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RESUMO

Introducao: A osteoporose ¢ caracterizada pela reducdo da densidade
mineral 6ssea (DMO) e deterioragcdo da microarquitetura, resultando em maior risco
de fraturas. Embora a DMO, avaliada por absorciometria por dupla energia de raios X
(DXA), seja o principal parametro diagndstico, ela nao reflete integralmente a
gualidade 6ssea. Para complementar essa avaliagdo, o escore do 0sso trabecular
(TBS) foi desenvolvido como ferramenta indireta para estimar a microarquitetura
trabecular a partir das imagens da DXA da coluna lombar. Contudo, o TBS (verséo
3.0) era suscetivel a influéncia da espessura de partes moles, o que resultava na
subestimacao dos valores em individuos obesos. Para contornar essa limitagédo, a
verséo 4.0 do software TBS iNsight® introduziu uma corre¢do automatizada baseada
na espessura da parede abdominal, visando proporcionar uma avaliagdo mais precisa
da qualidade Ossea, especialmente em pacientes com maior adiposidade central.
Objetivo: Avaliar o impacto da correcédo pela espessura da parede abdominal nos
valores do TBS em mulheres com obesidade, comparando as versdes 3.0 € 4.0 do
software, bem como analisar a correlacdo entre o TBS, variaveis clinicas e
demograficas, além de analisar a associacéo entre TBS, DMO e fraturas. Métodos:
estudo transversal, unicéntrico, com analise retrospectiva de um banco de dados de
pacientes com obesidade do Servico de Endocrinologia e Metabologia do HC-UFPR
(SEMPR). Foram incluidas mulheres com 18 anos ou mais com diagnostico de
obesidade, atendidas no SEMPR e que realizaram exame de densitometria dssea.
Dados demograficos (idade, racga, peso, altura e IMC), resultados dos exames de
densitometria assim como a espessura da parede abdominal foram capturados
diretamente do densitdmetro (Lunar Prodigy Advance) foram coletados do prontuario.
A DMO foi categorizada como normal, baixa massa 0ssea para idade, osteopenia e
osteoporose. A avaliacdo do TBS, nas duas versodes, foi realizada pela empresa
Medimaps, (TBS iNsight® v3.0 e v 4.0; Medimaps Group, Geneva, Switzerland). Para
a versao 3.0, foram aplicados os pontos de corte validados para a populacgao latino-
americana, enquanto, para a versao 4.0, os limiares foram definidos a partir dos tercis
da amostra total estudada. As pacientes foram avaliados individualmente e também
divididas em dois grupos com base no IMC: < 37 kg/m? e = 37 kg/m?. Resultados: 247
mulheres (59,2 £+ 15 anos), maioria branca foram avaliadas. Os valores médios de
TBS foram significativamente menores na versédo 4.0 em comparagao a 3.0 (1,286 +
0,082 vs. 1,334 + 0,081; p< 0,001). Essa diferenca foi mais pronunciada nas
pacientes com IMC = 37 kg/m? (1,258 £ 0,073 vs. 1,323 = 0,075; p < 0,001) do que
naquelas com IMC < 37 kg/m? (1,297 + 0,085 vs. 1,338 £ 0,083; p < 0,001). A
concordancia entre as versoes foi moderada (k = 0,49), com discordéncia em 34% dos
casos e reclassificagdo (com a v 4.0) para pior categoria de qualidade trabecular em
19% das pacientes. O TBS v4.0 apresentou correlagdo positiva com a DMO da coluna
lombar (= 0,42; p < 0,001) e negativa com idade (r= —0,39; p < 0,001) e espessura
da parede abdominal (r= -0,45; p < 0,001). N&o houve diferenga significativa entre
TBS v4.0 e presenca de fraturas (p = 0,27). Conclusao: A versdo 4.0 do TBS
iNsight®, ao incorporar correc¢ao direta pela espessura da parede abdominal, forneceu
estimativas mais precisas da qualidade d6ssea em mulheres com obesidade,
especialmente aquelas com IMC = 37 kg/m?. Esses achados reforcam a importancia
de considerar a composi¢cao corporal na interpretacao do TBS e demonstram a



superioridade da verséo corrigida na avaliagdo da microarquitetura trabecular em
populagdes com elevada adiposidade abdominal.

Palavras-chave: Osteoporose; Obesidade; Escore de Osso Trabecular;
Espessura abdominal.



ABSTRACT

Introduction: Osteoporosis is characterized by a reduction in bone mineral
density (BMD) and deterioration of microarchitecture, leading to an increased risk of
fractures. Although bone mineral density (DXA) is the main diagnostic parameter, it
does not fully reflect bone quality. To complement this assessment, the Trabecular
Bone Score (TBS) was developed as an indirect tool to estimate trabecular
microarchitecture from lumbar spine DXA images. However, the classical TBS (version
3.0) was susceptible to the influence of soft tissue thickness, which resulted in an
subestimation of values in obese individuals. To overcome this limitation, version 4.0
of the TBS iNsight® software introduced an automated correction based on abdominal
wall thickness, aiming to provide a more accurate assessment of bone quality,
especially in patients with greater central adiposity. Objective: To evaluate the impact
of abdominal wall thickness correction on TBS values in obese women, comparing
software versions 3.0 and 4.0, as well as to analyze the correlation between TBS,
clinical and demographic variables, and the association between TBS, BMD, and
fractures. Methods: This was a cross-sectional, single-center study with a
retrospective analysis of a database of obese patients from the Endocrinology and
Metabolism Service of HC-UFPR (SEMPR). Included were women aged 18 years or
older with a diagnosis of obesity, seen at SEMPR, who had undergone bone
densitometry. Demographic data (age, race, weight, height, and BMI), densitometry
results, and abdominal wall thickness captured directly from the densitometer (Lunar
Prodigy Advance) were collected from medical records. BMD was categorized as
normal, low bone mass for age, osteopenia, and osteoporosis. TBS assessment, for
both versions, was performed by Medimaps (TBS iNsight® v3.0 and v4.0; Medimaps
Group, Geneva, Switzerland). For version 3.0, validated cutoff points for the Latin
American population were applied, while for version 4.0, thresholds were defined
based on the tertiles of the total studied sample. Patients were individually assessed
and also divided into two groups based on BMI: < 37 kg/m? and = 37 kg/m?. Results:
Atotal of 247 women (59.2 + 15 years old), predominantly white, were evaluated. Mean
TBS values were significantly lower in version 4.0 compared to 3.0 (1.286 £ 0.082 vs.
1.334 £ 0.081; p < 0.001). This difference was more pronounced in patients with BMI
= 37 kg/m? (1.258 + 0.073 vs. 1.323 £ 0.075; p < 0.001) than in those with BMI < 37
kg/m? (1.297 £ 0.085 vs. 1.338 + 0.083; p < 0.001). Agreement between versions was
moderate (k = 0.49), with discordance in 34% of cases and reclassification (with v4.0)
to a worse trabecular quality category in 19% of patients. TBS v4.0 showed a positive
correlation with lumbar spine BMD (r = 0.42; p < 0.001) and negative correlations with
age (r = -0.39; p < 0.001) and abdominal wall thickness (r = —0.45; p < 0.001). There
was no significant difference between TBS v4.0 and the presence of fractures (p =
0.27). Conclusion: Version 4.0 of TBS iNsight®, by incorporating direct correction for
abdominal wall thickness, provided more accurate estimates of bone quality in obese
women, especially those with BMI = 37 kg/m?. These findings reinforce the importance
of considering body composition in TBS interpretation and demonstrate the superiority
of the corrected version in assessing trabecular microarchitecture in populations with
high abdominal adiposity.

Keywords: Osteoporosis; Obesity. Trabecular Bone Score; Abdominal
thickness.
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1 INTRODUGAO

A osteoporose € uma condi¢ao de elevada prevaléncia mundial, afetando mais
de 200 milhdes de pessoas, com impacto significativo em morbidade, mortalidade e
custos em saude. Caracteriza-se pela reducdo da massa 0ssea e pela deterioracao
da microarquitetura trabecular, culminando em maior fragilidade e risco de fraturas de
baixo impacto, as quais frequentemente acarretam perda funcional, dependéncia,
hospitalizagdes recorrentes e aumento da mortalidade em idosos (CHUN, 2011,
MADEIRA et al., 2020; GKASTARIS et al., 2020; NICHOLSON et al., 2025; MORIN;
LESLIE; SCHOUSBOE, 2025). Embora seja mais frequente em mulheres pos
menopausa, a doenca também acomete homens e pode ocorrer secundariamente a
condigdes crénicas, neoplasias e uso prolongado de glicocorticoides (MADEIRA et al.,
2020).

