispostas a participar do estudo
assinaram o Termo de Consentimento Livre e Esclarecido (TCLE) (Apéndice A), em
conformidade com os principios éticos da Resolu¢ao 466/12 do Conselho Nacional
de Saude (Apéndice A).

7.5 PROCEDIMENTO DE COLETA DE DADOS

O processo de coleta de dados envolveu dois avaliadores que passaram por
treinamento prévio para todas as etapas. Inicialmente as participantes responderam
a uma ficha clinica (Apéndice B) contendo informagées referente a idade, indice de
Massa Corpodrea (IMC), lado de dominancia (direito ou esquerdo), membro ipsilateral
a cirurgia (direito ou esquerdo), tempo de diagndstico de cancer, tempo desde a
cirurgia, e outros tratamentos clinicos realizados (quimioterapia, radioterapia e
hormonioterapia). Em seguida foi realizado o exame fisico para avaliar a presenca
de linfedema, utilizando o método de volumetria indireta (VI). Posteriormente foi
realizado a captura da imagem termografica dos MMSS com e sem linfedema e por

fim foi realizada a analises dos termogramas (Esquema 1).

Esquema 1: Etapas da coleta de dados

Elaborada pelos

Ficha Clinica pesquisadores

__> Diagnostico de Linfedema - Volumetria

Método padrao Indireta
Mensuragao da X
__> Temperatura Cutanea Termografia
dos Membros Infravermelha
Superiores
_—> Analise dos Software
Termogramas Thermofy

Fonte: Elaboragéo propria, 2024
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7.6 METODO DE VOLUMETRIA INDIRETA (VI)

E o método padrdo de avaliagdo na pratica clinica do linfedema de acordo
com as diretrizes da Sociedade Internacional de Linfologia (International Society of
Lymphology, 2016). A VI foi aplicada nos MMSS das participantes por meio do
calculo do volume do tronco de cone. Esse método possui boa acuracia diagnéstica,
excelente reprodutibilidade e baseia-se no calculo do volume a partir de medidas de
circunferéncias de cada MS utilizando uma fita métrica. O calculo é realizado por
meio da diferenga do volume do membro ipsilateral a cirurgia quando comparado ao
membro contralateral (Borman, 2018; Levenhagen et al., 2017) (Figura 5).

Durante esse procedimento a participante permaneceu na postura ortostatica
com elevagdo do ombro a um angulo de 90 graus em abdugao e rotagcéo externa,
cotovelo estendido e punho em desvio ulnar, encostando a mé&o aberta na parede.
Nesta posicao, foram realizadas cinco medigdes com distancia fixa de 10 cm entre
elas (P1 a P5), no sentido distal para proximal, partindo como ponto de referéncia o
processo estiléide da ulna (P1) (Campanholi et al., 2021). As participantes foram
diagnosticadas com linfedema quando houve diferenca de volume = 200 ml ou
propor¢gao de volume >1,04 entre o membro ipsilateral e contralateral a cirurgia
(Levenhagen et al., 2017).

Figura 5: Desenho explicativo da técnica de volumetria indireta para diagnéstico do linfedema de

membro superior. P1 a P5 significa as regides que foram realizadas as 5 perimetrias respectivamente
nos membros superiores; C1 a C4 sao os compartimentos delimitados entre cada medig¢édo de

perimetria.
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Fonte: Elaboragao propria, 2024
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7.7 TERMOGRAFIA INFRAVERMELHA

A temperatura cutanea foi avaliada por meio da termografia infravermelha (TI)
do MS ipsilateral e contralateral a mastectomia (American Academy Of Thermology,
2015).

7.7.1 Aquisicao da imagem

Antes da aquisigdo da imagem, as participantes foram orientadas sobre os
cuidados necessarios, como nao utilizar cremes ou perfumes sobre a pele, estar em
jejum até trés horas antes, ndo ter ingerido substancias bioestimulantes, evitar
exercicios vigorosos duas horas antes do exame e n&o estar em periodo menstrual
(devido nesse periodo ocorrer variagdes térmicas que podem influenciar na
imagem).

Os termogramas foram adquiridos em uma sala sem janelas com
temperatura de 23°C e umidade relativa de 55%, ambas variaveis sendo controladas
por estacdo meteorologica digital (Termohigrometro Digital Parede Mesa -
Highmed-01). Antes da realizacdo do exame, ha cada 15 a 20 minutos, era
monitorado o Termohigbmetro para observar se a sala atingiu as condi¢des ideais.
S6 apos alcancar a temperatura e umidade pré-estabelecidas, era possivel dar inicio
ao protocolo de coleta. Os termogramas foram capturados fora da incidéncia de ar e
luz solar direta e longe de equipamentos elétricos que geram calor (American
Academy Of Thermology, 2015).

Para a aquisicdo das imagens, ao chegar no ambiente, cada paciente foi
instruida a ficar com os MMSS, térax e abdémen despidos durante 15 minutos,
tempo necessario para que ocorra o equilibrio térmico entre a paciente e a
temperatura da sala (De Jesus Guirro Et Al., 2017).

Para o registro das imagens, a camera foi fixada em um tripé a 75cm de altura
do solo e permanece ligada durante a fase de aclimatagcdo da participante com o
intuito de calibrar o seu sensor. As pacientes foram posicionadas a um metro da
camera, em pé sobre um tapete de borracha, com térax e MMSS despidos

permitindo a visualizagao da regido de interesse (ROI) em quatro posturas distintas
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(Figura 6): Anatdmica Anterior, Anatdomica Posterior, Voador Anterior e Voador

Posterior (Quadro 3).

Quadro 3: Descricdo das posicdes adotadas pelas participantes para aquisicdo da imagem
termografica.

Vista anterior, paciente na postura ortostatica com os
Anatdmica Anterior MMSS alinhados ao lado do tronco, punho neutro com
extensao dos dedos e supinagao de antebraco.

Vista posterior, paciente na postura ortostatica com os

Anatdbmica .
. MMSS alinhados ao lado do tronco, punho neutro com
Posterior B o
extensao dos dedos e supinag¢ao de antebraco.
Vista anterior, paciente em postura ortostatica com ombros
Voador Anterior em flexao, abducgao e rotagao externa; cotovelos em flexao,
punhos neutros e antebragos em pronacao.
Vista posterior, paciente em postura ortostatica com ombros
Voador Posterior em flexdo, abducao e rotagao externa; cotovelos em flexao,

punhos neutros e antebragos em pronagéo.

Fonte: Elaboragao propria, 2024

As imagens foram salvas com cdédigos para manter o cegamento durante a

analise dos termogramas.

7.7.2 Modelo da camera e calibragao

A temperatura cutédnea foi medida usando uma camera termografica
multiespectral portatil (ThermoCam FLIR Systems® modelo C5) com uma faixa de
-20 a 50°C, banda espectral infravermelha de 8 a 14 um e uma resolucédo de 320 x
240 pixels. A camera foi ajustada com emissividade de 0,98 e uma distancia focal de
1 metro.

O dispositivo foi calibrado com uma fonte de corpo negro, alcangando uma

incerteza de menos de 0,1°C (95% de confianga) e uma estabilidade de +0,002°C. A
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calibracdo foi realizada por um laboratério certificado rastreavel aos padroes
internacionais (RISE e NIST). A fonte de corpo negro tinha uma emissividade acima
de 0,995 e uma abertura grande o suficiente para evitar interferéncia na medigao. A
camera foi colocada em um tripé a 75 cm de altura, com os participantes
posicionados a 1 metro de distdncia para captura precisa da imagem do ROI. A
calibragao foi verificada durante a fase de aclimatagao para garantir leituras precisas
do sensor. Estudos confirmam que esta camera portatil oferece desempenho
comparavel a modelos mais avangados para diagndsticos médicos (Kesztyus;
Brucher; Kesztyls, 2022).

7.7.3 Anadlise dos termogramas e delimitagcao das Regioes de Interesse (ROI)

Para andlise dos termogramas foi utilizado o software Thermofy ® versao
211 (Infraredmed, Brazil). Para cada MS foram delimitadas 5 ROI. As quatro
primeiras ROI (C1, C2, C3 e C4) foram delimitadas entre as marcagdes perimétricas
feitas anteriormente (ou seja, entre P1 - P2, P2 - P3, P3 - P4 e P4 - P5), enquanto a
ultima ROI (Cup) correspondeu ao poligono que abrange toda a regido do MS. Para
cada ROI os examinadores delimitaram os poligonos de forma independente,
englobando o maximo de segmento corporal a ser incluido na analise, tendo como
parametro o contorno anatébmico, obtendo valores de temperatura maxima, média e
minima em graus celsius (°C) (Ammer, 2008). Um intervalo de temperatura entre 25
°C e 35 °C foi estabelecido para a delimitagao das ROI nas imagens termograficas.

Cada imagem termografica foi analisada trés vezes para garantir a
reprodutibilidade dos dados: duas vezes pelo mesmo examinador, com um intervalo
de sete dias entre as analises, e uma vez por um segundo examinador independente
(Koo; Li, 2016).
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Figura 6: Representacao esquematica da delimitagdo manual da Regido de Interesse (ROI)
nas diferentes incidéncias utilizadas para a termografia infravermelha no diagnéstico do Linfedema
Secundario ao Cancer de Mama. Nas figuras 1 e 2 exemplifica-se a delimitagdo das ROI C1 a C4 nas
posturas anatémica anterior e voador anterior, respectivamente. Em 3 e 4, exemplifica-se a
delimitagdo da ROI englobando todo o membro superior na postura anatémica posterior e voador
posterior, respectivamente

25,0 $FLIR

Fonte: Elaboragao propria, 2024.

7.8 ANALISE E INTERPRETACAO DOS DADOS

Os dados foram armazenados e processados utilizando o software SPSS
versao 20.0 e foram expressos por meio de média e desvio padrao ou frequéncia

absoluta e relativa para variaveis quantitativas e qualitativas, respectivamente.

7.8.1 Anadlise e interpretagcdo dos dados - Artigo 1: Reproducibility of
Thermography for Measuring Skin Temperature of Upper Limbs in

Survivors of Breast Cancer.

Os dados foram analisados usando o software SPSS versao 20.0 (IBM Corp,
Nova York, EUA) e expressos como média e desvio padrao ou frequéncia absoluta e
relativa. Para analise de reprodutibilidade inter-examinador, dois examinadores
independentes (A e B) cegos para alocagao de grupo delinearam o ROI. A analise

intraexaminador compreendeu o examinador A repetindo medicdées com um intervalo
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de sete dias. Ambos os examinadores receberam treinamento prévio e calibragao
para processamento de imagem térmica com o software.

A reprodutibilidade intra e interexaminador foi avaliada usando o coeficiente
de correlagao intraclasse (CCl; modelo de efeitos mistos bidirecional, medig&do unica
e concordancia absoluta) e intervalos de confianga de 95% para cada ROl no MS
com e sem LSCM. Os valores do CCI indicaram confiabilidade ruim (< 0,50),
moderada (0,50 e 0,74), boa (0,75 - 0,90) ou excelente (> 0,90). A dispersao dos
dados em relagao aos valores do ROI do MS com linfedema foi avaliada usando o
coeficiente de variagédo (CV), e valores > 10% sugeriram baixa variabilidade.

Uma anadlise post hoc realizada usando GPower (versao 3.1) (Universitat
Dusseldorf) indicou que a amostra incluida de 30 mulheres (14 com e 16 sem
LSCM) atingiu um poder estatistico de 82% para detectar diferencas na temperatura
maxima entre os grupos, com uma média e desvio padrao (DP) de 31,53 (1,51) para
o grupo com LSCM e 32,90 (1,30) para o grupo sem LSCM. Os valores de
temperatura maxima foram usados conforme recomendado para avaliar as

alteragdes circulatorias.

7.8.2 Anadlise e interpretacao dos dados - Artigo 2: Accuracy of Thermography
in Diagnosing Breast Cancer-Related Lymphedema.

Uma prevaléncia de 40% para LSCM foi considerada para o calculo do
tamanho da amostra (Ribeiro Pereira; Koifman; Bergmann, 2017), com uma
especificidade minima de 70%, poder estatistico de 80% e erro de 0,048. O tamanho
minimo estimado da amostra foi de 52 MMSS: 21 do grupo Membro Superior com
Linfedema (MSCL) e 31 do grupo Membro Superior com Linfedema (MSSL) [19].
Uma analise post hoc realizada usando o GPower (versdo 3.1) (Universitat
Dusseldorf) indicou que a amostra incluida de 88 MMSS (26 com e 62 sem
linfedema) atingiu um poder estatistico de 89% para detectar diferengas na
temperatura maxima entre os membros, com uma média e desvio padrao (DP) de
31,92 (1,74) para MSCL e 32,447 (1,35) para MSSL.

A reprodutibilidade intra e interexaminadores foi avaliada por meio do calculo
de Coeficiente de Correlacédo Intraclasse (CCl) comparando membro ipsilateral e

contralateral nos grupos MSCL ou MSSL, com o respectivo intervalo de confianga
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95%, com base no modelo bidirecional de efeitos mistos, medida singular e
concordancia absoluta. Os valores de CCI foram interpretados como confiabilidade
boa (entre 0,75 e 0,9) e excelente (CCI> ,90) (Koo; Li, 2016). Foi calculado o Erro
Padrdo da Medida (SEM) para investigar a variabilidade esperada em resultados de
medicao repetida e Minima Diferenga Detectavel (MDC) para identificar a menor
mudanca que pode ser detectada, avaliando a exatidao da medida.

