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Palavras-chave: Displasia Broncopulmonar, Biomarcadores, Recém-Nascido de muito Baixo 

Peso, Recém-Nascido Prematuro, ATR-FTIR, Metabolômica, Urina.



ABSTRACT

Introduction: Bronchopulmonary dysplasia (BPD) is a chronic lung disease affecting preterm 

infants, characterized by impaired alveolar and vascular development, resulting in 

compromised gas exchange and prolonged oxygen dependency. The high incidence of 

prematurity and the morbidity and mortality associated with BPD highlight the limitations of a 

diagnosis that remains largely based on late clinical outcomes, which fail to reflect the early 

immunoinflammatory alterations underlying the disease. This limitation hinders risk 

stratification and timely intervention, underscoring the need for the development of non-

invasive biomarkers integrated with artificial intelligence to improve the prediction and 

management of BPD in very low birth weight preterm infants. Objective: To develop and 

evaluate non-invasive platforms based on urinary biomarkers integrated with artificial 

intelligence algorithms for the early prediction of BPD in very low birth weight preterm infants 

(VLBW-PTIs). Materials and Methods: A longitudinal study was conducted in a neonatal 

intensive care unit between January 2015 and September 2019, including preterm infants with 

gestational age <30 weeks and very low birth weight (<1,500 g). Infants were classified into 

two groups: BPD and non-BPD. Urine samples collected on the second day of life were 

analyzed using attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-

FTIR) and high-resolution mass spectrometry (MS) coupled with high-performance liquid 

chromatography (HPLC) for metabolite identification. Spectral data generated by both 

platforms were subsequently analyzed using artificial intelligence algorithms to assess 

diagnostic predictive performance (accuracy, sensitivity, and specificity). Statistical analyses 

included parametric and nonparametric tests for group comparisons, principal component 

analysis (PCA) of spectral data, machine learning-based classification algorithms, metabolomic 

analysis, univariable and multivariable logistic regression, internal bootstrap validation, 

receiver operating characteristic (ROC) curve analysis, and decision curve analysis. Results: 
In the ATR-FTIR analysis of 42 urine samples from very low birth weight (VLBW) preterm 

infants, including 20 with bronchopulmonary dysplasia (BPD) and 22 without BPD, the 

AdaBoost algorithm combined with second-derivative preprocessing demonstrated a sensitivity 

of 73%, a specificity of 81%, and an accuracy of 78% in classifying infants who did or did not 

develop BPD. The most relevant vibrational markers were associated with lipids, 

carbohydrates, and proteins. HPLC-MS metabolomic analysis of 88 urine samples from VLBW 

preterm infants, including 33 with BPD and 55 without BPD, identified two metabolites with 



significantly different abundances between the groups. The final multivariable model (M2), 

which combined sex, birth weight, gestational age, mechanical ventilation on the second day of 

life, and urinary Cys-Ser-Met, showed good discriminatory performance, yielding an AUC of 

0.862 (bootstrap 95% CI, 0.775–0.937). At a cutoff of 0.347, the model achieved 80.7% 

sensitivity, 83.9% specificity, and 81.8% accuracy, with a positive predictive value of 90.2% 

and a negative predictive value of 70.3%.

Conclusions: The results highlight the potential of a portable ATR-FTIR platform combined 

with artificial intelligence algorithms for the diagnostic screening of BPD using a non-invasive 

biological matrix such as urine. The urinary metabolomic approach identified Cys-Ser-Met and 

creatinine as differentially abundant metabolites in preterm infants with BPD, and the 

incorporation of Cys-Ser-Met into clinical variables improved model discrimination. However, 

these findings still require external validation in larger, multicenter cohorts. Together with our 

previous results obtained via ATR-FTIR, these data suggest that spectroscopic and metabolomic 

platforms can provide complementary biochemical signatures for the early identification of 

BPD, though their diagnostic and clinical utility must be prospectively confirmed prior to 

implementation in neonatal practice.