Paralelamente, a obesidade atingiu proporgdes epidémicas e representa
atualmente um dos principais problemas de saude publica. Apesar de individuos
obesos frequentemente apresentarem densidade mineral 6ssea (DMO) aumentada,
estudos tém demonstrado risco mais elevado de fraturas em sitios n&o tradicionais,
como tornozelo, umero e membros inferiores (COMPSTON, 2015; LIU et al., 2023).
Esse paradoxo pode ser explicado por alteracdes na qualidade 6ssea associadas a
processos inflamatorios cronicos, adipogénese medular, sarcopenia e acumulo de
gordura visceral, que modificam o microambiente da medula 6ssea e favorecem maior
porosidade cortical e fragilidade esquelética (BANDEIRA et al.,, 2019; CHEN;
ARMAMENTO-VILLAREAL, 2024). Evidéncias recentes reforcam que a distribuigdo
da gordura corporal, sobretudo a visceral, exerce impacto negativo sobre a resisténcia
0ssea, enquanto a gordura subcutédnea pode ter efeito protetor. Meta-analises
confirmam ainda que a obesidade em mulheres pds menopausa esta associada a
maior risco de fraturas vertebrais, apesar de reduzir o risco de fraturas pélvicas,
ilustrando a complexidade dessa interacéo (LIU et al., 2023).

A avaliagdo da DMO por densitometria de dupla energia por raios-X (DXA) é
considerada padréo ouro para o diagndstico da osteoporose (SILVA et al., 2015;
SLART et al., 2025). No entanto, a DMO explica apenas parte da resisténcia 0ssea, e
até 70% das fraturas ocorrem em individuos sem osteoporose densitométrica (SCHINI
et al., 2024).
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O Escore de Osso Trabecular (TBS) € um indice derivado da analise da textura
em escala de cinza das imagens de DXA da coluna lombar e fornece medida indireta
da microarquitetura trabecular (SHEVROJA et al., 2023). Estudos tém demonstrado
gue o TBS € um preditor independente de fratura, complementando a DMO e o0 FRAX
na avaliacdo da fragilidade o6ssea (HANS et al., 2022; SHEVROJA et al., 2023). A
atualizagao mais recente do algoritmo do TBS, na versao 4.0, incorporou a corre¢ao
direta para a espessura dos tecidos moles, reduzindo vieses observados em
populacgdes com obesidade abdominal e aumentando a sensibilidade na detec¢ao de
alteragdes microestruturais (HANS et al., 2022; MCCLUNG et al., 2025). Ensaios
clinicos com terapias como denosumabe e romosozumabe mostraram que o TBS 4.0
apresenta maior responsividade que o TBS ajustado por indice de massa corporal
(versao 3.0), reforgando seu potencial como biomarcador clinico (HANS et al., 2022;
MCCLUNG et al., 2025).

Diante da elevada prevaléncia de obesidade e osteoporose e da dificuldade em
estimar adequadamente o risco de fraturas nesse grupo especifico, torna-se essencial
compreender como métodos complementares, como o TBS e suas versdes
atualizadas, podem aprimorar a avaliacdo da qualidade dssea. Nesse contexto,
investigar o impacto da adiposidade abdominal e das diferentes versdes do TBS em
populagdes com obesidade representa um avango relevante tanto para a pratica
clinica quanto para o refinamento das estratégias de prevengao de fraturas.

1.1 JUSTIFICATIVA

Considerando que a interpretacao isolada da DMO pode levar a subestimacao
do risco de fratura em pessoas com obesidade, falseando o diagndstico e atrasando
intervengdes terapéuticas adequadas, a avaliacdo da qualidade Ossea por uma
ferramenta ndo invasiva como o TBS pode ser util. Entretanto, esta ferramenta tem
limitagdes em pacientes com obesidade devido a influéncia da espessura da parede
abdominal e da distribuicdo da gordura corporal, o que pode comprometer sua
acuracia. Assim, investigar o desempenho do TBS em diferentes versdes de software,
com especial atengado as corregoes relacionadas a adiposidade abdominal, justifica-
se ndo apenas pelo potencial de aprimorar a pratica clinica, mas possivelmente

melhorar a predicao de fratura nessa populacao.
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1.2 OBJETIVOS

1.2.1 Objetivo geral

Avaliar o impacto da correcao automatizada pela espessura da parede
abdominal nos valores do TBS em mulheres com diferentes faixas de IMC, por meio
da comparacao entre os resultados obtidos nas versdes 3.0 e 4.0 do software TBS
iNsight®.

1.2.2 Objetivos especificos
Avaliar a concordancia entre as versdes 3.0 e 4.0 do TBS e identificar
possiveis reclassificagdes na categorizacéo da qualidade trabecular.

Correlacionar os valores do TBS obtidos pelas versdes 3.0 e 4.0 com variaveis
demograficas e clinicas das pacientes, incluindo idade, espessura da parede
abdominal, IMC, percentual de gordura corporal e DMO da coluna lombar.

Analisar a associacao entre DMO e presenca de fraturas com valores de TBS.

Estimar o valor do TBS obtido pela versao 4.0 a partir dos resultados da versao

3.0 e de outras variaveis clinicas e demograficas associadas nesta populacéo.
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2 REVISAO DE LITERATURA

2.1 OSTEOPOROSE: CONCEITO, EPIDEMIOLOGIA E DIAGNOSTICO

A osteoporose é uma doenca esquelética sistémica caracterizada pela
reducdo da massa Ossea e deterioracdo da microarquitetura trabecular e cortical,
levando a fragilidade d6ssea e consequente aumento do risco de fraturas (MORIN;
LESLIE; SCHOUSBOE, 2025). O conceito atual de osteoporose integra dois pilares
fundamentais da resisténcia oOssea: a quantidade de tecido mineralizado,
representada pela densidade mineral 6ssea (DMO), e a qualidade estrutural e material
do o0sso, que inclui microarquitetura, remodelacdo, mineralizacdo e acumulo de
microdanos (SHEVROJA et al., 2023).

Epidemiologicamente, a osteoporose constitui um problema de saude publica
global. Estima-se que uma em cada trés mulheres e um em cada cinco homens acima
de 50 anos apresentardo uma fratura osteoporética ao longo da vida (MORIN; LESLIE;
SCHOUSBOE, 2025). As fraturas vertebrais e de quadril s&o as principais causas de
morbidade e mortalidade associadas, resultando em perda funcional, dependéncia e
aumento significativo dos custos em saude (NICHOLSON et al., 2025).

As diretrizes mais recentes da U.S. Preventive Services Task
Force recomendam o rastreamento densitométrico de rotina em mulheres = 65 anos
e em mulheres na pos-menopausa com fatores de risco adicionais. (NICHOLSON et
al., 2025). A avaliagédo diagnostica baseia-se na DMO medida por DXA, com o ponto
de corte de T-score < - 2,5 desvio-padrdao em relagédo a média de mulheres jovens
saudaveis, conforme a Organizagdo Mundial da Saude (OMS).

2.2 DENSITOMETRIA OSSEA E LIMITACOES DA DENSIDADE MINERAL OSSEA

A DMO é um dos principais determinantes da resisténcia 6ssea e do risco de
fratura, sendo o parémetro de referéncia para o diagnostico de osteoporose (NIH
Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy,
2001; Silva et al., 2015). A DMO é comumente avaliada por meio da absorciometria
por dupla energia de raios X (DXA), método que mensura a densidade mineral 6ssea
areal (DMOa), expressa em g/cm?utilizando radiagao ionizante com feixes de fotons
em dois diferentes niveis de energia. A diferenga na atenuagao dos feixes, ao passar
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pelos tecidos corporais com diferentes composigdes (tecidos dsseos e partes moles),
faz com que o equipamento fornega uma medida quantitativa da DMO (BANDEIRA et
al, 2019). A osteoporose ¢ definida com o T-score da densidade mineral 6ssea de 2,5
DP ou mais abaixo do valor médio do adulto (medido no colo do fémur, coluna lombar
ou punho) em exame DXA (MORIN et al, 2025).

O diagnostico clinico da osteoporose envolve desafios importantes,
especialmente porque a DMO isoladamente nao reflete integralmente o risco de
fraturas. A analise exclusiva desse parametro pode levar a subestimacdo da
fragilidade o6ssea em determinados grupos, como individuos com obesidade, nos
quais o excesso de tecido adiposo interfere na acuracia das medidas densitométricas
(NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and
Therapy, 2001). Estudos como o de Evans et al. (2014) evidenciam que a DMO tende
a ser superestimada em regides como o quadril e a coluna lombar nesses pacientes,
0 que pode mascarar a presenc¢a de microarquitetura éssea comprometida e dificultar
a identificagao daqueles com maior risco de fratura.

Em contraste com a definicdo de osteoporose pela OMS, foi observado fratura
mesmo em pacientes com T score maior que -2,5 DP (SILVA et al 2015; CHUN, 2011).
Desta forma, o risco de fratura abrange outros fatores, como a microarquitetura,
mineralizagao 0ssea e remodelamento 0sseo, que estao diretamente relacionados a
qualidade 6ssea (SILVA et al, 2015). A microarquitetura e o remodelamento 6sseo
podem ser avaliados em biopsia através da histomorfometria e microtomografia
computadorizada, porém a bidpsia é um procedimento invasivo nao amplamente
disponivel, sendo utilizado como ferramenta de pesquisa (KULAK; DEMPSTER,
2010). Como alternativa outros meios de avaligdo desses parametros incluem exames
de imagem nao invasivos como tomografia computadorizada quantitativa e
ressonancia magnética de alta resolugéo, porem quando comparadas com a DXA
padrdo esses exames tém alto custo, maior dose de radiagcéo ionizante e acesso
limitado (NISHIYAMA; SHANE, 2013; ENGELKE et al, 2013).