Para avaliar a acuracia da termografia no diagnéstico do LSCM, foi utilizado a
Curva Caracteristica de Operacdo do Receptor (ROC). A anélise da Area Sob a
Curva (ASC) fornece uma medida quantitativa da capacidade do teste de discriminar
entre condigdes de saude e doencga. A interpretacdo da ASC segue a classificagao:
0,5 indica um teste aleatorio; valores maiores que 0,5 até 0,7 indicam baixa
precisdo; de 0,7 a 0,9, precisdo moderada; de mais de 0,9 a menos de 1,0, alta
precisdo; e 1,0 representa um teste perfeito.

O ponto de corte ideal foi calculado usando o indice de Youden, definido como
(sensibilidade + especificidade -1). Este método identifica o ponto que maximiza a
eficacia do teste na distincdo entre os grupos MSCL e MSSL. Além disso, a
avaliacao incluiu a analise de falsos positivos, falsos negativos, verdadeiros positivos
e verdadeiros negativos. A aplicacdo do indice resultou em pontos de corte
sensiveis e especificos, facilitando a interpretacéo clinica dos resultados. Analises
de reprodutibilidade foram conduzidas para avaliar a variagao intra-avaliador do
mesmo participante em dois momentos com intervalo de sete dias (Spinelli et al.,
2019)

Além disso, a acuracia das imagens da TI foi investigada considerando a
diferenga de temperatura (AT) entre os MSCL e MSSL. A analise focou em como os
pontos de corte para alteracbes de temperatura da pele dos MMSS descritos na
literatura influenciam o diagnostico de LSCM, com diferencas de temperatura de 0,3
°C (sugestivo de anormalidade), 0,6 °C (fortemente sugestivo) e 1,0 °C

(anormalidade significativa) (Brioschi; Lucas, 2018).

7.9 ASPECTOS ETICOS

A realizagcdo da presente pesquisa obedeceu aos preceitos éticos da

Resolugcdo 466/12 do Conselho Nacional de Saude. Todos os participantes
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assinaram o Termo de Consentimento Livre e Esclarecido (TCLE). A pesquisa foi
aprovada no Comité de FEtica em Pesquisa da UFPE (CAAE:
57624121.0.0000.5208).

Os riscos durante a pesquisa, incluiu desconforto fisico (dor e cansago no
braco) na realizagcdo dos testes fisicos e/ou constrangimento por estar com térax e
bracos despidos durante o exame termografico. Para minimizar tais desconfortos,
todos os exames foram avaliados por examinador experiente, com a presenca de
uma examinadora do sexo feminino, e 0 exame pode ser interrompido a qualquer
momento, além da voluntaria poder deixar a pesquisa, se assim desejar. Como
beneficio, as voluntarias foram avaliadas para diagndstico de linfedema e em caso
de detecgao de linfedema, a participante foi encaminhada para projeto de extensao
com atendimento especifico para o quadro apresentado.

Os dados coletados nesta pesquisa, por meio de avaliagao clinica, ficaram
armazenados em computador e pastas no laboratério de Fisioterapia na Saude da
Mulher - LAFISMA no Departamento de Fisioterapia da UFPE sob a
responsabilidade do pesquisador Diego de Sousa Dantas no enderego Av. Prof.
Moraes Rego, 1235 - Cidade Universitaria, Recife - PE, 50670-901, pelo periodo de

minimo 5 anos.
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8 RESULTADOS

A presente tese foi estruturada em dois artigos principais. Cada estudo teve
como foco o uso da termografia infravermelha (Tl) na avaliagdo de mulheres
sobreviventes de cancer de mama com e sem linfedema secundario, abordando

tanto a reprodutibilidade quanto a acuracia diagnéstica da técnica.

8.1 ARTIGO 1 - REPRODUCIBILITY OF THERMOGRAPHY FOR MEASURING
SKIN TEMPERATURE OF UPPER LIMBS IN SURVIVORS OF BREAST
CANCER

Neste primeiro estudo, foram avaliadas 30 mulheres sobreviventes de cancer
de mama para investigar a reprodutibilidade da termografia infravermelha na
medicdo da temperatura da pele dos MMSS. O estudo demonstrou alta
confiabilidade intra e inter-examinadores, com coeficientes de correlagao intraclasse
(CCIl) superiores a 0,90 em todas as medi¢cdes de temperatura. A analise foi
realizada em diferentes posi¢cdes anatdomicas dos MMSS, e os resultados indicaram
que a Tl é uma ferramenta reprodutivel para avaliar a temperatura cutinea de
MMSS (Apéndice C).

8.2 ARTIGO 2 - ACCURACY OF THERMOGRAPHY IN DIAGNOSING BREAST
CANCER-RELATED LYMPHEDEMA —

No segundo estudo, 44 mulheres foram avaliadas para verificar a acuracia da
termografia infravermelha no diagndstico do LSCM, considerando 26 membros com
linfedema e 64 sem linfedema. A termografia apresentou sensibilidade de 85% e
especificidade de 56%, com um ponto de corte de -0,45°C para a diferenga de
temperatura entre os MMSS. A analise ROC (Receiver Operating Characteristic)
mostrou uma area sob a curva (ASC) de 0,70, indicando uma acuracia moderada da
técnica. Esses resultados sugerem que a termografia pode ser utilizada como uma
ferramenta complementar ao diagndstico clinico do linfedema, especialmente nos
estagios subclinicos, onde as variagdes térmicas podem ser detectadas antes do

aparecimento dos sintomas fisicos mais evidentes (Apéndice D).
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9 CONSIDERAGOES FINAIS

A termografia € uma ferramenta de imagem confiavel, pratica e ndo invasiva
para avaliar a temperatura cutdnea dos membros superiores em sobreviventes de
cancer de mama. A reprodutibilidade intra e interexaminador, classificada de boa a
excelente em diferentes ROI e posturas, reforga sua utilidade clinica na avaliagao da
temperatura dos membros superiores em mulheres com ou sem LSCM.

Além disso, a Tl pode ser considerada uma técnica complementar no
diagnéstico do LSCM, especialmente em estagios subclinicos, onde outras técnicas
podem nao identificar alteragdes iniciais. A sensibilidade de 85% indica um bom
desempenho da Tl na identificacdo de casos verdadeiros de linfedema,
consolidando-a como uma ferramenta valiosa para triagem precoce. Por outro lado,
a especificidade relativamente baixa (56%) implica em uma maior taxa de resultados
falso-positivos, destacando a importancia de sua aplicagdo em conjunto com outros
meétodos para aumentar a precisao diagnostica.

A captura de imagem na postura anatdbmica anterior € a mais recomendada
para esta populacdo, pois exige menor esforco para adogcdo da posigédo, é
confortavel e permite a exposi¢cdo da regido anterior do membro superior, onde se
localiza a maior cadeia linfatica. Os resultados também indicam que a analise da Tl
deve considerar a medicdao da temperatura maxima, baseada na diferenga (AT)
entre os membros ipsilateral e contralateral a mastectomia, em vez de avaliar
apenas o membro afetado. Um AT de -0,45 °C pode ser considerado um ponto de
corte sugestivo para linfedema crénico, complementando os valores predefinidos na
literatura (-0,3 °C a -1,0 °C).

Este estudo evidencia a relevancia da Tl como técnica complementar no
diagnéstico de LSCM, demonstrando acuracia moderada quando sédo seguidas
recomendagdes adequadas de avaliagdo. No entanto, a aplicagdo da Tl em
ambientes clinicos apresenta limitagdes devido a necessidade de condigdes

controladas, como temperatura, umidade e fluxo de ar. Essas variaveis podem
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interferir na emissao de radiagao infravermelha pela pele, resultando em variagdées

nas medicdes e reduzindo a reprodutibilidade das imagens.

A adaptacdo de ambientes clinicos para atender as exigéncias da Tl pode
gerar custos adicionais, como a instalacédo de sistemas de climatizagéo e isolamento
térmico, o que pode ser inviavel em alguns contextos. Outro desafio esta no
treinamento da equipe, especialmente em cenarios dindmicos, onde a padronizacao
dos procedimentos pode ser comprometida.

Apesar dessas limitagoes, a Tl apresenta grande potencial para uso clinico.
Para ampliar sua aplicabilidade, é essencial que futuros estudos explorem solucbes
para reduzir a dependéncia de ambientes controlados, como o desenvolvimento de
softwares avangados que ajustem automaticamente as medigbes para compensar
variagbes ambientais. Além disso, a validagdo da técnica em cenarios clinicos reais,
mesmo sob condigcbes menos rigorosas, podera fornecer diretrizes praticas e
adaptaveis, facilitando sua integracéo em diferentes contextos de saude.

Estudos futuros devem investigar a associagcdo entre a distribuicdo da
temperatura e a gravidade do linfedema, bem como sua aplicagdo em um espectro
mais amplo de populagdes. Embora os resultados deste estudo sejam promissores,
€ importante reconhecer que alguns fatores externos e individuais, que podem atuar
como potenciais confundidores, ndo foram controlados. Condigdes como
hipertensdo arterial sistémica (HAS) e diabetes mellitus (DM), ambas
reconhecidamente associadas a alteracbes na circulacdo periférica e na
termorregulacdo, ndao foram avaliadas como variaveis de controle, o que pode ter
influenciado os padrbes térmicos observados.

Além disso, a amostra limitada ndo permitiu uma estratificacdo adequada
para explorar o impacto de caracteristicas como o tempo desde o diagndstico,
tratamentos prévios (radioterapia e quimioterapia), niveis de atividade fisica e indice
de massa corporal (IMC), os quais poderiam fornecer analises mais detalhadas e

conclusivas.
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Apéndice A — Termo de Consentimento Livre e Esclarecido (TCLE)

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
UNIVERSIDADE FEDERAL DE PERNAMBUCO

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO

(PARA MAIORES DE 18 ANOS OU EMANCIPADOS)

Convidamos a Sra. para participar como voluntaria da pesquisa Avaliacdo da termografia no
diagnéstico do linfedema de membro superior secundario ao cancer de mama, que estd sob a
responsabilidade do pesquisador Prof. Dr. Diego de Sousa Dantas, Av. Jorn. Anibal Fernandes, 173 -
Cidade Universitaria, Recife - PE, 50740-56, Tel—-(81) 9238-6576, diegodantasl@gmail.com (inclusive

ligagdes a cobrar).

Também participam desta pesquisa os pesquisadores: Juliana Netto Maia, telefone para

contato: (81)988371239 e esta sob a orientagdo do: Prof. Diego de Sousa Dantas (contato acima)

Todas as suas duvidas podem ser esclarecidas com o responsdvel por esta pesquisa. Apenas
guando todos os esclarecimentos forem dados e vocé concorde com a realizacao do estudo, pedimos
qgue rubrique as folhas e assine ao final deste documento, que esta em duas vias. Uma via lhe sera

entregue e a outra ficara com o pesquisador responsavel.

A senhora estara livre para decidir participar ou recusar-se. Caso ndo aceite participar, ndo
havera nenhum problema, desistir € um direito seu, bem como sera possivel retirar o consentimento

em qualquer fase da pesquisa, também sem nenhuma penalidade.

INFORMAGOES SOBRE A PESQUISA:

Descricio da pesquisa e esclarecimento da participacio: Esta pesquisa pretende investigar a acuracia

da termografia para diagnoéstico do linfedema. A termografia consiste num exame simples, indolor, sem ingestao
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de contraste que ira captar a temperatura superficial do seu corpo através com a cdmera apropriada. A coleta das
informacdes e os exames ocorreriao no Laboratério de Fisioterapia na Satide da Mulher e assoalho pélvico
-LAFISMA, localizado no primeiro andar do Departamento de Fisioterapia da Universidade Federal de
Pernambuco, Recife, PE. A coleta sera realizada uma tnica vez de maneira presencial, individualmente.
Serio feitas diversas perguntas sobre situacdes cotidianas e sintomas relacionados ao linfedema, perguntas
em relagdo aos tratamentos realizados para o cincer. Sera ainda feito exame fisico com avaliaciio da pele
do braco, se ha presenca do inchaco e medicdo da circunferéncia do brago com fita métrica. Durante o
exame da termografia a senhora ficara em sala climatizada a 22° C com o tronco despido. A avaliacio
completa ira durar cerca de 1 hora e a senhora estara sempre acompanhada por examinadora do sexo

feminino.

RISCOS:

A pesquisa oferece riscos minimos, tais como desconforto fisico e

constrangimento por necessitar estar com térax e bragos despidos durante o exame
termografico. Para minimizar tal desconforto, todos os exames serdao executados por
examinador experiente, com a presenca de uma examinadora do sexo feminino, e o
exame podera ser interrompido a qualquer momento, além de que o voluntario podera

deixar a pesquisa, se assim desejar.

BENEFICIOS:
Como beneficio, as voluntarias serdo avaliadas para diagndstico de
linfedema e receberdao os resultados detalhados da avaliagdo, além de receberem encaminhamento

para Fisioterapia se precisarem.

Este termo de consentimento respeita a privacidade do participante e os seus direitos estao

acima da ciéncia e da sociedade de acordo com a Declaracao de Helsinque.