Key-words: Bronchopulmonary Dysplasia, Biomarkers, Infant, Very Low Birth Weight, Infant, 

Premature, ATR-FTIR, Metabolomics, Urine.
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2. Fundamentação Teórica

2.1. Prematuridade
A prematuridade é definida pela Organização Mundial da Saúde (OMS) como o 

nascimento que ocorre antes de 37 semanas completas de gestação. Embora esse ponto de corte 

seja amplamente adotado, evidências recentes sustentam a necessidade de subclassificações 

mais precisas, em razão da heterogeneidade biológica e da magnitude variável dos desfechos 

clínicos associados à idade gestacional. A prematuridade configura-se como um fator de risco 

global para mortalidade infantil, estando também associada a desfechos adversos neurológicos 

e respiratórios,  além de impacto substancial sobre os sistemas de saúde, particularmente em 

países de média e baixa renda (BRASIL, 2014; OMS, 2023).

Quanto à idade gestacional, a literatura classifica os recém-nascidos da seguinte forma: 

extrema prematuridade (< 28 semanas), muito prematuro (28 a < 32 semanas), moderado a 

tardio (32 a < 37 semanas). Essa estratificação reflete gradiente progressivo no que se refere à 

imaturidade pulmonar, neurológica e imunológica. Em termos de peso de nascimento, adotam-

se as seguintes categorias: extremo baixo peso (< 1.000 g), muito baixo peso (< 1.500 g) e baixo 



peso (< 2.500 g). Essas distinções são importantes porque correlacionam-se com risco crescente 

de complicações (BRASIL, 2014, 2017).

Globalmente, estima-se que cerca de 15 milhões de recém-nascidos sejam prematuros a 

cada ano, representando mais de 10% de todos os nascimentos vivos mundialmente (OMS, 

2023). No Brasil, a prevalência de nascimentos prematuros está entre aproximadamente10 e 

12%, com variações regionais críticas (EBSERH, 2023). Estudos recentes corroboram essa 

magnitude e apontam aumento da sobrevida de prematuros extremos, com implicações no perfil 

de morbimortalidade a longo prazo (BOSSI et al., 2022; DE-MIR-MESSA et al., 2022).

O recém-nascido pré-termo apresenta alterações estruturais e funcionais decorrentes da 

interrupção prematura do desenvolvimento fetal. Entre essas alterações, destacam-se a 

imaturidade pulmonar, caracterizada por formação alveolar incompleta e produção reduzida de 

surfactante, a maior permeabilidade capilar, a suscetibilidade ao estresse oxidativo e um sistema 

imunológico imaturo. Essas alterações contrastam com o neonato a termo, cujo 

desenvolvimento pulmonar e imunológico é funcionalmente mais efetivo na resposta aos 

desafios do ambiente extrauterino (FIGUERAS-ALOY et al., 2024; TORNERO PATRICIO, 

2021). 

Nos prematuros, o desenvolvimento pulmonar é interrompido abruptamente em fases 

críticas da morfogênese pulmonar, particularmente nas fases canalicular ou sacular. A formação 

alveolar, que deveria ocorrer nas semanas tardias e pós-natais, fica comprometida, resultando 

em menor área de troca gasosa. Além disso, a exposição à ventilação mecânica, altas frações de 

oxigênio e infecções contribui para a perpetuação da lesão pulmonar e para a formação da 

displasia broncopulmonar (AMBALAVANAN et al., 2026; DE-MIR-MESSA et al., 2022). 

A prematuridade também impõe risco elevado de comprometimentos neurológicos, em 

virtude da imaturidade dos tecidos cerebrais. Estudos longitudinais demonstram que prematuros 

têm maiores taxas de paralisia cerebral, déficits cognitivos, problemas de atenção e atraso 

motor. Complicações respiratórias recorrentes, como episódios de hipóxia intermitente, 

também podem potencializar os efeitos deletérios sobre o desenvolvimento cerebral 

(CERISOLA; BALTAR, 2023; DE-MIR-MESSA et al., 2022). 