A OMS e a National Osteoporosis Foundation (NOF) desenvolveram uma
ferramenta denominada FRAX (Fracture Risk Assessment Tool) utilizada para estimar
o risco de fraturas osteoporoticas com base na DMO do colo femoral e fatores de risco
clinicos para fratura: idade, género, presenca de fratura de fragilidade antes dos 50
anos de idade, uso prévio de corticoide (dose maior ou igual a 5mg por no minimo 3
meses), historia familiar de fratura de quadril, diagndstico de artrite reumatoide,
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comorbidades associadas a osteoporose secundaria (por exemplo Diabetes tipo 1,
osteogénese imperfeita, hiperparatireoidismo, hipogonadismo, menopausa precoce,
doenga hepatica cronica, hipertireoidismo de longa data), tabagismo ou etilismo e IMC
(CHUN, 2011). Desta forma essa ferramenta auxilia a identificar pacientes com alto
risco de fratura e com DMO normal, possibilitando o inicio do tratamento em pacientes
de alto risco reduzindo a incidéncia de fratura por fragilidade nessa populagdo. A
ferramenta permite acrescentar o valor do Escore do Osso Trabecular
(TBS) para ajustar o calculo do risco de fratura, incorporando informagdes sobre
a microarquitetura 6ssea que ndo séo captadas pela DMO. (SHEVROJA et al., 2023;
SCHINI et al., 2024).

Versoes recentes, como o FRAXplus, buscaram aprimorar a calibragcao e a
aplicabilidade clinica, incorporando ajustes que néo estavam disponiveis no FRAX
original. Entre as principais inovagoes, incluem-se a possibilidade de considerar o uso
cumulativo de glicocorticoides de forma graduada (e n&o apenas como variavel
binaria), ainclusdo de diabetes mellitus tipo 2 como fator de risco reconhecido, a
possibilidade de incorporar quedas recorrentes (TS, 2023).

2.3 OBESIDADE, COMPOSICAO CORPORAL E FRAGILIDADE ESQUELETICA

A obesidade se tornou uma epidemia global, sendo também um importante
problema de saude publica. De acordo com a OMS, em 2022 cerca de 2,5 bilhdes de
adultos com 18 anos ou mais estavam com sobrepeso, incluindo mais de 890 milhdes
vivendo com obesidade. Isso corresponde a 43% dos adultos classificados como
acima do peso, um aumento expressivo em relacdo a 1990, quando essa proporcao
era de 25% (WHO, 2023).

A coexisténcia de obesidade e osteoporose levanta um paradoxo: apesar de
a densidade mineral 6ssea frequentemente se apresentar aumentada em obesos,
diversos estudos apontam maior incidéncia de fraturas nessa populacio,
especialmente em sitios n&o tradicionais, como tornozelo, umero proximal e membros
inferiores, contrastando com a distribuicao tipica de fraturas osteoporoéticas em quadril
e coluna (COMPSTON, 2015). Os mecanismos para esse aumento de DMO ainda
nao sao totalmente compreendidos, mas podem envolver fatores hormonais, como a
aromatizacdo de androgenos em estrogenos pelo tecido adiposo, redugdo da
concentracdo sérica da globulina ligadora dos hormoénios sexuais (SHBG), niveis
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aumentados de insulina e estimulo a formag¢do o0ssea pelo maior carregamento
mecéanico (BANDEIRA et al., 2019).

Apesar do aumento da DMO, estudos sugerem que a obesidade compromete
a qualidade 0ssea, seja pela inflamacgao crénica, alteracdées hormonais, aumento da
adipogénese na medula 6ssea e sarcopenia, aléem do risco de quedas (BANDEIRA et
al., 2019; GKASTARIS et al., 2020; COMPSTON et al., 2023). Evidéncias recentes
demonstram que fatores metabdlicos ligados a obesidade, como a secregao elevada
de leptina e reducio de adiponectina, promovem alteracdes no metabolismo ésseo,
ora estimulando a reabsorg¢ao, ora prejudicando a formagao. Além disso, a obesidade
associa-se asequestro de vitamina D no tecido adiposo, resultando em
hipovitaminose D e hiperparatireoidismo secundario, com impacto negativo na
remodelagdo oOssea. A distribuicdo da gordura também desempenha papel central:
enquanto o tecido adiposo subcutédneo pode exercer efeito protetor, 0 acumulo de
gordura visceral e ectopica (intramuscular e medular) relaciona-se a maior secre¢ao
de citocinas pro-inflamatorias (IL-6, TNF-a, CRP) e a alteragdo do microambiente da
medula 0ssea, que passa a favorecer a diferenciagao adipogénica em detrimento da
osteogénese. Essas alteragdes culminam em maior porosidade cortical, reducéo da
resisténcia dssea e aumento do risco de fraturas, mesmo diante de valores de DMO
preservados (CHEN; ARMAMENTO-VILLAREAL, 2024).

2.4 ESCORE DE 0SSO TRABECULAR (TBS): PRINCIPIOS E FUNDAMENTOS
TECNICOS

Para além da massa 60ssea, a microarquitetura trabecular tornou-se um
componente essencial da avaliagdo da qualidade dssea. Nesse cenario, o TBS,
medido por Software (TBS iNsight® v3.03; Medimaps Group, Geneva, Switzerland),
avalia variagdes do nivel de cinza do pixel na imagem da coluna lombar da DMO,
fornecendo um indice indireto da microarquitetura trabecular (figura 1). Assim, uma
microestrutura densa projetada gera uma imagem com grande numero de variagdes
de valor de pixel de pequena amplitude, por outro lado uma estrutura porosa produz
uma imagem com baixo numero de variagdes com pixel de alta amplitude. Valores
baixos de TBS indicam degradac¢ao de microarquitetura 6ssea, o que prediz risco de
fratura osteoporotica independente de fatores de risco e DMO (COSMIER et al., 2012;
McCloskey et al., 2016).



23

O método foi inicialmente validado por comparac¢des entre imagens DXA e
reconstrugdes tridimensionais por micro-tomografia computadorizada de amostras
osseas humanas, demonstrando correlacdo significativa entre TBS e parametros
microestruturais como volume trabecular e espessura média das trabéculas
(LEWIECKI, 2024).

Por ser obtido a partir das mesmas imagens da DXA, o TBS apresenta baixo
custo adicional e pode ser retrospectivamente calculado em exames arquivados, o
gue favoreceu sua ampla aplicacao clinica e cientifica desde a aprovacao pela Food
and Drug Administration (FDA) em 2012.

Figura 1 Representacdo esquematica do Escore de Osso Trabecular (TBS)

BMD= 0.972 lllustration of TBS= 1.459
¥ W Well-structured

trabecular bone
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Imagens bidimensionais obtidas por densitometria da coluna lombar (DXA) com diferentes variacdes de tons de cinza
ilustram o conceito de textura da imagem: uma microarquitetura trabecular densa e bem conectada gera numerosas
variaces de baixa amplitude nos niveis de cinza, resultando em um TBS elevado; ja uma estrutura trabecular degradada
apresenta variacdes menos numerosas e de maior amplitude, correspondendo a um TBS reduzido.

FONTE: Figura original do artigo SILVA, B. C. et al. Trabecular Bone Score: A Noninvasive Analytical Method Based Upon the
DXA Image. Journal of Bone and Mineral Research, v. 29, n. 3, p. 518-530, 2014.

De acordo com o preconizado pelo Medimaps Group o valor de TBS <1.200
sugere microarquitetura degradada, entre 1.200 e 1.350 parcialmente degradada e 2
1.350 microarquitetura normal (COSMIER et al., 2012; McCloskey et al., 2016). Na
América Latina pode-se utilizar o valor de TBS <1.267 para microarquitetura
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degradada, entre 1.267 e 1.347 parcialmente degradada e = 1.347 microarquitetura
normal (CAMARGOS et al., 2014).

2.5 VALIDAGAO CLINICA DO TBS E APLICAGOES NO RISCO DE FRATURAS

Estudos prospectivos multicéntricos em diferentes populagdes demonstraram
gue o TBS é um preditor independente de fraturas vertebrais, ndo vertebrais e de
quadril, tanto em mulheres quanto em homens acima de 50 anos (SHEVROJA et al.,
2023; LEWIECKI, 2024).

A metanalise de McCloskey et al. (2016), incluindo 14 coortes internacionais,
confirmou que cada reducdo de 1 desvio-padrao no TBS aumenta o risco de fraturas
osteoporéticas em 19 a 200 %, independentemente da DMO e dos fatores clinicos de
risco. Esses achados foram incorporados aos consensos da International Society for
Clinical Densitometry(ISCD) e da European Society for Clinical and Economic Aspects
of Osteoporosis, Osteoarthritis and Musculoskeletal Diseases (ESCEQO), que
recomendam o uso do TBS como ferramenta complementar para avaliagao de risco e
decisao terapéutica (SHEVROJA et al., 2023).

O TBS também pode ser integrado ao algoritmo FRAX®, ajustando a
probabilidade de fratura calculada a partir de fatores clinicos e DMO. A versao
ajustada (TBS-FRAX) aumenta modestamente, mas de forma significativa, a acuracia
preditiva para fraturas maiores e de quadril (LEWIECKI, 2024).