Esclarecemos que os participantes dessa pesquisa tém plena liberdade de se recusar a
participar do estudo e que esta decisdao nao acarretard penalizacdo por parte dos pesquisadores.
Todas as informacgbes desta pesquisa serdo confidenciais e serdo divulgadas apenas em eventos ou
publicacdes cientificas, ndo havendo identificagdo dos voluntarios, a ndo ser entre os responsaveis
pelo estudo, sendo assegurado o sigilo sobre a sua participa¢do. Os dados coletados nesta pesquisa
(entrevistas e resultados de avaliacGes fisicas), ficardo armazenados em pastas de arquivo e
computador pessoal, sob a responsabilidade do pesquisador e orientador, no endere¢co acima

informado, pelo periodo de minimo 5 anos apds o término da pesquisa.
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Nada |he sera pago e nem serd cobrado para participar desta pesquisa, pois a aceitacdo é
voluntdria, mas fica também garantida a indenizacdo em casos de danos, comprovadamente
decorrentes da participacdo na pesquisa, conforme decisdo judicial ou extra-judicial. Se houver
necessidade, as despesas para a sua participacdo serdo assumidas pelos pesquisadores

(ressarcimento de transporte e alimentacgdo).

Em caso de duvidas relacionadas aos aspectos éticos deste estudo, o senhor podera consultar
o Comité de Etica em Pesquisa Envolvendo Seres Humanos da UFPE no endereco: (Avenida da
Engenharia s/n — 12 Andar, sala 4 - Cidade Universitaria, Recife-PE, CEP: 50740-600, Tel.: (81)
2126.8588 — e-mail: cepccs@ufpe.br).

(Assinatura do pesquisador)

CONSENTIMENTO DA PARTICIPAGAO DA PESSOA COMO VOLUNTARIO (A)

Eu, , CPF , abaixo assinado, apds a

leitura (ou a escuta da leitura) deste documento e de ter tido a oportunidade de conversar e ter
esclarecido as minhas duvidas com o pesquisador responsdvel, concordo em participar do estudo
Avaliacdo da termografia no diagndstica do linfedema de membro superior secunddrio ao cancer de
mama. Fui devidamente informado e esclarecido pelo(a) pesquisador (a) sobre a pesquisa, os
procedimentos nela envolvidos, assim como os possiveis riscos e beneficios decorrentes de minha
participacdo. Foi-me garantido que posso retirar o meu consentimento a qualquer momento, sem

que isto leve a qualquer penalidade ou interrupcdo de meu tratamento.

Local e data Impressao
digital

Assinatura do participante:

{opcional)

Presenciamos a solicitagdo de consentimento, esclarecimentos sobre a pesquisa e o aceite do

voluntario em participar.
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Assinatura: Assinatura:

Apéndice B - Ficha Clinica

Nome do Avaliador:

DADOS SOCIODEMOGRAFICOS Ne:

DATA DA ENTREVISTA: HORA DA ENTREVISTA:
NOME:

IDADE: DATA DE NASCIMENTO: TELEFONE:
ALTURA: MEMBRO ACOMETIDO:
ENDERECO:

HISTORIA CLINICA

Tempo desde o diagndstico do cancer de mama (em meses):

No tratamento do Cancer de mama, realizou algum dos tratamentos abaixo?

*Neoadjunte: antes da cirurgia * Adjuvante: depois da cirurgia

Quimioterapia 1.Sim( ) 2.Nao( )
1.( ) Neoadjuv.  2.( ) Adjuvante 3.( ) Neo + adjuvante

Tempo desde a finalizagdo (meses):

Radioterapia 1.Sim( ) 2.Nao( )
1.( ) Neoadjuv. 2.( ) Adjuvante 3.( ) Neo + adjuvante

Tempo desde a finalizagdo (meses):

Hormonioterapia
1.( ) Neoadjuv. 2. ( ) Adjuvante 3.( ) Neo + adjuvante

Tempo desde a finalizagdo (meses):

Tempo desde a cirurgia? (meses)
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Realizou esvaziamento axilar?

1.(. ) Total 2.(. )Seletivo 3.(. ) Realizou e ndo sabe informar o tipo

. A .
Dominancia:  1.( ) Destra 2.( ) Canhota
Perimetria
¢ V1= h[CA? + (C1xC2) + C22] / 121t
V2 =h[C22 + (C2xC3) + C3?] / 121
i V3 =h[C32 + (C3xC4) + C47] / 121
10.cm 4 VTOTAL = V1+V2+V3+V3
F—c3 Onde:
10cm | . i V=volume final do segmento do
[ {9 membro;
10em | f2 ¢ C1...C4= circunferéncias entre os
pontos mensurados;
— C1-Processo ¢ h= distancia entre as
estiloideda ¢ w circunferéncias (10 cm)
ulna (

Lateralidade: 1.(. ) Destro. 2.(. ) Sinistro

MS afetado: Cl: C2: C3: C4: C5: Volume:

MS contralateral: Cl: C2: C3: C4: C5: Volume:
Dif. Volume: 1. (. )Sem linfedema. 2.(. )Leve. 4.(. )Moderado. 5.( )Severo
f' — /
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TERMOGRAFIA

Resultado das imagens:

1.(. ) Linfedema 2. () Sem linfedema
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Registro de Temperatura (min, média e maxima para cada ROI)

Alguma alteragdo digna de nota:
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Abstract: Background/Objectives: Breast cancer-related lymphedema (BCRL) is a chronic
condition that has early diagnosis as a critical component for proper treatment. Thermography, a
non-invasive imaging method, is considered a promising complementary tool for the diagnosis
and monitoring of BCRL, especially in subclinical stages. The present study aimed to evaluate the
intra- and inter-examiner reproducibility of thermography for measuring the skin temperature of
the upper limbs (UL) of women with and without BCRL. Methods: This study, conducted with
women who underwent a unilateral mastectomy, assessed BCRL using indirect volumetry.
Maximum, minimum, and mean skin temperatures were measured in five regions of interest (ROI)
of each UL (C1, C2, C3, C4, and Cup) in four different postures. Reproducibility measures were
assessed using an intraclass correlation coefficient, 95% confidence interval, and coefficient of
variation. Results: The sample comprised 30 women; 14 were diagnosed with BCRL. A total of 120
thermograms were recorded in different postures, and 3600 ROI were analyzed in the UL with and
without BRCL. The intraclass correlation coefficient of the analyses indicated intra- and
inter-examiner reproducibility from good to excellent (0.82 to 1.00) for all skin temperatures
evaluated (maximum, minimum, and mean). The coefficient of variation for all measures was
below 10%, indicating low variability. Conclusions: Our findings demonstrate that thermography
shows good-to-excellent reproducibility across multiple postures and regions of interest,
reinforcing its potential as a non-invasive and reliable method for assessing lymphedema in breast
cancer survivors. This study establishes a foundation for incorporating thermography into clinical
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practice for early BCRL detection, particularly in subclinical stages, thus improving patient
management and outcomes.

Keywords: thermography; lymphedema; breast cancer survivors; skin temperature;
reproducibility

1. Introduction

Survival rates of breast cancer, the most common among women worldwide,
increased due to advances in treatment, including chemotherapy, radiotherapy,
hormone therapy, and surgery. In this sense, concerns about long-term complications
that may impair quality of life, such as breast cancer-related lymphedema (BCRL), have
also risen [1]. BCRL is the accumulation of fluid in interstitial tissues, with the presence
of fat and tissue fibrosis. Its manifestation may occur late, emphasizing the importance
of monitoring and early diagnosis for optimizing long-term prognosis and facilitating
effective treatments [2].

The diagnosis of BCRL relies on a detailed clinical evaluation encompassing
medical history, physical examination, and imaging. Although effective, conventional
methods like bioimpedance spectroscopy and lymphoscintigraphy are limited due to the
high cost and accessibility [3]. Despite being indirect, perimetry is the most used method
in clinical practice due to its accessibility, even with the inability to detect BCRL in
subclinical stages (i.e., no changes in the limb volume) [4]. In this context, alternative
diagnostic methods are crucial for a detailed analysis of tissue alterations in BCRL, and
thermography emerges as a viable and promising complementary exam for the
diagnosis of BCRL. This non-invasive technique assesses the infrared energy emission of
the skin, reflecting metabolic and circulatory changes characteristic in BCRL [5,6].

Recent studies have highlighted cutaneous thermography as a promising tool for
managing BCRL [5,6]. In addition to being non-invasive, thermography detects real-time
thermal variations in the skin, indicating changes in circulation and fluid distribution,
even in the absence of visible changes in limb volume or size. Thermography has also
proven to be a non-invasive tool for assessing lower limb lymphedema, demonstrating
its potential for point-of-care diagnosis in clinical settings [7]. Despite the positive
emphasis on the broad clinical applicability of thermography for assisting in the
diagnosis and monitoring of various health conditions, including BCRL [8], it is essential
to investigate the reproducibility of thermography to ensure its practical utility and to
establish the necessary requirements for reliable image acquisition.

Despite its potential, there is still a lack of standardized protocols for using
thermography in the assessment of upper limbs in breast cancer survivors. The
reproducibility of thermographic measurements in this context remains underexplored,
especially in relation to the standardization of patient positioning and device calibration.
External factors such as an ambient temperature and humidity can also influence the
accuracy of the results, further highlighting the need for controlled environments during
assessments. Addressing these gaps is crucial to ensure the reliability of thermography
in clinical practice.

Hence, this study aimed to assess the intra- and inter-examiner reproducibility of
thermography in measuring the skin temperature of the upper limbs (UL) of women
with and without BCRL. By investigating temperature across five regions of interest and
four distinct postures, this study seeks to determine which posture(s) and region(s)
provide the most consistent and reliable thermographic assessments, ultimately offering
recommendations for clinical use.

2. Materials and Methods
2.1. Study Design and Sample



59

This cross-sectional and prospective study was conducted in the oncology
physiotherapy outpatient of the Department of Physiotherapy at the Universidade
Federal de Pernambuco This study was approved by the research ethics committee (no.
57624121.00.000.5208), and all participants signed the informed consent form. This study
adhered to the principles of the Helsinki Declaration.

This study included 30 survivors of breast cancer aged between 40 and 70 years
with a history of unilateral mastectomy. Exclusion criteria were history of bilateral
breast cancer, primary lymphedema, edema from other causes (rheumatologic, renal,
neurological, orthopedic, or previous vascular disease), pre-existing skin conditions
affecting thermoregulation (e.g., erysipelas, intertrigo, or ulcers), and ongoing
chemotherapy or radiotherapy treatment.

2.2. Recruitment and Screening

Participants were recruited from clinics, hospitals, and digital media promotions.
The screening was performed at Universidade Federal de Pernambuco using a form
containing the inclusion and exclusion criteria. A dermatologist then reviewed each
participant, verifying eligibility based on predefined criteria. Eligible women signed the
informed consent form following resolution 466/12 of the Brazilian National Health
Council.

2.3. Data Collection

Examiners were trained for all planned measurements, including medical history,
physical examination, acquisition, and analysis of thermographic images. Participants
completed a form with the following clinical data: age, height, weight, dominant side,
affected UL, date of cancer diagnosis, date and type of surgery, and other treatments.

The standard assessment of BCRL followed the International Society of
Lymphology guidelines, which consisted of indirect volumetry via cone volume
calculation (Figure 1) [9]. This method offers good diagnostic accuracy and
reproducibility by comparing the volume of the affected and unaffected limbs [10,11].
Circumferences were measured in standing position, one UL at a time. Participants were
instructed to raise the shoulder to a 90-degree angle in abduction and external rotation,
with the elbow extended, wrist in ulnar deviation, and open hand against the wall. In
this position, five equidistant measures of 10 cm were marked with a dermatographic
pencil. The first marking (P1) was referenced by the styloid process of the ulna, while
subsequent measures (P2, P3, P4, and P5) were delineated until reaching 40 cm from P1
[12]. The total volume of each UL was assessed using a measuring tape encircling the
analyzed region parallel to the ground. Participants were diagnosed with BCRL
according to one of the following criteria: a difference > 200 mL between UL volumes or
present a volume ratio > 1.004 (considering the affected UL/unaffected UL) [11].

The truncated cone formula was calculated for all compartments (VC1, VC2, VC3,
and VC4), which consists of Example—VC1 =h [P* + (P1 x P2) + P?/127, where VC is the
final volume of the limb segment (VC1—volume of compartment 1 that is between the
perimetries (1 and 2); P: perimetry; h: distance between the perimetries (10 cm); 7 =
3.14159).

2.4. Thermographic Images Acquisition

The method for assessing the skin temperature of the UL using thermography
followed the four stages recommended by the American Academy of Thermology:
acquisition, image processing, delineation of regions of interest (ROI), and analysis.
Measurements were conducted in a room devoid of external light and heat-generating
electrical equipment, with temperature (23 °C) and relative humidity (55%) controlled by
a digital weather station [13].

During scheduling, participants were instructed to adhere to the following
precautions: avoid creams or perfumes on the skin, fast for up to three hours, abstain
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from stimulants, and refrain from vigorous exercise two hours before measurements.
Upon arrival, participants were asked to expose the UL, chest, and abdomen for 15 min
to achieve thermal equilibrium with room temperature before image acquisition [14].

During image acquisition, participants were positioned standing on a rubber mat in
four sequential postures: anterior anatomical, posterior anatomical, and arms abducted
in anterior and posterior positions. Saved images were encoded to conceal group
allocation to examiners A and B during thermogram analysis.

2.5. Camera Model and Calibration

Skin temperature was measured using a portable multispectral thermographic
camera ThermoCam FLIR Systems® model C5 (Wilsonville, Oregon, USA) with a range
of =20 to 50 °C, infrared spectral band of 8 to 14 um, and a resolution of 320 x 240 pixels.
The camera was set with an emissivity of 0.98 and a focal distance of 1 m.