2.6 INFLUENCIA DA ADIPOSIDADE E LIMITACOES DO TBS CLASSICO (VERSAO
3.0)

O algoritmo classico do TBS, correspondente a versao 3.0 do software TBS
iNsight®, utiliza o IMC como variavel de corre¢ao para o efeito de tecidos moles sobre
a imagem DXA. Entretanto, o IMC é uma medida global e ndo reflete a distribuicdo
regional da gordura corporal. Em individuos com obesidade abdominal, o
espessamento tecidual sobre a coluna lombar atenua o feixe de raios X, reduzindo
artificialmente a variabilidade dos niveis de cinza e levando a subestimacado dos
valores de TBS (HANS et al., 2022).

Consequentemente, pacientes com adiposidade central podem apresentar
valores de TBS aparentemente normais, mascarando degradagao microestrutural
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real. Estudos mostraram que o TBS classico perde acuracia em individuos com IMC
= 37 kg/m?, faixa frequentemente excluida de analises populacionais (BONACCORSI
et al., 2020; SHEVROJA et al., 2023). Essa limitagcdo motivou o desenvolvimento de

algoritmos capazes de considerar diretamente a espessura regional do tecido mole.

2.7 ATUALIZAGAO DO ALGORITMO: TBS CORRIGIDO PELA ESPESSURA
TECIDUAL (TBS TT / VERSAO 4.0)

Para contornar esse viés, versoes iniciais (TBS iNsight) 3.0.2.0 e 3.0.3.0
corrigiam indiretamente o TBS pelo indice de massa corporal, porém o IMC nao leva
em consideracgdo a distribui¢do de gordura. Mais recentemente, a versao 4.0 (também
denominada TBS TT — Tissue Thickness) introduziu a corre¢ao direta pela espessura
regional de tecidos moles, medida nas imagens de DXA. Esse aprimoramento elimina
a dependéncia do IMC e permite ajuste mais especifico para cada paciente, aléem de
se associar de forma mais consistente a risco de fratura (HANS et al, 2022; MCLUNG
et al., 2025).

No estudo FREEDOM, analise pos-hoc de 279 mulheres na pds-menopausa
tratadas com denosumabe ou placebo demonstrou que o TBS v4.0
apresentou variacdées mais pronunciadas e consistentes em resposta ao tratamento,
com aumento medio de 3,3 % em 36 meses, significativamente superior ao obtido pelo
TBS corrigido por IMC (p < 0,0001). Além disso, o TBS TT foi independente da DMO
e pouco correlacionado com o IMC, indicando que mede aspectos distintos da
gualidade dssea.

Posteriormente, McClung et al. (2025) avaliaram o TBS v4.0 em 378 mulheres
do estudo ARCH, comparando romosozumabe seguido de alendronato com
alendronato isolado. Observou-se incremento de 3,6 % no TBS v4.0 apds 12 meses,
mantido aos 36 meses, independentemente das mudancas na DMO. Os autores
destacaram que o TBS TT foi capaz de identificar melhora microestrutural mesmo
quando o ganho densitométrico era modesto, reforgando sua sensibilidade

terapéutica.

2.8 COMPARAGOES ENTRE VERSOES: IMPACTO CLINICO DA ATUALIZACAO
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Estudos comparativos entre as versbes 3.0 e 4.0 do software TBS
iNsight® mostraram que a atualizagdo gera valores absolutos significativamente
maiores de TBS, refletindo correc¢ao do viés de subestimagao causado pela espessura
de partes moles (SHEVROJA et al., 2023; HANS et al., 2022).

Além disso, a correlagdo entre TBS v4.0 e variaveis como idade, DMO e
espessura da parede abdominal permanece significativa, enquanto a influéncia do
IMC global é atenuada. A ESCEO e a IOF reconhecem que o TBS v4.0 pode ser
aplicado em pacientes com IMC = 37 kg/m?, desde que a aquisi¢do das imagens seja
tecnicamente adequada (SHEVROJA et al., 2023).

Esses avancos reforcam o papel do TBS v4.0 como ferramenta mais precisa
para avaliacdo da qualidade 6ssea em contextos de elevada adiposidade, como a
obesidade abdominal.

Paralelamente, revisbes recentes em grandes periddicos, como o JAMA
(NICHOLSON et al., 2025), reforgam a necessidade de integrar além da DMO, o TBS
as ferramentas de risco como 0 FRAX, de modo a refinar a estratificacéo clinica,
particularmente em grupos de risco intermediario. Essas evidéncias apontam que a
decisao terapéutica deve considerar nao apenas a quantidade de 0sso, mas também
a sua qualidade, traduzida por parametros como o TBS incorporados a ferramenta de
calculo de fratura.



27

3 ARTIGO

Esta se¢ao apresenta o artigo resultante da dissertagdo do mestrado, submetido a
revista Bone e apresenta-se no formato de submissdo conforme as orientagdes da

revista.

Impact of Abdominal Adiposity Correction on Trabecular Bone Score (TBS) in Obese

Women: A Comparative Study of Software Versions 3.0 and 4.0 with a Predictive Model

12Fernanda Perin Maia Strack, *Victdria Zeghbi Cochenski Borba

Department of Internal Medicine, Federal University of Parana
Servigo de Endocrinologia e Metabologia do Hospital de Clinicas da Universidade Federal do

Parana (SEMPR), Curitiba, PR, Brasil

Corresponding author:

Victoria Zeghbi Cochenski Borba

Servigo de Endocrinologia e Metabologia do Hospital de Clinicas da Universidade Federal do
Parana

Av. Agostinho Ledo Junior, 285

80030-110 — Curitiba, PR, Brasil

vzcborba@gmail.com



mailto:angelinemassignan@gmail.com,

28

Abstract

Purpose: To evaluate the impact of soft-tissue thickness correction on trabecular bone score
(TBS) in obese women across different BMI categories, comparing software versions 3.0 and
4.0, and to examine their associations with bone mineral density (BMD), fracture occurrence,
and clinical variables. Methods: This cross-sectional study included 247 obese women (BMI
>30 kg/m?) who underwent lumbar spine densitometry with TBS assessment using versions 3.0
and 4.0 of the TBS iNsight® software. Demographic, anthropometric, and BMD data were
analyzed. Correlations and multivariate linear regression models were used to assess
associations between TBS 4.0, BMD, fractures, and clinical parameters. Results: TBS 4.0 were
lower than TBS 3.0 across all BMI categories (p < 0.001), with the largest reductions observed
in women with BMI > 37 kg/m?2. Classification of TBS changed in 34% of cases when using
version 4.0, with a greater proportion reclassified to degraded categories. TBS 4.0 correlated
positively with lumbar spine BMD (r=0.42, p <0.001) and inversely with BMI and abdominal
wall thickness (r =—0.51, p <0.001). Abdominal wall thickness was an independent predictor
of TBS 4.0, and a regression model including TBS 3.0, age, and abdominal wall thickness
explained 86% of its variability. Women with fractures showed lower TBS values, though not
significant. Conclusions: The TBS 4.0, by incorporating automatic correction for soft-tissue
thickness, provides lower values that better reflect true trabecular microarchitecture by
mitigating the overestimation of previous versions in obese women.

Keywords: Trabecular Bone Score; Obesity; Bone Mineral Density; Soft-tissue thickness;

Fracture risk; DXA.
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Introduction

Osteoporosis is a systemic skeletal disorder characterized by low bone mass and
microarchitectural deterioration, leading to increased skeletal fragility and a higher risk of low-
impact fractures, which are associated with substantial morbidity, mortality, and health-care
costs worldwide [1, 2]. It is estimated that one in three women and one in five men over the age
of 50 will experience an osteoporotic fracture during their lifetime, underscoring the clinical
and epidemiological relevance of this condition [2].

The global prevalence of obesity has reached epidemic proportions. Although excess
body weight was traditionally regarded as protective for the skeleton due to greater mechanical
loading, emerging evidence indicates that obesity can adversely affect bone microarchitecture
through inflammatory, hormonal, and metabolic mechanisms [3,4]. In postmenopausal women
with obesity, the prevalence of fragility fractures reaches approximately 27%, frequently
occurring at atypical sites for osteoporosis, such as the ankle, lower limbs, and proximal
humerus [5,6].

Diagnosing osteoporosis in obese individuals remains challenging. Bone mineral
density (BMD), the principal parameter used for osteoporosis diagnosis, is often normal or even
elevated in this population, which may lead to underestimation of fracture risk. This limitation
is partly related to technical constraints of dual-energy X-ray absorptiometry (DXA),
particularly X-ray beam attenuation by excess soft tissue, but also reflects the complex interplay
between increased adiposity and intrinsic bone quality, which is not fully captured by areal
BMD measurements.. Consequently, reliance on BMD alone may mask skeletal fragility and
hinder accurate identification of individuals at risk, highlighting the need for complementary

diagnostic tools [7-10].
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Bone strength and fracture risk depend not only on bone mass but also on other
components such as bone microarchitecture and remodeling dynamics, which are not captured
by BMD assessment [10,11].

The Trabecular Bone Score (TBS; TBS iNsight®, Medimaps Group, Geneva,
Switzerland) has emerged as a promising, non-invasive index that provides an indirect
evaluation of trabecular microarchitecture from lumbar spine dual-energy X-ray absorptiometry
(DXA) images. TBS quantifies the variation in pixel gray-level texture across the DXA image:
greater numbers of low-amplitude gray-level variations correspond to denser, better-connected
trabeculae (higher TBS values), whereas fewer, high-amplitude variations indicate more porous
and fragile bone (lower TBS values) [12,13]. Accordingly, low TBS values reflect deterioration
of trabecular microarchitecture [14]. TBS provides an index of bone quality that predicts
osteoporotic fracture risk independently of BMD and clinical risk factors.

However, earlier versions of the TBS iNsight® software (e.g., version 3.0) had
methodological limitations, including susceptibility to image noise and particularly to the
impact of abdominal soft-tissue thickness. This effect could artifactually increase TBS values,
especially in individuals with high body mass index (BMI > 37 kg/m?), compromising
diagnostic accuracy and risk stratification in this population [10]. Version 3.0 partially
addressed this issue by applying a global BMI-based adjustment; however, BMI is an imperfect
surrogate for regional adiposity and does not account for local variations in soft-tissue
distribution, limiting its corrective precision in certain patients [12].

To overcome these limitations and enhance accuracy in individuals with obesity, the
Medimaps Group introduced a new version of the software (TBS iNsight® 4.0), incorporating
an automatic correction algorithm for X-ray attenuation caused by regional soft-tissue thickness

measured directly from the DXA image [12,15].
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Validating and understanding the clinical implications of this updated version is crucial,
particularly given the consistent observation that TBS 4.0 yields lower values than TBS 3.0
among individuals with obesity. Furthermore, establishing the relationship between
measurements obtained from both versions can facilitate study comparability and enable
retrospective application of clinical data.

The present study aimed to evaluate the impact of soft-tissue thickness correction on
TBS values in women with obesity across different BMI categories, comparing the results
obtained with versions 3.0 and 4.0 of the software, and to analyze their associations with BMD,

fracture occurrence, and clinical variables.

Materials and methods
Study design

This was a single-center, cross-sectional study conducted through a retrospective
analysis of a database of patients with obesity from the Endocrinology and Metabolism Division
of the Hospital de Clinicas, Federal University of Parana (SEMPR). Female patients diagnosed
with obesity who were followed at SEMPR and had participated in a previous obesity study
approved by the Institutional Ethics Committee (CAAE: 51231215.5.0000.0096; approval no.
2.042.484) were included.

Eligible participants were women aged 18 years or older, with a diagnosis of obesity
(BMI > 30 kg/m?), body weight within the operational limit of the densitometer (up to 120 kg),
who were under regular endocrinology follow-up and had undergone BMD assessment and
TBS evaluation using both software versions (3.0 and 4.0).

Exclusion criteria included missing medical records, absence of DXA examination, or
the presence of diabetes or other chronic conditions such as malabsorptive, rheumatologic, or

autoimmune diseases, chronic inflammatory disorders, history of uncontrolled
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hyperthyroidism, neoplasia, chronic use of anticonvulsants, hypogonadism, and chronic kidney
disease with estimated creatinine clearance <60 mL/min/1.73 m?2 Patients with prolonged

corticosteroid use were also excluded.

Study assessments

Demographic and anthropometric data — including age, race, weight, height, and BMI
— were extracted from medical records. Bone densitometry results were obtained either from
the records or directly from the DXA system (Lunar Prodigy Advance, GE Medical Systems
Lunar, Madison, WI, USA; weight limit 120 kg). Lumbar spine (L.1-L4), total hip, and femoral
neck BMD data were collected.

BMD values were analyzed according to the World Health Organization and the
International Society for Clinical Densitometry (ISCD) criteria and categorized as normal, low
bone mass for age, osteopenia, or osteoporosis.

TBS evaluation (versions 3.0and 4.0) was performed by the Medimaps Group (TBS
iNsight®, Medimaps Group, Geneva, Switzerland). For interpretation of TBS v3.0, the Latin
American reference database was used, classifying microarchitecture as: Degraded: TBS <
1.267; Partially degraded: 1.267 < TBS < 1.347; Normal: TBS > 1.347.

As no validated cut-off points are currently available in the literature for TBS v4.0,
thresholds for this version were derived from the tertile distribution of the total sample, and
therefore, apply specifically to the current study population:

First tertile - Normal microarchitecture: TBS > 1.345; second tertile - Partially degraded: 1.219
<TBS < 1.345; third tertile - Degraded: TBS <1.219.

Homogeneity of marginal proportions between TBS versions 3.0 and 4.0 was evaluated

using the Stuart—-Maxwell symmetry test.
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Patients were analyzed individually and subsequently stratified into two groups
according to BMI: <37 kg/m? and >37 kg/m2 This cutoff was chosen due to the known

limitation of interpreting TBS v3.0 values in individuals with BMI > 37 kg/m?2.

Statistical analysis

Data analysis was performed using IBM SPSS Statistics, version 29.0.2 (IBM Corp.,
Armonk, NY, USA). Quantitative variables were described as mean, standard deviation,
minimum, and maximum values, while categorical variables were expressed as absolute and
relative frequencies.

Normality of quantitative variables was assessed using the Kolmogorov—Smirnov test,
and homogeneity of variances was evaluated with Levene’s test. Comparisons of quantitative
variables between two groups defined by categorical variables were performed using the
independent-samples t-test. For comparisons involving more than two groups, one-way analysis
of variance (ANOVA) with Bonferroni post hoc test was applied, or, when appropriate, the
nonparametric Kruskal-Wallis test followed by Dunn’s post hoc test.

Associations between categorical variables were evaluated using Fisher’s exact test or
the chi-square () test. Comparison between TBS versions 3.0 and 4.0 in terms of classification
categories (normal, partially degraded, degraded) was conducted using the Stuart—-Maxwell
symmetry test. Linear correlation between TBS v4.0 and v3.0 values was estimated using
Pearson’s correlation coefficient. Agreement between versions was examined using Bland-
Altman analysis, with evaluation of mean bias and limits of agreement.

The prediction model for TBS v4.0 based on TBS v3.0 was developed using a linear

regression approach, with TBS v4.0 as the dependent variable and TBS v3.0 as the explanatory
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variable, along with selected clinical covariates. Initially, correlations among predictor
variables were evaluated to identify potential multicollinearity risks.

To assess predictive performance, the total sample was randomly divided into two
subsets: 70% of cases for model training and 30% for validation (testing sample). In the testing
sample, descriptive statistics of predicted and observed values, as well as their differences, were
computed to assess bias and predictive accuracy. After model fitting, residuals were analyzed,
and the coefficient of determination (R?) was reported. The variance inflation factor (VIF) was
calculated to assess multicollinearity among independent variables.

The derivation of the prediction formula followed three sequential steps:

1. Univariate model: A simple linear regression model was fitted using TBS v4.0 as the
dependent variable and TBS v3.0 as the sole explanatory variable.

2. Global multivariate model: To improve predictive power, clinical and demographic
variables significantly correlated with TBS v4.0 (age, L1-L4 BMD, and abdominal wall
thickness) were included. The final regression equation was derived from the training
sample, with each coefficient representing the specific and independent contribution of
its variable to the prediction of TBS v4.0.

3. Model validation: The adequacy of the final multivariate model was tested in the
validation subset.

For all analyses, p < 0.05 was considered statistically significant. For multiple post hoc

comparisons, p-values were adjusted using the Bonferroni correction method.

Results

General characteristics of the study population
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From a total sample of 283 patients, 36 were excluded (21 due to comorbidities; 6 due
to incomplete data; 7 were male; and 2 presented extreme TBS values). The final sample
included 247 women, mean age of 59.2 + 15 years, predominantly White, and with a mean body
mass index (BMI) of 35.0 + 3.7 kg/m?, all with a diagnosis of obesity.

The BMD at the lumbar spine (L1-L4) was 1.11 = 0.19 g/cm?, the mean abdominal wall
thickness was 26.0 + 2.3 mm, and the mean total body fat percentage was 41.4 £ 6.9%. BMD
was normal in 40.1% of the patients, 38.1% had osteopenia, 19.4% had osteoporosis, and 2.4%
were below the expected range for age.

Sample stratification according to BMI showed 183 (74.1%) patients with BMI < 37
kg/m? and 64 (25.9%) BMI > 37 kg/m?2. Participants with BMI > 37 kg/m? showed significantly
greater abdominal wall thickness (28.1 + 1.8 mm) and higher total body fat percentage (44.3 £
5.6%) compared with those with BMI < 37 kg/m? (252 + 1.9 mm and 40.3 + 7.1%,
respectively; p < 0.001 for both).