The device was calibrated with a blackbody source, achieving an uncertainty of less
than 0.1 °C (95% confidence) and a stability of +0.002 °C. Calibration was performed by a
certified lab traceable to international standards (RISE and NIST). The blackbody source
had an emissivity over 0.995 and an aperture large enough to prevent measurement
interference. The camera was placed on a tripod at 75 cm height, with participants
positioned 1 m away for accurate image capture of the ROL. Calibration was checked
during the acclimatization phase to ensure accurate sensor readings. Studies confirm
that this portable camera offers comparable performance to more advanced models for
medical diagnostics [8].
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Figure 1. Representative illustration of (A) indirect volumetry technique for diagnosing upper
limb lymphedema, VC is the final volume of the limb segment (VC1—volume of compartment 1
that is between the perimetries (1 and 2); P: perimetry; h: distance between the perimetries (10 cm);
7 = 3.14159. (B) Manual delineation of the region of interest (ROI) performed by the examiners.
Figures B1 and B2 illustrate the delineation of ROI C1 to C4 in the anterior anatomical and anterior
arm abduction postures, respectively. Panels B3 and B4 exemplify the delineation of the ROI Cup
encompassing the entire upper limb in the posterior anatomical and posterior arm abduction
postures, respectively.

2.6. Analysis of Thermograms

Thermograms were analyzed using a temperature range from 25 °C to 35 °C using
the medical thermal imaging platform (Thermofy®, Sao Paulo, Brazil). A black canvas
fixed in the background served as temperature reference. The first four ROI (C1, C2, C3,
and C4) were delimited between the perimetry markings previously made (i.e., between
P1 and P2, P2 and P3, P3 and P4, and P4 and P5), whereas the last ROI (Cup)
corresponded to the polygon encompassing the entire UL region. Independent
examiners outlined the polygons for each ROI by encompassing the maximum body
segment for analysis and using anatomical contours as a guide to obtain maximum,
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minimum, and mean temperatures (°C) [15]. Figure 1 illustrates the ROI delineation
process.

Each thermographic image wunderwent three analyses to ensure data
reproducibility: two analyses were conducted by the same examiner within a seven-day
interval, whereas one analysis was conducted by a second examiner [16]. The examiners,
blind to group allocation (with or without BCRL), were experts, trained and calibrated to
analyze the thermographic images using the Thermofy® software version 2.1.1.

2.7. Data Analysis and Interpretation

The data will be expressed as measures of central tendency. The normality of the
data was assessed using the Kolmogorov—Smirnov test. Data were analyzed using SPSS
software version 20.0 (IBM Corp, New York, NY, USA) and expressed as mean and
standard deviation (SD) or absolute and relative frequency, depending on the nature of
the data. For the inter-examiner reproducibility analysis, two independent examiners (A
and B), blinded to group allocation, delineated the Regions of Interest (ROI) in each
thermogram. Intra-examiner reproducibility was assessed by having examiner A repeat
the measurements with a seven-day interval between assessments, following the
protocol described by [16]. Both examiners underwent prior training and calibration for
thermal image processing using specialized software.

To evaluate intra- and inter-examiner reproducibility, the Intraclass Correlation
Coefficient (ICC) was calculated using a two-way mixed-effects model, with single
measurements and absolute agreement. The ICC was computed for each ROI in the
upper limbs (UL) of women with and without breast cancer-related lymphedema
(BCRL). The formula for calculating the ICC is ICC = MS; — MS,,/MS;g + (k — 1) x MSy,,
where MS; is the mean square between subjects (or between examiners), MS,, is the
mean square within subjects (or within examiners), and k is the number of
measurements or raters. This formula quantifies the degree of consistency between the
repeated measurements, with ICC values interpreted as follows: Poor: < 0.50, Moderate:
0.50 to 0.74, Good: 0.75 to 0.90, and Excellent: > 0.90. ICC values provide insight into the
reliability of the temperature measurements, indicating the degree of agreement
between the two examiners (inter-examiner) and within repeated measurements by the
same examiner (intra-examiner).

Data dispersion for the ROIs in ULs with lymphedema was analyzed using the
Coefficient of Variation (CV), calculated as CV = (o/p) x 100, where o is the standard
deviation and p is the mean temperature. A CV below 10% indicated low variability and
high reproducibility of the measurements, which is crucial for reliable clinical
application. Values greater than 10% were considered indicative of high variability in the
measurements [16].

To further visualize the distribution of temperature data between Examiner A and
Examiner B, histograms were generated for each ROI, showing the maximum,
minimum, and mean temperatures. These histograms allowed for a visual comparison of
the variability and reproducibility of the temperature readings across different postures.

Finally, a post hoc power analysis was conducted using GPower software (version
3.1) from the University of Diisseldorf. The analysis confirmed that the sample of 30
women (14 with and 16 without BCRL) provided sufficient statistical power (82%) to
detect differences in the maximum temperature between the groups. The mean (SD)
maximum temperature was 31.53 °C (1.51 °C) for the group with BCRL and 32.90 °C
(1.30 °C) for the group without BCRL. Maximum temperature values were used based
on recommendations for assessing circulatory changes [17].

3. Results

The sample comprised 30 women, 14 with and 16 without BCRL (Table 1). A total of
120 thermograms were acquired and resulted in 1200 ROI per participant: 280 ROI for
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limbs with lymphedema and 920 for limbs without lymphedema. The analyses by
examiners A and B and reanalyses by examiner A resulted in 3600 ROI (Figure 2).

[ Screening (n = 62 women) ] Excluded (n = 33)
I Distance (n = 4)

Ineligibility (n = 11)
Without contact (n=11)
Included (n = 30) Unavailability (n = 6)
|

Thermograms (n = 120)
Anterior anatomic position (n = 30)
Posterior anatomic position {(n = 30)
Anterior abductor position (n = 30)
Posterior abductor position (n = 30)

5 ROl to each incidence
(C1,C2,C2,C4 and Cup)

[ UL with BCRL (n = 280 ROI) J‘—{ UL without BCRL (n = 920 ROI) ]

Examiner A - 1% measurement |
(n=1,200 ROI) J
I

Intra-examiner (7 days)
|

Examiner A - 2™ measurement
(n=1,200 ROI)

2,400 ROI
3,600 ROI

Figure 2. Detailed flowchart of the screening process used for the selection of participants in the
thermography study on the upper limbs of breast cancer survivors. The illustration maps the
inclusion and exclusion criteria, classifying the upper limbs (UL) as with lymphedema or without
lymphedema. Each step of the screening process is represented, from the collection of Regions of
Interest (ROI) in four anatomical positions (anterior anatomical, posterior anatomical, anterior
abduction, and posterior abduction) to the clinical and thermographic evaluation. The flowchart
also demonstrates the intra- and inter-examiner reproducibility analysis, where Examiner A
performed two measurements with a 7-day interval, and Examiner B performed one
measurement. A total of 3600 ROI were analyzed.

( Examiner B - one measurement ]

Inter-examiner (n=1,200 ROI)

Table 1. Sociodemographic and clinical characterization of the sample (N = 30).

Variables Mean = SD or n (%)

Age (years) 53.96 +8.10
Diagnosis time (months) 94.16 £ 81.18
Time since surgery (months) 85.70 + 82.67
Body mass index (kg/m?) 27.96 + 4.43
Surgery intervention

Modified mastectomy 1(3.30)

Radical mastectomy 19 (63.30)

Simple mastectomy 10 (33.30)
Associated therapies

Chemotherapy 29 (96.70)

Radiotherapy 28 (93.30)

Hormone therapy 15 (50.00)
Dominance

Right-handed 27 (90.00)

Left-handed 3 (10.00)

Affected UL
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Right 15 (50.00)
Left 15 (50.00)
Presence of BCRL 14 (46.70)

UL: upper limb; BCRL: breast cancer-related lymphedema.

The inter- and intra-examiner reproducibility demonstrated satisfactory ICC
indices, ranging from good (0.82 to 0.89) to excellent (0.90 to 1.00) in the limb with and
without lymphedema across all regions of interest (ROI), as presented in Tables 2 and 3.
These results highlight the strong agreement between examiners and the reproducibility
of thermographic measurements across different postures and ROI.

Further analysis, detailed in the histograms presented in Figures 3 and 4, reveals the
comparison of the mean and standard deviation of the maximum, mean, and minimum
temperatures between Examiner A and Examiner B. Figure 3 focuses on the anatomical
anterior (AA) and posterior (PA) postures, while Figure 4 examines the anterior and
posterior arm abduction postures (AAA and PAA). Minimal differences were observed
between the examiners, particularly in the AAA and PAA postures, where variability
was lower, reinforcing the reliability of temperature measurements. The coefficient of
variation (CV) for the ROI in the upper limb with lymphedema, across all positions,
ranged from 1.99% to 5.42%, indicating low variability and strong reproducibility, as
detailed in the Supplementary Material.
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Table 2. Intra-examiner reproducibility of temperatures measured by thermography.

INTRA-EXAMINER

T

max

T

min

Anterior Anatomical Position

LWL LC LWL LC LWL LC
Cup 1.00 (1.00 to 1.00) 1.00 (0.99 to 1.00) 1.00 (1.00 to 1.00) 0.99 (0.99 to 1.00) 1.00 (1.00 to 1.00) 0.99 (0.99 to 1.00)
C1 0.89 (0.67 to 0.97) 0.99 (0.99 to 1.00) 0.96 (0.89 to 0.98) 0.99 (0.99 to 1.00) 0.89 (0.68 to 0.96) 0.99 (0.99 to 1.00)
C2 0.91 (0.70 to 0.97) 0.99 (0.99 to 0.99) 0.95 (0.84 to 0.98) 1.00 (1.00 to 1.00) 0.91 (0.74 to 0.97) 1.00 (1.00 to 1.00)
C3 0.88 (0.65 to 0.96) 0.99 (0.99 to 0.99) 0.92 (0.77 to 0.97) 1.00 (1.00 to 1.00) 0.95 (0.84 to 0.98) 0.99 (0.99 to 0.99)
C4 0.89 (0.66 to 0.96) 0.99 (0.99 to 0.99) 0.92 (0.75 to 0.97) 1.00 (0.99 to 1.00) 0.92 (0.76 to 0.97) 0.99 (0.99 to 0.99)
Posterior Anatomical Position
Cup 1.00 (1.00 to 1.00) 0.85 (0.73 to 0.92) 0.99 (0.96 to 1.00) 0.86 (0.80 to 0.92) 1.00 (0.99 to 1.00) 0.99 (0.96 to 0.99)
C1 0.99 (0.99 to 0.99) 0.99 (0.99 to 1.00) 0.89 (0.67 to 0.97) 0.99 (0.99 to 1.00) 1.00 (0.99 to 1.00) 0.99 (0.99 to 1.00)
C2 0.99 (0.99 to 0.99) 0.99 (0.99 to 1.00) 0.90 (0.77 to 0.97) 0.99 (0.99 to 1.00) 1.00 (0.99 to 1.00) 0.99 (0.99 to 1.00)
C3 0.99 (0.99 to 1.00) 0.99 (0.99 to 0.99) 0.99 (0.99 to 0.99) 0.99 (0.99 to 1.00) 0.99 (0.99 to 0.99) 0.99 (0.99 to 0.99)
C4 0.99 (0.98 to 0.99) 1.00 (0.99 to 1.00) 0.99 (0.96 to 1.00) 1.00 (0.99 to 1.00) 0.99 (0.99 to 0.99) 1.00 (0.99 to 1.00)
Anterior Arm Abduction
Cup 0.99 (0.99 to 0.99) 0.94 (0.90 to 0.97) 0.94 (0.81 to 0.98) 0.98 (0.96 to 0.99) 0.99 (0.99 to 1.00) 0.95 (0.91 to 0.97)
C1 0.99 (0.98 to 0.99) 0.98 (0.981t0 0.99) 0.92 (0.76 to 0.97) 0.82 (0.97 to 0.90) 0.99 (0.97 to 0.99) 0.99 (0.98 to 0.99)
C2 0.99 (0.98 to 0.99) 0.99 (0.99 to 0.99) 0.92 (0.76 to 0.97) 0.97 (0.94 to 0.99) 0.99 (0.98 to 0.99) 0.99 (0.99 to 0.99)
C3 0.99 (0.97 to 0.99) 0.98 (0.97 to 0.99) 0.97 (0.90 to 0.99) 0.93 (0.88 to 0.96) 0.99 (0.97 to 0.99) 0.99 (0.99 to 0.99)
C4 0.98 (0.92 to 0.99) 0.93 (0.89 to 0.96) 0.92 (0.75 t0 0.97) 0.92 (0.85 to 0.95) 0.99 (0.96 to 0.99) 0.98 (0.97 to 0.99)
Posterior Arm Abduction
Cup 0.95 (0.92 to 0.97) 0.97 (0.95 to 0.99) 0.92 (0.85 to 0.95) 0.98 (0.94 to 0.98) 0.96 (0.93 to 0.97) 0.98 (0.95 to 0.99)
C1 0.96 (0.92 to 0.98) 0.92 (0.84 to 0.96) 0.96 (0.92 to 0.98) 0.93 (0.89 to 0.97) 0.98 (0.95 to 0.98) 0.92 (0.84 to 0.96)
C2 0.96 (0.91 to 0.98) 0.98 (0.96 to 0.99) 0.95 (0.90 to 0.98) 0.95 (0.89 to 0.97) 0.97 (0.94 to 0.98) 0.98 (0.96 to 0.99)
C3 0.96 (0.90 to 0.98) 0.99 (0.99 to 0.99) 0.91 (0.81 to 0.96) 0.99 (0.98 to 0.99) 0.99 (0.99 to 0.99) 0.99 (0.99 to 0.99)
C4 0.98 (0.94 to 0.98) 0.98 (0.96 to 0.99) 0.95 (0.89 to 0.97) 0.99 (0.97 to 0.99) 0.99 (0.99 to 1.00) 0.99 (0.99 to 1.00)

Tpx—maximum temperature; T, —minimum temperature; T,.,,—mean temperature; LWL —upper limb with lymphedema; LC—upper limb without
lymphedema. Values represent intraclass correlation coefficients and 95% confidence intervals.
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Table 3. Inter-examiner reproducibility of temperatures measured by thermography.

INTER-EXAMINER

T Toin
Anterior Anatomical Position
LWL LC LWL LC LWL LC

Cup 0.98 (0.94 to 0.99) 0.99 (0.98 to 0.99) 0.95 (0.84 to 0.98) 0.87 (0.77 to 0.93) 0.99 (0.99 to 0.99) 0.99 (0.99 to 0.99)
C1 0.99 (0.99 to 0.99) 0.98 (0.96 to 0.98) 0.90 (0.69 to 0.99) 0.85 (0.72 to 0.91) 0.98 (0.95 to 0.99) 0.98 (0.98 to 0.99)
C2 0.99 (0.97 to 0.99) 0.97 (0.94 to 0.98) 0.95 (0.84 to 0.98) 0.88 (0.78 to 0.93) 0.99 (0.98 to 0.99) 0.98 (0.96 to 0.98)
C3 0.97 (0.92 to 0.99) 0.97 (0.94 to 0.98) 0.95 (0.86 to 0.98) 0.91 (0.84 to 0.95) 0.99 (0.98 to 0.99) 0.98 (0.97 to 0.99)
C4 0.98 (0.95 to 0.99) 0.93 (0.87 to 0.96) 0.94 (0.81 to 0.98) 0.92 (0.86 to 0.95) 0.99 (0.98 to 0.99) 0.96 (0.92 to 0.97)

Posterior Anatomical Position
Cup 0.97 (0.91 to 0.99) 0.96 (0.92 to 0.98) 0.84 (0.75 to 0.95) 0.88 (0.75 to 0.94) 0.92 (0.76 to 0.97) 0.95 (0.90 to 0.98)
C1 0.99 (0.99 to 0.99) 0.95 (0.90 to 0.98) 0.99 (0.99 to 0.99) 0.90 (0.88 to 0.95) 0.99 (0.98 to 0.99) 0.95 (0.90 to 0.98)
C2 0.99 (0.99 to 0.99) 0.95 (0.89 to 0.97) 0.99 (0.99 to 0.99) 0.90 (0.88 to 0.95) 0.99 (0.98 to 0.99) 0.95 (0.90 to 0.98)
C3 0.93 (0.85 to 0.96) 0.91 (0.83 to 0.96) 0.88 (0.75 to 0.94) 0.92 (0.84 to 0.97) 0.92 (0.82 to 0.96) 0.91 (0.82 to 0.96)
C4 0.87 (0.76 to 0.95) 0.88 (0.75 to 0.94) 0.92 (0.84 to 0.96) 0.93 (0.84 to 0.96) 0.93 (0.85 to 0.96) 0.92 (0.83 to 0.96)

Anterior Arm Abduction

Cup 0.98 (0.75 to 0.99) 0.99 (0.98 to 0.99) 0.92 (0.89 to 0.99) 0.93(0.86 to 0.96) 0.99 (0.99 to 0.99) 0.99 (0.99 to 0.99)
C1 0.99 (0.99 to 0.99) 0.89 (0.84 t0 0.92) 0.99 (0.96 to 0.97) 0.99 (0.98 to 0.99) 0.99 (0.98 to 0.99) 0.98 (0.97 to 0.99)
C2 0.99 (0.98 to 0.99) 0.99 (0.99 to 0.99) 0.99 (0.97 to 0.99) 0.94 (0.88 to 0.97) 0.99 (0.98 to 0.99) 0.99 (0.99 to 0.99)
C3 0.99 (0.97 to 0.99) 0.99 (0.88 to 0.99) 0,95 (0.90 to 0.98) 0.95 (0.89 to 0.97) 0.99 (0.98 to 0.99) 0.90 (0.81 to 0.96)
C4 0.97 (0.94 to 0.99) 0.98 (0.95 to 0.97) 0.95 (0.89 to 0.97) 0.93 (0.84 to 0.96) 0.93 (0.85 to 0.96) 0.92 (0.83 to 0.96)

Posterior Anatomical Position
Cup 0.94 (0.87 to 0.99) 0.93 (0.85 to 0.96) 0.90 (0.89 to 0.91) 0.88 (0.75 to 0.94) 0.92 (0.84 to 0.96) 0.94 (0.88 to 0.97)
C1 0.93 (0.86 to 0.97) 0.95 (0.89 to 0.97) 0.88 (0.83 to 0.89) 0.89 (0.78 to 0.95) 0.93 (0.86 to 0.97) 0.94 (0.88 to 0.97)
C2 0.93 (0.85 to 0.96) 0,89 (0.77 to 0.95) 0.88 (0.83 t0 0.89) 0.80 (0.78 to 0.90) 0.92 (0.84 to 0.96) 0.88 (0.76 to 0.95)
C3 0.86 (0.81 to 0.93) 0,85 (0.79 to 0.93) 0.86 (0.74 to 0.87) 0.88 (0.74 to 0.94) 0.86 (0.80 to 0.93) 0.88 (0.76 to 0.94)
C4 0.93 (0.85 to 0.96) 0.93 (0.86 to 0.97) 0.89 (0.76 to 0.95) 0.90 (0.79 to 0.95) 0.93 (0.85 to 0.97) 0.93 (0.86 to 0.97)

Th—maximum temperature; T ;,,—minimum temperature; T,.,—mean temperature; LWL—upper limb with lymphedema; LC—upper limb without
lymphedema. Values represent intraclass correlation coefficients and 95% confidence intervals.
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Figure 3. Histograms representing the mean and standard deviation of maximum, mean,
and minimum temperatures, comparing Examiner A (lighter bar) with Examiner B (darker
bar), for the measurement of regions of interest (CUP, C1, C2, C3, and C4) in the Anatomical
Anterior (AA) and Posterior (PA) postures in the upper limb with breast cancer-related

lymphedema.
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Figure 4. Histograms representing the mean and standard deviation of maximum, mean, and
minimum temperatures, comparing Examiner A (lighter bar) with Examiner B (darker bar),
for the measurement of regions of interest (CUP, C1, C2, C3, and C4) in the Anterior Arm
Abduction (AAA) and Posterior Arm Abduction (PAA) postures in the upper limb with breast
cancer-related lymphedema.
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4. Discussion

The reproducibility of infrared thermography in measuring the skin
temperature of the UL of survivors of breast cancer was assessed
through an intra- and inter-examiner analysis of thermographic
measurements using a protocol that manually delineated the ROI on
multispectral images. The thermography showed good-to-excellent
reproducibility in the limb with and without lymphedema and low CV
values, validating its reliability and reproducibility.

The reproducibility of thermographic measurements was consistent
across the four positions assessed, thus reinforcing the reproducibility of
the method, offering flexibility in clinical management, and enabling
adjustments based on individual needs and specific assessment goals. In
this case, the appropriate posture must be selected according to different
scenarios (e.g., the need to visualize specific ROl or a precise
lymphedema location) and the physical condition of the patient.
Positions requiring arm abduction, for instance, may not be suitable for
everyone due to the muscular effort needed to support the limb against
gravity.

Although certain positions may be more suitable for identifying the
areas affected by BCRL, others may offer greater comfort or practicality
for the patient and could enhance adherence to the assessment.
Moreover, adapting clinical practice to the needs of the patient is
important [18]. Therefore, future research should identify other suitable
positions based on the clinical and emotional considerations of women
with BCRL.

The stability and reproducibility of the results indicate that
thermography serves as a reliable test-retest measure capable of
assessing the entire UL or specific regions. Considering the
heterogeneous distribution of BCRL, which may vary depending on the
chronicity, body composition, and severity, thermography may detect
changes in skin temperature segmentally [2]. These findings highlight
the potential of thermography as a complementary tool for managing
BCRL. Also, the ability of thermography to assess the entire limb and
specific segments strengthens its reliability by capturing local thermal
behavior, thus favoring a more precise therapeutic approach.

Structural and functional changes in BCRL, such as inflammation,
lymphatic stasis, adipose tissue proliferation, and fibrosis, may hinder
the heat exchange between the affected segment and the environment
[19]. Moreover, local metabolic alterations contribute to an imbalance in
the autonomic nervous system in maintaining thermoregulation. In this
context, thermography is also a valuable tool for detecting metabolic
changes and revealing thermal variations suggestive of tissue
dysfunction [20,21].

Excellent reproducibility values were observed for all analyzed
temperatures. Although mean and maximum temperatures are preferred
in clinical practice due to the sensitivity of the minimum temperature
relative to the experience level of the examiner that delineates the ROI
[22], this study highlights the consistency of the measurement and
suggests that the minimum temperature may be a viable option
depending on specific objectives.

Unlike more expensive and invasive imaging methods such as
lymphoscintigraphy and magnetic resonance imaging (MRI), infrared
thermography (IRT) provides real-time images without discomfort or
the need for radiopharmaceuticals. This allows the identification of
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tissue changes in the upper limbs of post-mastectomy women, aiding in
the screening, monitoring, and diagnosis of breast cancer-related
lymphedema (BCRL), including in its subclinical stage [6]. IRT's ability
to detect early thermal changes increases its potential for early diagnosis
and long-term management, contributing to better intervention
outcomes and reduced healthcare costs.

In addition, although lymphoscintigraphy is considered the gold
standard with moderate-to-excellent reproducibility (ICC 0.70 to 1.00),
its use of radioactive tracers and high costs make it less practical for
regular monitoring [23]. Bioimpedance spectroscopy, with ICC values
between 0.85 and 0.99 [24], is also sensitive to electrode positioning,
leading to variability in the results. In contrast, our study showed that
IRT demonstrated excellent reproducibility, with ICC values between
0.82 and 1.00, supporting the use of IRT to diagnose breast cancer-related
lymphedema [6] and for lymphedema due to filariasis [7]. Given its
accessibility and non-invasive nature, IRT is a valuable tool for the
continuous monitoring and early detection of BCRL across various care
settings, including emergency units, clinics, and private practices.

This study expands the findings of previous research that used
objective thermal measurements to assess BCRL [5,6]. In oncology,
thermography has gained attention, with evidence supporting its role in
monitoring and evaluating the temperature of breast skin in physical
exercise programs and therapeutic interventions [14,25]. Moreover, a
recent scoping review evidenced infrared thermography as a valuable
diagnostic and monitoring tool in healthcare [10].

Skin emissivity was maintained at a constant value to minimize
measurement  bias  [6,26].  Ensuring reliable  thermographic
measurements involves controlling the ambient temperature and
humidity and adhering strictly to variable control measures during
thermogram acquisition, including patient preparation and camera
adjustments [27].

This study is not free of limitations. Although the relatively small
sample size may hinder the generalization of results, the target sample
size achieved a sample power of 82%. Longitudinal studies are needed to
monitor the thermographic pattern of the BCRL before the clinical
application of thermography. Additionally, evaluating the comfort and
practicality of the postures is crucial for determining the most
appropriate based on BCRL severity and chronicity.

5. Conclusions

Infrared thermography (IRT) has proven to be a reliable, practical,
and noninvasive imaging tool for assessing skin temperature in the
upper limbs (ULs) of breast cancer survivors with and without BCRL.
Excellent intra- and inter-rater reproducibility across different regions of
interest (ROI) and postures (ICC 0.82-1.0) strongly supports its clinical
utility for consistent and repeatable assessments. Although all postures
were reproducible for measuring skin temperature, the anterior
anatomical position was the most comfortable and is, therefore, the most
recommended.

IRT reliably captures the maximum, mean, and minimum
temperature measurements, depending on the clinical objective.
Furthermore, the coefficient of variation (CV) for all temperature
measurements was less than 10%, indicating low inter-rater variability.
This demonstrates the robustness of IRT in clinical settings. The ability of
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IRT to provide non-invasive real-time imaging makes it particularly
valuable for the frequent monitoring and early detection of lymphatic
dysfunction. Future studies should focus on the longitudinal data to
further validate their clinical use, while also exploring the correlation
between UL skin temperature and lymphedema stages or severity.