Patients clinical and densitometric characteristics are summarized in Table 1.
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Table 1 Demographic and densitometric characteristics of the total sample and according to

body mass index (BMI) categories

Variable

Total sample BMI <37 BMI > 37
Mean+ SD _ _ _ p
(i) (n=247) (n=183) (n=64)
592+ 15 617+143  52.1+147
Age (ycars) (18 - 86) (18 - 86) (20 - 83) <0.001
Race n(%)
gi&f 232(93.9%) 174 (95.1%) 58 (90.6%) 0183
Acen 14 (5.7%) 9 (4.9%) 5(7.8%) '
1 (0.4%) 0 (0%) 1 (1.6%)
Weight (kg) 8394123 794483 969%127 o
(47.7-128)  (46.7-100) (60— 128) :
Height (m) 1.55+£0.07 1544007  1.55+0.09 0.691
(120-1.74)  (124-1.74) (1.20—1.71) :
BMI (kg/m?) 350437 332+17 403£27 oo
(30 -51.1) (0-369)  (37.1-51.1) :
BMD (g/cm?) -
1.11£0.19 115£0.18  1.14+0.18
L1-L4 0.63-185) (0.63-185) (0.76-167y 101
092+0.16  091£0.15  0.96+0.18
Femoral neck 051-144) (0.62—144) (058—134) 03
. 1.00£0.16  098+0.15  1.05+0.18
Toral Hip 053-150) (0.60—150) (053—-138) 00
Abdominal wall thickness 260£23 252419 28118 oo
(mm) (20.5-32.6) (20.5-32.6) (23.8-32.5) :
Total body fat percentage 414+6.9 403+7.1 443+56 <0.001
(%) (19.9-60.1)  (19.9-60.1) (31.9-57.9) :
BMD, n (%)
Normal 69 (37.7%) 3 (1.6%) 30 (46.9%)
Below expected 99 (40.1%) 70 (38.3%) 3 (4.7%) 0.110
Osteopenia 6 (2.4%) 41 (224%) 24 (37.5%)
Osteoporosis 94 (38.1%) 69 (37.7%) 7 (10.9%)
BMD classification, n (%)
Normal 99 (40.1%)  69(37.7%) 30 (46.9%) 0.302

Low

149 (60.3%)

114 (62.3%)

35 (54.7%)

Student s t-test for independent samples (quantitative variables),; Fishers exact test or chi-square test

(categorical variables); p < 0.05. BMI = Body mass index; BMD = Bone mineral density;, Min = Minimum;

Max = Maximum,; SD = Standard deviation
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Comparison of TBS between versions 3.0 and 4.0

Mean TBS values were significantly higher in version 3.0 compared with version 4.0
(1.308 + 0.166 vs. 1.284 + 0.125; p= 0.001), showing a strong positive correlation (r = 0.75;
95% confidence interval [CI]: 0.68-0.80; p <0.001) and a mean absolute difference of 0.024 +
0.111 (95% CI: 0.010-0.037) (Figure 1). On average, TBS v4.0 corresponded to 98.9% + 9.3%
of the value obtained with version 3.0, representing a mean reduction of approximately 1.1%.
The intraclass correlation coefficient (ICC) was 0.83 (95% CI. 0.78-0.87), indicating good
agreement between the versions.

When stratified by BMI, a distinct pattern was observed between groups. Among
patients with BMI < 37 kg/m? (n= 183), there was a strong positive correlation between
versions (r= 0.76; 95% CI: 0.69-0.81; p < 0.001), and TBS values were virtually identical
(1.280 £ 0.165 vs. 1.274 + 0.124; p = 0.402), with a mean absolute difference of only 0.007 +
0.107 (95% CI: —0.009 to 0.022) and an ICC of 0.84 (95% CI: 0.79-0.88).

In contrast, among patients with BMI > 37 kg/m? (n = 64), a positive correlation
between versions was also observed (r = 0.69; 95% CI: 0.54-0.80; p < 0.001), but TBS values
were significantly higher in version 3.0 than in version 4.0 (1.386 = 0.146 vs. 1.314 = 0.125,
respectively; p < 0.001). The mean absolute difference was 0.072 £ 0.108 (95% CI. 0.045-
0.099), with TBS v4.0 corresponding, on average, to 95.2% + 7.5% of the value obtained with
version 3.0 (95% CI: 93.3%-97.1%). The ICC remained high (0.81; 95% CI: 0.69-0.89),
reflecting a strong correlation between the versions, although with a tendency toward

overestimation of TBS values by version 3.0 in individuals with higher BMIL
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Figure 1 Correlation between software versions 3.0 and 4.0 of Trabecular Bone Score (TBS)

(A) Total sample (n = 247); (B) Subgroup with BMI <37 kg/m? (n = 183); (C) Subgroup with BMI > 37 kg/m? (n = 64)

The classification of TBS (normal, partially degraded, and degraded) differed
significantly between versions 3.0 and 4.0 (p <0.001). Although the overall agreement between
the versions was 66%, a discrepancy was observed in 34% of cases, with 19% of patients
classified by version 3.0 in a better microarchitectural category than that assigned by version
4.0. The Kappa coefficient was 0.49 (95% CI: 0.41-0.57), indicating moderate agreement
between versions.

When stratified by BMI, distinct patterns were observed between subgroups. Among
patients with BMI < 37 kg/m?, the agreement rate was slightly higher (69.4%), with a Kappa
coefficient of 0.54 (95% CI: 0.44-0.63), still reflecting moderate agreement. In this BMI
category, the distribution of classifications was similar between the two versions (p <0.001).

In contrast, in the group with BMI > 37 kg/m?, the version 4.0 classified a greater
proportion of cases as partially degraded (18.8% vs. 35.9%). Agreement between classifications
was observed in only 36 cases (56.3%), with a Kappa coefficient of 0.32 (95% CI: 0.15-0.50),
consistent with fair agreement. Overall, 16 patients (25%) who were not identified as having
degraded TBS in version 3.0 were reclassified as degraded in version 4.0, suggesting that the
older version may have underestimated microarchitectural impairment in patients with higher

degrees of obesity.
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Correlation between demographic and clinical variables and both TBS versions

The correlation between demographic and clinical variables with TBS values was
initially analyzed in the total sample and subsequently stratified by BMI (<37 and >37 kg/m?),
as shown in Table 2. A positive correlation with BMI and a negative correlation with age were
observed for both TBS versions and across all BMI categories.

Abdominal wall thickness showed a negative correlation with TBS values in version
3.0; however, in version 4.0, this association was significant only among patients with BMI <
37 kg/m2. Total body fat percentage did not show any relevant association with TBS in any of
the analyses. Lumbar spine (L1-L4) BMD demonstrated a positive correlation with TBS values

in all subgroups and for both software versions.
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Table 2 Correlations Between Trabecular Bone Score (TBS) Versions 3.0 and 4.0 and

Quantitative Variables

Variable Sample r (TBS 3.0) r (TBS 4.0)
BMI Total 0.32% 0.17*
Age Total -0.51* -0.58*
BMI < 37 -0.50* -0.61*
BMI > 37 -0.38%* -0.43*
Abdominal wall thickness Total -0.27% -0.08
BMI <37 -0.51* -0.21%%*
BMI > 37 -0.57* -0.12
Total body fat percentage Total -0.04 0.05
BMI < 37 -0.11 0.01
BMI > 37 -0.12 0.01
L1-L4 BMD Total 0.35% 0.51*
BMI < 37 0.33* 0.51*
BMI > 37 0.36%** 0.49*

BMI = Body mass index; BMD = Bone mineral density; TBS = Trabecular Bone Score; v = Pearson’s

correlation coefficient. p < 0.05 indicates statistically significant correlation. *p< 0,01; **p<0,05

Association between TBS, clinical fractures and BMD

Among the 247 women evaluated, 86 (34.8%) had a history of clinical fracture, most

of them with only one event (72.1%). The mean TBS values were significantly lower in patients

with fractures compared to those without, both in version 3.0 (1.258 + 0.164 vs. 1.334 +

0.162; p <0.001) and in version 4.0 (1.251 £0.129 vs. 1.302 + 0.119; p = 0.003).

Receiver operating characteristic (ROC) curve analysis demonstrated moderate

accuracy for both versions in predicting fractures, with areas under the curve (AUC) of 0.624
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(95% CI: 0.551-0.696) for TBS v3.0 and 0.621 (95% CI: 0.547-0.695) for TBS v4.0, with no
significant difference between them (p = 0.927), as shown in Figure 2.

When stratified by BMI, diagnostic performance remained similar in both groups.
Among patients with BMI < 37 kg/m?, the AUCs were 0.618 (95% CI: 0.535-0.702) for TBS
v3.0 and 0.620 (95% CI: 0.537-0.703) for TBS v4.0 (p = 0.961). In the group with BMI > 37
kg/m? the AUCs were 0.590 (95% CI: 0.434-0.747) and 0.595 (95% CI. 0.408-0.782),
respectively (p = 0.945).

Patients with low densitometry results showed significantly lower mean TBS values
in both software versions. For TBS v3.0, mean values were 1.253 = 0.160 versus 1.391 4+ 0.140
(p < 0.001), and for TBS v4.0, 1.229 + 0.111 versus 1.368 + 0.095 (p < 0.001). ROC curve
analysis indicated good discriminative ability of TBS for identifying low DXA results, with
areas under the curve (AUC) of 0.743 (95% CI: 0.681-0.805) for TBS v3.0 and 0.831 (95% CI:
0.780-0.881) for TBS v4.0, showing a significant advantage for version 4.0 (p <0.001) (Figure
2).