Supplementary Materials: The following supporting information can be
downloaded at: www.mdpi.com/xxx/s1, Table S1: Coefficient of variation and
mean and standard deviation of the temperature analyzed for each region of
interest in the upper limb with breast cancer-related lymphedema (n = 14).
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Abstract: Background/Objectives: Infrared thermography (IRT) is an imaging
technique used in clinical practice to detect changes in skin temperature caused
by several dysfunctions, including breast cancer-related lymphedema (BCRL).
Thus, the present study aimed to assess the reproducibility and accuracy of IRT
in diagnosing BCRL. Methods: This cross-sectional study included participants
who underwent a unilateral mastectomy and used indirect volumetry for
lymphedema detection. IRT analysis was recorded in four positions, analyzing
maximum, mean, and minimum temperatures, as well as the temperature
differences between the upper limbs. The analysis encompassed reliability,
agreement, accuracy, and the establishment of cut-off points for sensitivity and
specificity. A total of 88 upper limbs were included; 176 thermograms were
captured, and 1056 regions of interest were analyzed. Results: IRT presented
excellent intra- and inter-rater reproducibility and reliability with excellent
intraclass correlation coefficient values (0.99 to 1.00). In addition, this assessment
reached a sensitivity of 85% and a specificity of 56%; the cut-off point considered
a temperature difference of -0.45 °C. Conclusion: IRT was a reliable and
reproducible assessment, and the temperature difference between the upper
limbs evidenced moderate accuracy. Thus, IRT is recommended as a
complementary technique for detecting BCRL.

Keywords: breast cancer; lymphedema; thermography

1. Introduction

Infrared thermography (IRT) is a noninvasive imaging technique
that captures infrared radiation emitted by the skin, providing real-time
thermal patterns that reflect tissue dysfunctions that affect
thermoregulation. This analysis is of interest in healthcare due to its
potential for diagnostic and monitoring purposes in clinical practice [1],
such as in breast cancer-related lymphedema (BCRL) [2].

BCRL is a chronic condition marked by metabolic and vascular
alterations that cause lipid accumulation and fibrosis. Common signs
and symptoms are swelling, heaviness, pain, and paresthesia [2]. These
alterations affect skin temperature, making IRT a promising technique
for the early diagnosis, evaluation, and monitoring of BCRL [3,4]. The
diagnosis of lymphedema usually involves a combination of patient
history and complementary assessments.

Despite the existence of several techniques, such as electrical
impedance spectroscopy, tomography, and lymphoscintigraphy, their
use in clinical practice is challenging due to high costs and limited
accessibility [5-7]. Thus, indirect volumetry from circumference
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measurements of the upper limb (UL) remains the most used technique
in clinical practice due to its good accessibility and reproducibility.
However, the accuracy of the diagnosis is limited by its rater-dependent
nature, lack of measurement standardization, and inability to detect
fluid distribution variations that do not change the UL volume or size
[8].

This challenge highlights the need for new, low-cost, non-invasive,
accurate, and standardized techniques to ensure the early diagnosis and
treatment of BCRL, improving clinical outcomes and reducing costs [9].
Therefore, IRT represents a promising complementary assessment for
BCRL diagnosis, particularly as an IRT point-of-care technique. This
non-invasive technique detects thermal variations in the skin that
indicate changes in circulation and fluid distribution in subclinical stages
[10]. Additionally, IRT facilitates real-time monitoring of skin
temperature, optimizing assessment time and providing insights into
tissue metabolic changes in BCRL [3,10].

Although previous studies investigated IRT in BCRL, they did not
assess the reliability and reproducibility of this technique. Technical
factors, the selection of regions of interest (ROI), analysis methods, and
environmental conditions are parameters that impact results, influencing
the diagnostic accuracy of the technique. Therefore, the present study
aimed to assess the reproducibility and accuracy of IRT in BCRL
diagnosis. By focusing on temperature specifications and defining
diagnostic cutoff points, this research aims to provide a reliable
framework for integrating IRT into clinical practice as a complementary
tool for the early detection of lymphedema.

2. Materials and Methods
2.1. Study Design

This prospective cross-sectional study aimed to assess the
reproducibility and accuracy of infrared thermography (IRT) in
diagnosing breast cancer-related lymphedema (BCRL). The study was
approved by  the  research  ethics committee (CAAE:
57624121.0.0000.5208), and all the participants provided informed
consent following the Declaration of Helsinki.

2.2. Participants

The eligible participants were women breast cancer survivors, aged
between 40 and 70 years, with a history of a unilateral mastectomy.
Exclusion criteria included a history of bilateral breast cancer,
undergoing chemotherapy or radiotherapy treatment, primary
lymphedema, edema associated with other causes (e.g., theumatological,
renal, neurological, orthopedic problems, or previous vascular diseases),
erysipelas, intertrigo, ulcers, psoriasis, atopic dermatitis (eczema),
seborrheic dermatitis, cellulitis, Hansen’s disease, vitiligo, scabies,
herpes zoster, inflammatory acne, folliculitis, and other pre-existing skin
conditions that could affect skin thermoregulation.

2.3. Recruitment Process

The participants were recruited via social media announcements,
clinic partnerships, and referral hospitals. Interested participants
underwent an initial screening at the institution’s Physiotherapy
Laboratory. A dermatologist then reviewed each participant, verifying
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eligibility based on predefined criteria. A total of 120 participants were
approached, and 44 met the eligibility criteria. Those eligible for
inclusion criteria and willing to participate signed the informed consent
form in accordance with Resolution 466/12 of the National Health
Council.

2.4. Clarification of Group Allocation

The participants were allocated to two groups: those with
lymphedema (upper limb lymphedema—ULWL) and those without
(upper limb control—ULC). Allocation was determined based on
volumetric assessments, not randomized. This methodology helped
minimize bias by ensuring objective differentiation between those with
and without lymphedema based on standardized diagnostic criteria.

2.5. Data Collection and Assessor Training

The data collection process involved two evaluators who
underwent prior training for all stages of data collection. Initially,
participants filled out a clinical form containing information about age,
body mass index, dominant side (right or left), upper limb ipsilateral to
mastectomy (right or left), time since cancer diagnosis and time since
mastectomy, and others. treatments (chemotherapy, radiotherapy and
hormonal therapy). Subsequently, indirect volumetric measurements
were carried out to investigate the presence of lymphedema in the
participants’ upper limbs and then the thermographic image of the
upper limbs was recorded, followed by the analysis of the thermograms.

2.6. Volumetry for Lymphedema Detection

Lymphedema was evaluated using indirect volumetry based on the
truncated cone formula, a method endorsed by the International Society
of Lymphology for its high diagnostic accuracy and reproducibility
[6,11]. This technique calculates upper limb (UL) volumes using
circumference measurements at five fixed points, with the styloid
process of the ulna serving as a reference. Measurements were taken
with participants standing in a standardized position: shoulder abducted
at 90 degrees, elbow extended, wrist in ulnar deviation, and hand
touching the wall [12]. Lymphedema was diagnosed when the volume
difference between the ipsilateral and contralateral ULs was 2200 mL or
the volume ratio exceeded 1.04 [11].

2.7. Imaging Methods
2.7.1. Pre-Examination Recommendations

Prior to image acquisition, the participants were instructed to fast
for up to three hours and avoid using creams or perfumes on their skin,
consuming biostimulant substances, and engaging in vigorous exercise
two hours before the examination. Menstruating participants were
instructed to schedule the examination outside of the luteal phase to
minimize interference with IRT temperature measurements due to
thermal variations throughout the menstrual cycle. Core body
temperature may increase during the post-ovulatory luteal phase due to
higher progesterone levels, compared to the pre-ovulatory follicular
phase, where progesterone levels are lower.

2.7.2. Image Acquisition



79

The IRT images were acquired in a controlled environment (i.e.,
windowless room with a temperature of 23 °C and a relative humidity of
55%) regulated by a digital weather station, and away from heat
generated by electronic devices [13]. Upon entering the room, the
participants undressed and exposed their upper limbs, chest, and
abdomen for 15 min to allow thermal equilibration with the room
temperature [14]. During imaging, the participants stood barefoot on a
rubber mat positioned in four standardized postures to ensure
comprehensive thermal analysis (Figure 1):

(A) Anterior anatomical position (AAP): anterior view; the participant
is in an orthostatic position with their ULs aligned alongside the
trunk and their wrist in a neutral position with finger extension,
and their forearm in supination;

(B) Posterior anatomical position (PAP): posterior view; the participant
is in an orthostatic position with their ULs aligned alongside the
trunk, their wrist in a neutral position with finger extension, and
their forearm in supination;

(C) Anterior position with arms abduction (APWA): anterior view; the
participant is in an orthostatic position with their shoulders flexed,
abducted, and externally rotated, their elbows flexed, neutral wrists,
and their forearms in pronation;

(D) Posterior position with arms abduction (PPWA): posterior view; the
participant is in an orthostatic position with their shoulders flexed,
abducted, and externally rotated, their elbows flexed, neutral wrists,
and their forearms in pronation.

Figure 1. Representation of the region of interest in different positions for
infrared thermography in the diagnosis of breast cancer-related lymphedema.
Subfigures show the positions for capturing the infrared thermography images:
(A) anterior anatomical position (frontal area of upper limbs); (B) posterior
anatomical position (posterior area of upper limbs); (C) anterior position with

35.0
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arms abduction (anterior lateral region); and (D) posterior position with arms
abduction (posterior lateral region).

During image capture, the camera was placed on a tripod at a
height of 75 cm from the ground and remained operational during the
acclimatization period to calibrate its sensor. Participants were
positioned 1 m away from the camera, allowing a clear visualization of
the ROL The images were saved with codes to maintain blinding during
the IRF analysis. The data storage and protection process followed the
recommendations of the Brazilian General Data Protection Law, Law
No. 13,709, of 14 August 2018.

2.7.3. Camera Type and Calibration

Skin temperature was obtained using a portable multispectral
camera (TermoCam medical standard C5, FLIR Systems®) with the
following specifications: a measurement range of -20 to 50 °C, an
infrared spectral band of 8 to 14 pm, a thermal imaging resolution of 320
x 240 pixels, an emissivity (& = 0.98), and a focal length of 1 m.

The device was calibrated one week before the start of collection
using a blackbody source with an uncertainty of less than 0.1 °C (95%
confidence level) and stability better than +0.002 °C. Calibration focused
on the human face, requiring the operator to frame the facial image
within the target plane for accurate data collection [16]. The calibrations
were performed by a laboratory competent in radiation thermometric
calibrations, traceable to the international measurement standard. For
this purpose, the camera calibration was performed using radiation
sources that were traceable to the National Standards at RISE, to the
Research Institutes of Sweden, and to NIST, the National Institute of
Standards and Technology (USA). The blackbody source had a sufficient
radiance temperature range and control span for laboratory testing
according to this standard. The blackbody source had a known
emissivity greater than 0.995. The aperture diameter of the blackbody
source was sufficiently large so that the temperature measurement of the
thermal imager was not affected by it and to allow a clear identification
of the color change in the functional plane. Furthermore, studies have
shown that portable cameras have sensitivity and specifications, with
performance comparable to more sophisticated camera models, for the
medical diagnosis of various conditions [1].

2.7.4. Thermogram Analysis

The IRT images were analyzed using Thermofy® software version
121 (Infraredmed, Brazil), with a black screen in the background
serving as a temperature reference. Regions of interest (ROI) were
delineated by polygons delimiting the UL from the styloid process of the
ulna to the acromial region. The evaluators established these polygons
independently to include as much of the body segment as possible in the
analysis. A temperature range between 25 °C and 35 °C was established
to delineate the ROIs in the images. Each IRT image was analyzed three
times to ensure data reproducibility: twice by the same evaluator, with a
seven-day interval between analyses, and once by a second independent
evaluator [17].

The evaluators, who had previous experience, training, and
calibration using Thermofy software, were blinded to the allocation of
participants into the two groups: upper limb with lymphedema (ULWL)
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and control upper limb without lymphedema (ULC). The defined ROIs
were measured for maximum, mean, and minimum temperatures in
Celsius (°C) [15]. Figure 1 illustrates the ROI delineation process.

2.8. Data Analysis and Interpretation

Data were analyzed using SPSS (version 20.0) and expressed as the
mean and standard deviation for quantitative variables or the absolute
and relative frequency for qualitative variables. A prevalence of 40% for
BCRL was considered for the sample size calculation [18], with a
minimum specificity of 70%, statistical power of 80%, and error of 0.048.
The estimated minimum sample size was 52 ULs: 21 from the ULWL and
31 from the ULC group [19]. A post hoc analysis performed using
GPower (version 3.1) (Universitit Diisseldorf) indicated that the
included sample of 88 ULs (26 with and 62 without lymphedema)
achieved a statistical power of 89% to detect differences in maximum
temperature between the ULs, with a mean and standard deviation (SD)
of 31.92 (1.74) for ULWL and 32.447 (1.35) for ULC.

Intra- and inter-rater reproducibility was assessed by calculating the
intraclass correlation coefficient (ICC) and comparing ipsi- and
contralateral ULs in the groups. The analysis was conducted using a 95%
confidence interval and based on the two-way mixed effects, single
measure, and absolute agreement. The ICC values were interpreted as
having good (0.75 to 0.90) and excellent (>0.90) reliability (Koo and Li,
2016). The standard error of measurement (SEM) and minimal detectable
change (MDC) were calculated to investigate the expected variability in
repeated measurement results and to assess the accuracy of the
measurement, respectively.

The receiver-operating characteristic (ROC) curve was used to
assess the accuracy of IRT in BCRL diagnosis. The analysis of the area
under the curve (AUC) provided a quantitative measure of the ability of
the image examination to distinguish between health and disease
conditions. The AUC values were classified as a random test (0.5), low
accuracy (>0.5 to 0.7), moderate accuracy (0.7 to 0.9), high accuracy (>0.9
to <1.0), and a perfect test (1.0). The ideal cut-off point was calculated
using the Youden index, defined as (sensitivity + specificity —1). This
method identifies the point that maximizes the effectiveness of the test in
distinguishing between ULWL and ULC groups. Additionally, the
evaluation included the analysis of false positives, false negatives, true
positives, and true negatives. The application of the index resulted in
cut-off points that were sensitive and specific, facilitating the clinical
interpretation of the results. Reproducibility analyses were conducted to
evaluate the intra-rater variation of the same participant at two time
points with a seven-day interval [20].

Furthermore, the accuracy of the IRT images was investigated
considering the temperature difference (AT) between the ULs. The
analysis focused on how the cutoff points for the upper limb skin
temperature changes described in the literature influence the diagnosis
of BCRL, with temperature differences of 0.3 °C (suggestive of
abnormality), 0.6 °C (strongly suggestive), and 1.0 °C (significant
abnormality) [21].

3. Results

The sample included 88 ULs: 26 from ULWL and 62 in the ULC
group. A total of 176 IRT images were acquired, resulting in 352 ROls:
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104 for the ULWL and 248 for the ULC group. Considering the intra- and
inter-rater analyses, 1056 ROIs were analyzed (Figure 2). The
sociodemographic and clinical characterization of the participants are
presented in Table 1. Most of the BCRL cases in this study were
considered chronic.

[ Screening (n = 120 women) ]

Excluded (n =76)

- Unavailability due to personal reasons (n = 4)
- Ineligibility (n = 46)

- Contact unavailable (n = 11)

- No attendance (n = 15)

{ Included (n = 44) ]

Infrared thermography image (n = 176)
Indirect volumetry (n = 44)
Anterior anatomical position (n = 44)
Participants with lymphedema (n = 26) Posterior anatomical position (n = 44)
Participants without lymphedema (n = 18) Anterior position with arms in abduction (n = 44)
Posterior position with arms in abduction (n = 44)

[ ULWL ROI (n = 104) ]74[ ULC ROI (n = 248) ]

Rater B - single measurement }

(n =352 ROI)

S

(n =352 ROI)
Inter-rater

[ Rater A - 1% measurement

-—

l

Intra-rater (7 days)
|

Rater A - 2 measurement
(n =352 ROI)

704 ROI 352 ROI
1056 ROI

Figure 2. Flowchart of the screening and data collection process. This flowchart
outlines participant selection, delineates inclusion and exclusion criteria, and
classifies the participants as upper limbs with lymphedema (ULWL) or upper
limbs control (ULC).

Table 1. Sociodemographic and clinical characteristics of participants (1 = 44).
The data presented are essential for understanding the characteristics of the
sample and ensuring the analysis of the representativeness and applicability of

the findings.
Variables Mean (SD) or n (%)
Age (years) 54 (7.57)
Time since cancer diagnosis (months) 82.88 (75.24)
Time since mastectomy (months) 78.83 (76.06)
Body mass index (kg/m?) 27.65 (4.80)

Associated therapies

Chemotherapy 41 (91.1%)
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Radiotherapy 40 (88.9%)

Hormone therapy 20 (44.4%)
Dominant side
Right 38 (84.4%)

Left 6 (13.3%)
Affected upper limb
Right 25 (55.6%)

Left 19 (42.2%)

Presence of lymphedema 26 (59.1%)

SD: standard deviation; Kg: kilogram; m* square meters.

The intra- and inter-rater reliability of thermograms analyses was
excellent in all the positions, with the ICC ranging from 0.97 to 1.00. In
the inter-rater assessment, SEM ranged from 0.00 to 0.07 °C for both
groups, while the MDC ranged between 0.00 and 0.22 °C for ULWL and
from 0.00 to 0.07 °C for ULC. In the intra-rater analysis, SEM ranged
from 0.00 to 0.11 °C for ULWL and from 0.00 to 0.07 °C for ULC. The
MDC ranged from 0.00 to 0.21 °C for ULWL and from 0.00 to 0.07 °C for
ULC. For all the positions, the SEM and MDC values were close to zero,
indicating excellent reproducibility and measurement accuracy,
respectively. The reliability of the IRT measurements illustrating the
maximum, mean, and minimum temperatures in the ULWL and ULC
groups are presented in Table 2.

Table 2. Reliability of infrared thermography measurements, illustrating
maximum, mean, and minimum temperature in upper limbs with lymphedema
(n = 26) and without lymphedema (n = 62) groups. The table includes values of
intraclass correlation coefficients, standard error of measurement, and minimal
detectable change, demonstrating the accuracy and consistency of intra- and
inter-rater measurements.

ULWL uLC
Intra-Rater ;e':‘t?;;\) :/:e:?:((e;:l:\) ICC(95%Cl)  SEM  MDC ;e':‘t?;;\) ze':it?;;\) ICC (95% C1) SEM  MDC
AAP
Tmax 31.89(1.72)  31.92(1.74) 1.00(0.99-1.00) 000 001  32.42(135)  32.47(1.35  099(0.99-0.99) 003 0.5
Tmean 2097 (1.47)  30.03(1.47) 099(0.99-1.00) 0.02 003  30.40(L27)  30.47(1.29)  099(0.99-0.99) 002 0.1
Tmin 28.15(1.42)  28.16(1.42) 1.00(0.99-1.00) 001 001  28.47(L35)  2852(1.37)  099(0.98-0.99) 003  0.09
PAP
Tmax 30.84 (0.89)  30.80(0.87) 1.00(0.99-1.00) 001 002  31.29(L00)  31.29(0.98)  0.97(0.96-0.99) 004 005
Tmean 2021(0.94)  29.22(0.94) 099(0.99-1.00) 0.0 000  29.73(L.02)  29.72(1.02)  0.99(0.98-0.99) 002  0.04
Tmin 27.73(0.86)  27.80(0.93) 0.99(0.98-0.99) 0.2 004  28.07(L02)  28.05(1.02)  0.99(0.98-0.99) 002  0.04
APWA
Tmax 32.83(1.11)  32.91(1.10) 0.99(0.98-0.99) 0.0 000 33.16(L08)  33.22(1.10)  0.99(0.98-0.99) 0.00  0.00
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Tmean 30.44(0.91)  30.51(0.92) 0.99(0.99-0.99) 0.03 0.09  30.67(1.00)  30.71(101)  0.99(0.98-0.99) 0.01  0.02
Tmin 2859 (1.09)  28.66(1.09) 0.99(0.98-0.99) 0.1 001 2859 (0.87)  28.61(0.88)  0.99(0.99-0.99) 0.01  0.01
PPWA
Tmax 31.17(1.01)  31..19(1.01) 099(0.98-0.99) 001 001  31.19(0.96)  31.19(0.96)  0.99(0.98-0.99) 003 0.8

Tmean 2037(1.06)  29.34(1.06) 0.99(0.99-0.99) 0.01 001  29.69(L01)  29.68(1.01)  0.99(0.99-0.99) 001  0.01
Tmin 27.79(0.90)  27.79(0.90) 0.99(0.98-0.99) 0.01 001  27.99(0.91)  27.99(0.91)  0.99(0.98-0.99) 0.01 0.1

ULWL uLc
Inter-Rater :;;TT;S MF::;:D) ICC(95%Cl)  SEM  MDC :,:e';?‘tgs M':‘:';:D) ICC (95% Cl) SEM  MDC
AAP
Tmax 31.92(1.74)  31.98(1.73) 099(0.98-0.99) 0.0 001 3247 (L35  32.54(1.36)  0.99(0.98-0.99) 000  0.00

Tmean 30.03(1.47)  30.09(1.45) 0.99(0.99-0.99) 0.01 003  30.47(L29)  30.54(1.30)  0.99(0.99-0.99) 0.01  0.02

Tmin 28.16(1.42)  28.25(1.42) 099(0.98-0.99) 0.00 001  2852(L37)  2861(1.39)  099(0.98-0.99) 000  0.01
PAP
Tmax 30.80(0.87)  3.80(0.85)  0.99(0.98-0.99) 0.02 004  31.29(0.98)  31.29(1.02)  0.99(0.98-0.99) 002 _ 0.04

Tmean 20.22(0.94)  29.21(0.94) 0.99(0.99-0.99) 0.0 000  29.72(1.02)  29.71(1.03)  0.99(0.99-0.99) 0.00  0.00
Tmin 27.80(0.93) 27.70(0.86) 0.97(0.96-0.99) 0.07 021  28.05(L.02)  28.08(1.02)  0.99(0.98-0.99) 002  0.04
APWA
Tmax 3291(1.10) 32.81(L16) 099(0.99-0.99) 006 000 33.22(L10)  33.20(L12)  0.99(0.99-0.99) 0.03  0.09
Tmean 30.51(0.92) 30.46(0.98) 0.99(0.99-1.00) 0.0 001 30.71(1.01)  30.70(1.01)  1.00(0.99-1.00) 0.00  0.01
Tmin 28.66(1.09) 2857 (1.13) 0.96(0.95-0.98) 0.09 0.1 28.61(0.88)  28.61(0.90)  0.97(0.95-0.99) 0.6  0.08
PPWA
Tmax 31.19(1.01)  31.19(1.08) 0.98(0.98-0.99) 007 009 31.19(0.96)  31.23(1.04)  0.99(0.98-0.99) 003 003
Tmean 2034 (1.06)  29.35(1.11) 093(0.92-0.97) 0.05 008  29.68(L01)  29.63(1.04)  0.97(0.96-0.99) 001  0.04
Tmin 27.79(0.90)  27.72(0.93) 0.94(0.95-0.98) 0.1 003  27.99(0.91)  27.95(0.92)  0.99(0.98-0.99) 0.07  0.08

AAP: anterior anatomical position; PAP: posterior anatomical position; APWA:
anterior position with arms abduction; PPWA: posterior position with arms
abduction; Tmax: maximum temperature; Tmean: mean temperature; Tmin:
minimum temperature; ULWL: upper limb with lymphedema; ULC: upper limb
without lymphedema; SD: standard deviation; ICC: intraclass correlation
coefficient; 95% CI: 95% confidence interval, SEM: standard error of
measurement; MDC: minimal detectable change.

The accuracy indices of infrared thermography (IRT) for the skin
temperature of the upper limbs demonstrated low accuracy (0.546 to
0.632) with wide variability in AUC values (from 0.414 to 0.559),
sensitivity (0.500 to 0.692), and specificity (0.565 to 0.661) for the
evaluated positions. This suggests that analyzing the skin temperature of
the upper limb alone is not the best method for diagnosing lymphedema
(Table 3).

Table 3. Diagnostic analysis of infrared thermography for detecting breast
cancer-related lymphedema. The table shows the area under the
receiver-operating characteristic curve and identifies cut-off points with their
corresponding sensitivity, specificity, accuracy, false positives, false negatives,
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true positives, and true negatives for the skin temperature of upper limbs with
and without lymphedema.

Position AUC (95% ClI) CP (°C) Sens. (%) Spe.(%) TP TN FP FN Ac
AAP
Tmax 0.456 (0.315-0.596) 32.37 0.500 0.565 13 35 27 13 0.546
Tmean 0.458 (0.322-0.595) 30.33 0.500 0.597 13 37 25 13 0.568
Tmin 0.460 (0.334-0.585) 28.25 0.615 0.548 16 34 28 10 0.568
PAP
Tmax 0.401 (0.271-0.531) 30.88 0.500 0.613 13 38 24 13 0.580
Tmean 0.401 (0.273-0.530) 29.34 0.500 0.629 13 39 23 13 0.591
Tmin 0.458 (0.328-0.588) 27.81 0.500 0.597 13 37 25 13 0.568
APWA
Tmax 0.493 (0.360-0.627) 32.82 0.615 0.597 16 37 25 10 0.602
Tmean 0.493 (0.365-0.621) 30.42 0.615 0.581 16 36 26 10 0.591
Tmin 0.559 (0.429-0.689) 28.33 0.692 0.548 18 34 28 8 0.591
PPWA
Tmax 0.489 (0.354-0.623) 30.90 0.577 0.661 15 41 21 11 0.636
Tmean 0.430 (0.297-0.564) 29.30 0.500 0.629 13 39 23 13 0.591
Tmin 0.414 (0.285-0.544) 27.74 0.500 0.597 13 37 25 13 0.568

AAP: anterior anatomical position; PAP: posterior anatomical position; APWA:
anterior position with arms abduction; PPWA: posterior position with arms
abduction; Tmax: maximum temperature; Tmean: mean temperature; Tmin:
minimum temperature; AUC: area under the curve, CP: cut-off point; Sens.:
sensitivity; Spe.: specificity; 95% CI: 95% confidence interval; TP.: true positive;
TN.: true negative; FP.: false positive; FN.: false negative; Ac.: accuracy.

The accuracy indices of infrared thermography (IRT) for the AT of
the upper limbs (ULs) are presented in Table 4. The AUC ranged from
0.518 to 0.700, with the maximum temperature in the anterior anatomical
position (AAP) being the best compared to other positions, showing
moderate accuracy and a cut-off point of -4.5 °C (AUC = 0.700,
sensitivity = 0.846, and specificity = 0.556). The anterior position with
arms abduction (APWA) presented the highest AUC for mean and
minimum temperatures, although it demonstrated low accuracy, with
cut-off points of —1.2 °C (AUC = 0.637, sensitivity = 0.769, and specificity
= 0.556) and —2.5 °C (AUC = 0.595, sensitivity = 0.885, and specificity =
0.722), respectively. Figures 3 and 4 illustrate the graphical distribution
using the ROC curve.