When stratified by BMI, this superiority of version 4.0 was maintained among patients
with BMI < 37 kg/m? (AUC = 0.768 vs. 0.875; p <0.001). In the group with BMI > 37 kg/m?,
the AUC values were lower (0.651 vs. 0.694), with no significant difference between versions

(p = 0.457).
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Figure 2 Accuracy of the Trabecular Bone Score (TBS) for predicting (A) clinical fracture

and (B) low bone mineral density.

Among patients with normal bone densitometry, the distribution of TBS v4.0
categories was similar between those with and without fractures (p = 0.956). A normal TBS
v4.0 was observed in 58.5% of patients without a fracture and 62.5% of those with a fracture;
partially degraded scores were found in 34.1% and 31.3%, and degraded scores in 7.3% and
6.3%, respectively.

In patients with low densitometry results, TBS v4.0 showed a higher frequency of
degraded or partially degraded classifications (p = 0.369). The degraded category was identified
in 45.6% of patients without fracture and 57.1% of those with fracture; the partially degraded
category in 36.7% and 28.6%; and the normal category in 17.7% and 14.3%, respectively.

In multivariate analysis, abnormal bone densitometry was significantly associated with
the presence of fracture (odds ratio [OR] = 3.93; 95% confidence interval [CI]: 1.92-7.99; p <
0.001), whereas TBS v4.0 categories were not independently associated: partially degraded
(OR =0.90; 95% CI: 0.42—-1.90; p = 0.776) and degraded (OR = 1.40; 95% CI: 0.64-3.04; p =

0.396).
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Estimation of TBS v4.0 based on TBS v3.0, demographic and clinical variables

Significant correlations were observed between TBS v4.0 and TBS v3.0, age, BMI,
abdominal wall thickness, and lumbar spine BMD (L1-L4), which justified the development of
linear regression models to estimate TBS v4.0. Multicollinearity analysis indicated the absence
of relevant collinearity among predictors (VIF <5).

The univariate model, using only TBS v3.0 as the independent variable, explained
57.4% of the variance in TBS v4.0 (adjusted R2 = 0.574; p < 0.001). The inclusion of clinical
and demographic variables associated with TBS v4.0 (age, L1-L4 BMD, and abdominal wall
thickness) significantly increased the explanatory power of the model, raising the adjusted R?
to 68.7% (p < 0.001), as shown in Supplementary Table 1.

Based on this multivariate model, a predictive equation for TBS v4.0 was derived,
presented in Figure 4, with coefficients reflecting the independent contribution of each variable.
In the validation sample, the model demonstrated excellent performance, with a low mean
prediction error (0.012 £+ 0.071) and good calibration between observed and predicted values,

confirming its robustness for estimating TBS v4.0 from clinical parameters and TBS v3.0.

BMl-stratified predictive models

Given the clinical relevance of BMI, separate predictive models were also developed
for patient BMI subgroups.

Patients with BMI < 37 kg/m? (n = 183):

A multivariate model including TBS v3.0, L1-L4 BMD, abdominal wall thickness, and

age achieved an adjusted R? of 70.4% (p < 0.001), representing a 13.1% improvement over the
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univariate model. The predictive equation derived for this group is shown in Figure 3. Model
adequacy assessment revealed a mean difference of 0.000 between predicted and observed
values, with a standard error of 0.067, indicating consistent predictive performance and the

absence of systematic bias.

Patients with BMI > 37 kg/m? (n = 64):

In this subgroup, the inclusion of L1-L.4 BMD, abdominal wall thickness, and age in
the model containing only TBS v3.0 significantly improved the predictive ability for TBS v4.0.
The adjusted R? of the multivariate model reached 60.1% (p < 0.001), representing a 12.9%
increase compared to the univariate model. A specific predictive equation for patients with BMI
> 37 kg/m? was derived by fitting a multivariate linear regression model using the estimated
coefficients (presented in Supplementary Table 2) for the predictor variables, allowing more
accurate estimation of TBS v4.0 in this high-risk population. The predictive equation for this
subgroup is displayed in Figure 3.

Model validation demonstrated a mean difference of 0.000 between predicted and
observed values (standard deviation = 0.076), confirming the adequacy of the fit and the
absence of systematic bias. The performance of the predictive models is summarized in Figure
3, showing strong agreement between observed and predicted TBS v4.0 values, both in the total

sample and in BMI-stratified subgroups.
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TBS v4.0* = 0.563 + 0.456*(TBS v3.0) — 0.002*(age) TBS v4.0* = 0.375 + 0.491 x (TBS v3.0) + 0.128 x (L1-
+0.164*(L1-L4) + 0.002*(Abdominal wall thickness) L4) + 0.010 x (Abdominal wall thickness) — 0.002 x (Age)

TBS v4.0* =-0.378 + 0.671 x (TBS 3.0) + 0.135 x (L1-L4) +
0.023 x (Abdominal wall thickness) — 0.001 x (Age)

Figure 3 Predictive equations and performance of the linear regression model for estimating

TBS v4.0 from TBS v3.0 in the total sample and in BMI-stratified subgroups.

(A) Total sample (n = 247); (B) Subgroup with BMI < 37 kg/m? (n= 183); (C) Subgroup with BMI > 37 kg/m?

(n=64). TBS = Trabecular Bone Score. *Predictive equation for estimating TBS v4.0 values.

Discussion

The present study explored the complex relationship between obesity and bone quality,
specifically assessing the influence of abdominal wall thickness on TBS values in women with
obesity. Our findings demonstrated good overall agreement between versions 3.0 and 4.0 of
the TBS iNsight® software; however, version 4.0 consistently yielded lower absolute TBS
values, particularly among patients with BMI > 37 kg/m?2. These results indicate that the updated
algorithm corrects the overestimation bias of trabecular microarchitecture observed in the
previous version, leading to the reclassification of some patients into lower-quality categories.
This reflects a more sensitive and realistic assessment of bone status in individuals with
increased adiposity, allowing for more reliable identification of skeletal fragility risk in this
population.

These findings are broadly consistent with previous literature highlighting the
limitations of the earlier algorithm (TBS v3.0), particularly in individuals with substantial

abdominal soft tissue, as previously reported by Silva et al. [16]. The validation of this



46

correction in our cohort of obese women confirms the effectiveness of this methodological
innovation.

The enhancement achieved with TBS v4.0 has been supported by several studies. The
OsteoLaus study confirmed that TBS v4.0 eliminates the previously observed negative
correlation between TBS and BMI, resulting in greater accuracy in fracture risk stratification
[17]. Similarly, analyses from the FREEDOM trial demonstrated that the updated TBS retains
its independent predictive value for osteoporotic fractures even after adjustment for BMD and
other clinical risk factors [ 14]. More recently, McClung et al. reinforced that TBS v4.0 not only
offers improved diagnostic precision in identifying individuals with compromised trabecular
microarchitecture—especially in obese populations—but also enhances fracture risk
reclassification when used in conjunction with BMD [18].

Despite the significant mean differences in TBS values between patients with and
without fractures, the discriminative accuracy of TBS for predicting clinical fractures was only
moderate in our cohort, with no significant difference between versions 3.0 and 4.0 or between
BMI subgroups as detailed in the results. This finding, while seemingly modest for a bone
quality marker, requires careful interpretation in light of several study characteristics.

This finding likely reflects the limited number of fracture events, the predominance of
non-classical osteoporotic fracture sites in obesity, and the specific characteristics of this
population. In line with current recommendations, our results reinforce the role of TBS as a
complementary marker—intended to be interpreted alongside BMD and/or FRAX (adjusted for
TBS)—in the integrated assessment of fracture risk [12,15,17].

Despite the significant mean differences between patients with and without fractures,
the area under the curve (AUC = 0.62), indicated limited discriminative ability for TBS—
similar to that reported in other cross-sectional studies with a restricted number of events and

predominantly non-vertebral fractures [13,14]. Nonetheless, the consistent pattern of lower
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TBS values among patients with fractures supports its value as an indicator of trabecular
quality, particularly when analyzed in conjunction with BMD and clinical risk factors, as in the
FRAX algorithm, which provides greater predictive robustness [15,19].

A particularly critical aspect highlighted by our findings is the clinical impact of
underestimating fracture risk in patients with obesity. Although excess body weight has
historically been considered protective for the skeleton due to increased mechanical loading,
growing evidence indicates that adipose tissue accumulation exerts direct deleterious effects on
bone microarchitecture [3,4,20]. In this context, the use of less precise algorithms, such as TBS
v3.0 in individuals with high BMI, may contribute to the underdiagnosis of trabecular fragility
and, consequently, to missed opportunities for timely therapeutic intervention—culminating in
an increased risk of fragility fractures in this population.

The higher sensitivity of TBS v4.0, especially in the group with BMI > 37 kg/m?, helps
close this diagnostic gap by allowing a more accurate risk stratification and more appropriate
clinical management. In the OsteoLaus study, Gatineau et al. demonstrated that the individual
differences between TBS v3.0 and v4.0 were strongly associated with body fat distribution,
particularly abdominal adiposity [21]. Patients with greater soft-tissue thickness in the lumbar
region exhibited artificially higher TBS v3.0 values, which were corrected by version 4.0,
confirming the direct influence of overlying adipose tissue on measurement accuracy. The
automated correction for tissue thickness incorporated into the new algorithm effectively
neutralizes X-ray attenuation effects, resulting in more precise and physiologically coherent
estimates of bone quality—particularly in individuals with central obesity, where BMI alone
does not adequately reflect abdominal wall thickness.