Table 4. Diagnostic analysis of infrared thermography for detecting breast
cancer-related lymphedema. The table shows the area wunder the
receiver-operating characteristic curve and identifies cut-off points with their
corresponding sensitivity, specificity, accuracy, false positives, false negatives,
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true positives, and true negatives for the temperature difference between upper
limbs, based on the Youden index.

Position AUC (95% ClI) CP (°C) Sens. (%) Spe.(%) TP TN FP FN Ac
AAP
Tmax 0.700 (0.533-0.848) 0.45 0.846 0.556 20 13 5 6 0.750
Tmean 0.559 (0.374-0.744) 0.34 0.769 0.611 20 11 7 6 0.704
Tmin 0.588 (0.402—-0.773) 0.10 0.808 0.556 21 10 8 5 0.705
PAP
Tmax 0.424 (0.251-0.597) 0.12 0.538 0.667 14 12 6 12 0.591
Tmean 0.482 (0.305-0.659) 0.16 0.577 0.611 15 11 7 11 0.591
Tmin 0.351 (0.185-0.518) 0.10 0.577 0.722 15 13 5 11 0.636
APWA
Tmax 0.524 (0.346-0.701) 0.11 0.769 0.722 22 10 8 4 0.727
Tmean 0.637 (0.460-0.813) -0.12 0.769 0.556 20 10 8 6 0.682
Tmin 0.595 (0.409-0.781) -0.25 0.885 0.722 18 34 28 8 0.591
PPWA
Tmax 0.503 (0.329-0.678) -0.10 0.654 0.667 15 41 21 11 0.636
Tmean 0.469 (0.286—0.652) -0.10 0.577 0.667 13 39 23 13 0.591
Tmin 0.518 (0.338-0.699) -0.25 0.731 0.722 13 37 25 13 0.568

AAP: anterior anatomical position; PAP: posterior anatomical position; APWA:
anterior position with arms abduction; PPWA: posterior position with arms
abduction; Tmax: maximum temperature; Tmean: mean temperature; Tmin:
minimum temperature; AUC: area under the curve; CP: cut-off point; Sens.:
sensitivity; Spe.: specificity; 95% CI: 95% confidence interval; TP.: true positive;
TN.: true negative; FP.: false positive; FN.: false negative; Ac.: accuracy.
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Figure 3. Receiver-operating characteristic curves compare skin temperatures in
upper limbs (maximum, mean, and minimum), differentiating between upper
limbs with lymphedema and those without lymphedema in all positions.
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Figure 4. Receiver-operating characteristic curves of maximum, mean,

minimum skin temperatures for delta values in each position.

and

Table 5 presents the sensitivity and specificity of IRT in detecting
lymphedema, using cut-off points established in the literature (0.3 °C, 0.6
°C, and 1.0 °C), based on AT values measured in the AAP and APWA
positions. It is observed that as the cut-off point increases, diagnostic
accuracy improves, yielding higher sensitivity and specificity values.
These findings highlight the efficacy of IRT in identifying lymphedema,
validating its use as a screening tool and establishing optimal parameters
for future clinical applications.

Table 5. Sensitivity, specificity, accuracy, false positives, false negatives, true
positives, and true negative values of temperature difference according to
pre-established cut-off points from the literature for lymphedema detection.

Position Cut-Off Point (°C) Sens. (%) Spe. (%) TP/TN FP/FN AC AUC (95% Cl)
AAP
Tmax 0.3 0.769 0.500 20/9 9/6 0.659
0.6 0.923 0.833 24/15 3/2 0.886 0.700 (0.533-0.848)
1 0.962 0.944 25/17 1/1 0.955
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Tmean 0.3 0.731 0.556 19/10 8/7 0.659
0.6 0.885 0.944 23/17 1/3 0.909 0.559(0.374-0.744)
1 1.000 0.944 26/17 1/0 0.977

Tmin 0.3 0.923 0.722 24/13 5/2 0.841
0.6 0.923 0.834 24/15 3/2 0.887 0.588(0.402-0.773)
1 1.000 0.944 26/17 1/0 0.977

APWA

Tmax 0.3 0.923 0.833 24/15 3/2 0.886
0.6 0.923 0.889 24/16 2/2 0.909 0.524(0.346-0.701)
1 1.000 0.944 26/17 1/0 0.977

Tmean 0.3 0.885 0.611 23/11 7/3 0.773
0.6 0.962 0.722 25/13 5/1 0.864 0.637(0.460-0.813)
1 1.000 0.944 26/17 1/0 0.977

Tmin 0.3 0.923 0.722 24/13 5/2 0.841
0.6 1.000 0.833 26/15 3/0 0.932 0.595 (0.409-0.781)
1 1.000 1.000 26/18 0/0 1.000

AAP: anterior anatomical position; APWA: anterior position with arms
abduction; Tmax: maximum temperature; Tmean: mean temperature; Tmin:
minimum temperature; AUC: area under the curve; CP: cut-off point; Sens.:
Sensitivity; Spe.: specificity; 95% CI: 95% confidence interval; TP.: true positive;
TN.: true negative; FP.: false positive; FN.: false negative; Ac.: accuracy.

4. Discussion

Skin temperatures were evaluated in the ULWL and ULC groups to
investigate IRT as a technique to detect BCRL. IRT emerged as a reliable
and reproducible instrument suitable for the clinical management of
BCRL. Additionally, the maximum AT value observed in the AAP was
the most suitable parameter for BCRL evaluation.

In this study, the IRT of the ULs was performed in four positions,
revealing that AAP and APWA exhibited higher sensitivity and
specificity values; the former was the most suitable for participants with
BCRL because it is a comfortable position that allows easier visualization
of the entire UL. Although APWA highlights the axillary region that
contains lymph nodes and main lymphatic chains, the flexion of the
elbow hindered the visualization of lymphedema in this joint. In
addition, participants with larger ULs may present more difficulty in the
APWA position because they need sustained muscle activation to
maintain their posture, potentially changing the skin temperature of the
UL. Therefore, AAP is the best position for IRT assessment in BCRL
diagnosis.

The maximum temperature recorded in the AAP also achieved the
highest AUC, indicating moderate accuracy when compared to other
temperatures in the same and other positions. This variable is more
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sensitive to detecting the differences between skin temperatures in ROIs
than mean and minimum temperatures, and it is highly recommended
in IRT for detecting vascular changes and signs of inflammation [22].
Thus, the maximum temperature is the recommended IRT measure for
BCRL diagnosis.

The asymmetric pattern of AT between ULs serves as a functional
indicator of the pathological changes [23,24]. In this study, AT was more
accurate for assessing BCRL than the only absolute skin temperature
value of the UL with lymphedema. These findings reinforce the use of
IRT, consistent with previous studies that recommend recording the
maximum AT between affected and unaffected areas for diagnostic
purposes [17].

In the present study, the ULWL group exhibits cooler lower
temperatures, with a AT of -0.45 °C identified as a suggestive cut-off
point for the presence of lymphedema. Applying cut-off points
suggested by the literature revealed that the closer the AT is to -1 °C, the
higher the sensitivity and specificity for lymphedema diagnosis.
Previous studies also identified lower temperatures in the UL affected by
BCRL than in contralateral UL, highlighting a distinctive thermal
behavior of this type of lymphedema [25]. In contrast, another study
reported an increased temperature in BCRL, indicating that thermal
manifestation may vary depending on the stage of lymphedema or
individual characteristics [10]. Therefore, besides the use of AT as the
most recommended measure to analyze the skin temperature of UL, the
cut-off point of -0.45 °C should also be considered to identify chronic
lymphedema.

Chronic inflammation, impaired lymphangiogenesis, and the
deposition of fibroblasts and adipocytes contribute to reduced skin
temperature. The increased number and size of lymphatic vessel
structures indicates thermal dysfunction exacerbated by lymphatic flow
deficiency [26]. This flow deficiency leads to the dysregulation of the
autonomic nervous system, limiting efficient thermoregulation. Thus,
the influence of autonomic dysfunction, mediated by the hypothalamus,
highlights the critical interconnection between lymphatic flow
inefficiency and autonomic regulation for heat exchange [27,28]. In this
context, IRT emerges as a beneficial technique for assessing tissue
thermal changes and their pathological implications in BCRL
management.

Based on this study, IRT demonstrated a sensitivity of 85% and a
specificity of 56% in its best configuration. Although IRT has not
achieved the sensitivity and specificity observed by lymphoscintigraphy
(96% and 100%, respectively) [29], this technique was considered useful
and should help the clinical decision-making in BCRL. Therefore, IRT
enhances, rather than replaces, the clinical assessment of BCRL.
Technological advancements (e.g., improved infrared and hyperspectral
imaging sensors and the development of artificial intelligence-based
image processing algorithms) seek to increase the sensitivity and
specificity of current IRT. Integrating these technologies into data
analysis could increase the diagnostic accuracy of IRT, allowing for the
more precise detection of temperature variations associated with
lymphedema [30].

Environmental conditions and variations in instructions made to
participants may hinder the reproducibility of IRT images. In this study,
room temperature and humidity were controlled to minimize variations
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in image acquisition and reduce measurement bias. However, external
control is not always possible in clinical practice. Therefore, AT may be a
more pragmatic and accurate measure for BRCL diagnosis. In IRT,
infrared radiation is obtained from the outer layer of the skin and tissue
metabolism, providing insights into the overall functioning of the UL.
The dermatological assessment guaranteed that the variations in IRT
were attributable to BCRL rather than other skin conditions. In addition,
skin emissivity was considered constant (¢ = 0.98) in the study to ensure
the accuracy of IRT measurements, following a validated standard for
skin edema [10,31]. Therefore, variations in skin color did not affect this
emissivity, avoiding bias in the results.

In the present study, the accuracy of IRT was compared with
indirect volumetry. Although rater-dependent, this assessment is often
used in clinical practice. Previous studies also highlighted the potential
of IRT in BCRL diagnosis when compared to the invasive and highly
precise method of fluorescence with an injection of green indocyanine
[3,32]. These findings reinforce the importance of considering IRT in
BCRL diagnosis as a non-invasive, painless, easily accessible, and
low-cost option that does not require physical contact.

The recording and comparing of skin temperatures takes less than
five minutes and provides immediate feedback, which is useful for
investigating BCRL. Real-time IRT imaging may contribute to a better
perception of care by participants and an understanding of their
condition and clinical progress. In this sense, IRT has the potential to
improve quality of life by facilitating early and less stressful BCRL
diagnosis and providing health education opportunities. However, this
study did not directly assess this aspect, underscoring the importance of
future research to investigate the perception of participants regarding
IRT. Variables, such as comfort, privacy, procedure-related anxiety, and
the impact on emotional well-being and quality of life, should also be
addressed.

The integration of IRT into BCRL treatment protocols requires the
consideration of existing health policies, which may vary between
different healthcare systems and regions. Potential barriers include the
lack of established clinical guidelines for IRT use, resistance to adopting
new technologies, and the need for robust evidence supporting its
effectiveness and cost-effectiveness. Collaboration among researchers,
clinicians, and authorities is essential to overcome these barriers and
facilitate the adoption of IRT as a valuable point-of-care tool in BCRL.
IRT implementation may offer significant public health benefits,
especially for the early diagnosis and monitoring of BCRL [33].
However, equipment costs, the need for specialized training for
healthcare professionals, and exam accessibility in less developed
regions must be carefully evaluated. Cost-effectiveness studies are
needed to determine the true value of IRT in the broader context of
public health and BCRL management.

In this study, the restricted sample size constrained specific analyses
correlating measured temperature with lymphedema stage and
precluded the creation of multivariate models including different
confounding variables (e.g., age, time since lymphedema diagnosis,
cancer-related treatments, physical activity, diet, and metabolism) that
may affect thermoregulation and temperature measurements. A total of
44 participants were selected based on specific inclusion and exclusion
criteria, ensuring the analysis of 88 ULs and adequate statistical power
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(89%). However, the extrapolation of the results to the general
population of BCRL may be limited by variations in lymphedema
severity and differences in prior treatment. Another limitation concerns
the heterogeneity of lymphedema distribution in the UL, which may
vary among patients. Future studies should investigate the relevance of
more detailed analyses by UL segments. Additionally, higher-resolution
cameras could potentially provide more precise detection of subtle
thermal variations, especially in the early stages of lymphedema.

Despite the recommendation to fast and avoid physical activity two
hours before the examination, the type of physical activity was not
controlled. Future studies should attempt to control and standardize this
variable. Larger and more heterogeneous samples are essential to
validate the applicability of the findings on a broader scale. Longitudinal
studies are important to assess the impact of physiotherapeutic
approaches on the thermal pattern of lymphedema, monitoring changes
in IRT during therapy. Furthermore, future research should incorporate
assessments of participant perception and comfort with the use of IRT in
diagnosis.

5. Conclusions

IRT emerges as a complementary technique in BCRL diagnosis,
offering reproducibility, reliability with moderate accuracy, and ease of
use when following assessment recommendations. Image capture in the
AAP is endorsed to obtain the maximum AT measurement. A AT of
—-0.45 °C may be considered a suggestive cut-off point for chronic
lymphedema, complementing predefined cut-off points from the
literature indicating abnormality (-0.3 °C to 1.0 °C).

Therefore, this study highlights the importance of IRT as a valuable
complementary technique in BCRL diagnosis. Future studies should
investigate the distribution of skin temperature in different stages and
the severity of lymphedema, as well as its application in a broader
spectrum of populations.
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