In this study, fracture assessment was based on self-reported clinical history without
radiographic confirmation, which may have contributed to under- or overestimation of events.

Therefore, the absence of a significant association between TBS and fracture should be



48

interpreted with caution. Previous studies have shown that TBS is a strong independent
predictor of vertebral, hip, and major osteoporotic fractures even after adjustment for BMD and
clinical risk factors [13,22]. Additionally, fracture site distribution tends to differ in individuals
with obesity, being more frequent in the ankle, humerus, and other peripheral regions, with a
lower incidence of vertebral and hip fractures [3]. This variation reflects not only biomechanical
and fall-pattern differences but also region-specific alterations in bone microarchitecture related
to adiposity [4]. Thus, the lack of correlation between TBS and fractures in our sample may
result both from the self-reported nature of fracture data and from the distinct anatomical
distribution of fractures in obese individuals.

An additional and innovative contribution of our study lies in demonstrating that TBS
v4.0 can be accurately estimated from TBS v3.0 values when combined with demographic and
clinical variables such as age, abdominal wall thickness, and lumbar BMD. The multivariate
linear regression model we developed achieved an adjusted R? of 68.7% for the total sample,
significantly higher than that of the univariate model. This approach not only validates the
applicability of historical data but also enables harmonization and comparability of results
across studies using different software versions—overcoming an important methodological
challenge in the field. Furthermore, this predictive model may serve as a practical tool in
settings where version 4.0 is not yet widely available, offering an estimated correction for TBS
values. The reduced concordance between versions observed in patients with higher BMI
underscores that the automated correction of version 4.0 is particularly advantageous for this
subgroup, in which underdiagnosis has greater clinical implications.

Most studies evaluating TBS have excluded individuals with BMI > 37 kg/m? due to
technical limitations related to soft-tissue thickness. However, this population warrants special
attention, as obesity is increasingly recognized as a factor potentially detrimental to bone

quality. In this context, the present study is clinically relevant because it includes patients with
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higher degrees of obesity, thereby expanding current knowledge of TBS performance in a group
that is often excluded from analyses and potentially underdiagnosed for fracture risk. As
demonstrated by Shevroja et al. TBS v4.0 is the recommended version for use in patients with
severe obesity, as it incorporates automatic correction for soft-tissue thickness, reducing
attenuation bias and improving the accuracy of trabecular microarchitecture assessment in this
population [13].

Despite these important contributions, some limitations of this study must be
acknowledged. First, its cross-sectional design precludes causal inference and assessment of
longitudinal changes in bone microarchitecture. Second, the sample consisted exclusively of
women with obesity from a single center, which may limit external validity to other populations
(e.g., men, different ethnicities, or lower BMI ranges) and clinical contexts. The retrospective
nature of data collection, although mitigated by the standardized acquisition of BMD and TBS
measurements, inherently depends on the completeness and quality of medical records. Finally,
TBS analyses for both versions (3.0 and 4.0) were conducted by the software’s proprietary
company, which, despite adhering to a standardized protocol, relies on non-transparent
proprietary algorithms.

Future research should aim to establish specific and validated cut-off points for TBS
v4.0. It is important to note that the thresholds used in this study were derived from the current
sample and are therefore specific to this population. External validation of the predictive model
in independent and more heterogeneous cohorts is essential to confirm reproducibility and to
consolidate the applicability of TBS v4.0 as a standardized tool for assessing bone quality in
individuals with obesity.

In conclusion the correction for soft-tissue thickness implemented in TBS iNsight®
version 4.0 significantly influenced TBS values in women with obesity, particularly among

those with higher BMI. The updated algorithm yielded systematically lower scores compared
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to version 3.0, reflecting improved adjustment for X-ray attenuation by adipose tissue. TBS 4.0
maintained significant associations with BMD and clinical variables but not with fracture
occurrence, reinforcing its complementary role in assessing bone quality. Overall, the new
correction enhances the accuracy of TBS interpretation in populations with increased soft-tissue

thickness.
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Supplementary Table 1 Estimated coefficients of the multivariate linear regression model for

predicting TBS 4.0 from TBS 3.0 and clinical and demographic variables

Explanatory variables included in the ~ Explanatory Estimated 95% CI for Adiusted R? Standard Maximum
models for TBS 4.0 (dependent variable) variable coefficient* coefficient 1 error VIF
Constant 0.517 0.417 t0 0.617
1) TBS 3.0 57.4% 0.08
TBS 3.0 0.585 0.509 to 0.660
Constant 0.563 0.340 to 0.786
TBS 3.0 0.456 0.374 to 0.538
- +L1- - Age (Y -0.002 -0.003 to -0.001
2) TBS_3.0 Age : L1-L4 BMD ge (Years) 0 68.7% 0.07 1.58
Abdominal wall thickness L1-L4 BMD 0.164 0.105 to 0.224

Abdominal wall

0.002 -0.003 to 0.006
thickness (mm) 2

*Linear regression models and Student’s t test were used to assess the significance of variables (p < 0.05). CI:

confidence interval; BMD: bone mineral density; VIF: variance inflation factor.

Supplementary Table 2 Estimated coefficients of the multivariate linear regression model
for predicting TBS 4.0 from TBS 3.0 and clinical and demographic variables in patients with
BMI > 37 kg/m?

Standard
. . A Estimated 95% CI for Adjusted error;
variables included Explanatory variable coefficient coefficient R Maximum
VIF
1) TBS 3.0 Constant 0.490 0.272 to 0.709
47.2% 0.091
TBS 3.0 0.595 0.438 t0 0.751
2)TBS 3.0+ LI-L4 BMD +
Abdominal wall thickness +
Age Constant -0.378 -1.015 t0 0.259 0.079:
TBS 3.0 0.671 0.473 t0 0.869 60.1%  Max.VIF=
L1-L4 BMD 0.135 0.013 to 0.257 i
Abdominal wall thickness (mm) 0.023 0.008 to 0.037
Age (years) -0.001 -0.002 to 0.001

CI: confidence interval; BMD: bone mineral density; VIF: variance inflation factor
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4 CONCLUSAO

Os resultados deste estudo demonstraram que a versao 4.0 do software TBS
iNsight®, ao aplicar corre¢cdo automatizada pela espessura da parede abdominal,

impacta significativamente os valores do TBS em mulheres com obesidade.

A concordancia entre as versdes 3.0 e 4.0 foi globalmente boa, mas
substancialmente menor nas pacientes com IMC = 37 kg/m?, evidenciando que a
espessura de partes moles interfere de maneira relevante na estimativa da

microarquitetura 6ssea com a versao anterior do software.

O TBS — especialmente na versao corrigida — demonstrou associagao
significativa com variaveis clinicas como idade, densidade mineral éssea e espessura

da parede abdominal.

O TBS apresentou, nas duas versoes, associagdo com a DMO, e embora nao
tenha sido observada associacao significativa entre o TBS e a presenca de fraturas,
os valores consistentemente baixos entre as pacientes com fraturas indicam que o

escore reflete aspectos da qualidade 6ssea ndo captados pela DMO isoladamente.

A estimativa do TBS 4.0 a partir do TBS 3.0 foi possivel na populagédo estuda
considerando variaveis clinicas como idade, espessura da parede abdominal, DMO
coluna e TBS3.0.

5 CONSIDERAGOES FINAIS

Assim, o TBS se consolida como um marcador adicional que, quando analisado
em conjunto com a densitometria e os fatores clinicos, amplia a acuracia na
estratificacédo do risco de fraturas e contribui para uma avaliagdo mais abrangente da
fragilidade ossea.

Diante desses achados, evidencia-se a necessidade de ajustes quando se utiliza

o TBS em populagdes com alta adiposidade central. A nova versdo do software
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representa um avango metodoldgico relevante, mas sua indisponibilidade em muitos

centros impde a importancia do desenvolvimento de modelos alternativos de corre¢ao.

Nesse sentido, este trabalho também abre caminho para a criacao de uma féormula
preditiva baseada em variaveis clinicas e antropométricas, que permita corrigir os
escores da versao 3.0 em cenarios sem acesso a tecnologia mais atual. No entanto,
ressalta-se a importédncia de que essa formula seja validada externamente em
popula¢des independentes, com diferentes perfis demograficos, graus de adiposidade

e faixas etarias, a fim de confirmar sua precisédo e generalizagao.

Conclui-se, portanto, que a consideragao da espessura da parede abdominal €
fundamental para a interpretacao adequada do TBS em mulheres com obesidade. A
aplicacdo de meétodos corrigidos contribui para uma avaliagdo mais precisa da
qualidade Ossea e da fragilidade trabecular, especialmente naquelas com IMC
elevado, fortalecendo o papel do TBS como ferramenta complementar a DMO na

prevencao de fraturas e na individualizagdo do manejo clinico dessas pacientes.
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