Com os avanços tecnológicos, a sobrevida de prematuros extremos aumentou 

substancialmente (DE-MIR-MESSA et al., 2022; PEREIRA-CERRO et al., 2020). No entanto, 

esse avanço está associada a custos elevados: internações prolongadas, necessidade de suporte 

respiratório e acompanhamento contínuo. No contexto de sistemas de saúde, esses recém-

nascidos sobreviventes demandam cuidados de longo prazo, reinternações, uso crônico de 



oxigênio e suporte multidisciplinar, gerando sobrecarga econômica e social significativa 

(ÁLVAREZ-FUENTE et al., 2017).

2. 2. Displasia broncopulmonar 

2.2.1. Definição

A displasia broncopulmonar (DBP), também denominada doença pulmonar crônica da 

prematuridade, foi inicialmente descrita por Northway em 1967, como resultado da exposição 

prolongada de recém-nascidos prematuros à ventilação mecânica e oxigenoterapia. As 

alterações descritas incluíam inflamação crônica, fibrose intersticial, destruição de septos 

alveolares e hipertrofia da musculatura lisa das vias aéreas (NORTHWAY; ROSAN; PORTER, 

1967).

Do ponto de vista fisiológico, a DBP é atualmente compreendida como uma desordem 

do desenvolvimento pulmonar adequado após um nascimento prematuro. O processo normal 

de alveolarização, vascularização e maturação do parênquima pulmonar é interrompido 

precocemente, resultando em um pulmão com menos alvéolos, de maior diâmetro e menor 

complexidade estrutural. A consequência funcional é a redução da área de troca gasosa e maior 

vulnerabilidade à insuficiência respiratória (THÉBAUD et al., 2019).

Em 2018, um workshop promovido pelo Instituto Nacional de Saúde da Criança e 

Desenvolvimento Humano (NICHD) revisitou os critérios de definição da DBP. Foi proposta 

uma abordagem mais ampla, considerando não apenas a dependência de oxigênio, mas também 

a necessidade de qualquer forma de suporte respiratório às 36 semanas de idade pós-concepção. 

Essa definição enfatiza a heterogeneidade da doença e reconhece que diferentes formas de 

suporte respiratório refletem graus variados de gravidade da condição (HIGGINS et al., 2018).

Mais recentemente, foi proposto uma classificação da DBP estratificada em três graus, 

definida pelo tipo de suporte respiratório necessário em 36 semanas de idade pós-concepção: 

grau I, necessidade de oxigênio de baixo fluxo; grau II, necessidade de oxigênio de alto fluxo 

ou pressão positiva contínua; e grau III, necessidade de ventilação invasiva. Essa abordagem 

tem sido considerada mais objetiva, além de demonstrar maior capacidade prognóstica para 

desfechos de morbidade respiratória na infância (GILFILLAN; BHANDARI; BHANDARI, 

2021; JENSEN et al., 2019b; SHUKLA; AMBALAVANAN, 2021). 

2.2.2. Epidemiologia



Dados do NICHD indicam que a displasia broncopulmonar (DBP) permanece como 

uma das principais morbidades entre recém-nascidos extremamente prematuros. Em uma coorte 

multicêntrica acompanhada entre 1993 e 2012, observou-se aumento na proporção de DBP 

entre neonatos nascidos entre 26 e 27 semanas de idade gestacional, com elevação de 

aproximadamente 50% para 55% entre 2009 e 2012, apesar dos avanços nas práticas 

assistenciais neonatais (STOLL et al., 2015).

Na Europa, observa-se incidência variável de displasia broncopulmonar (DBP), 

estimada entre 20% e 30% entre recém-nascidos prematuros de muito baixo peso ao nascer. Em 

países de alta renda, verifica-se relativa estabilidade nas taxas de DBP grave; entretanto, tem 

sido descrito aumento proporcional das formas leve e moderada, fenômeno atribuído 

principalmente à maior sobrevida de pré-termo extremo (BARALDI; FILIPPONE, 2007; 

THÉBAUD et al., 2019).

No Brasil, a incidência de displasia broncopulmonar entre recém-nascidos prematuros varia 

conforme a população e a estrutura assistencial. Estudos multicêntricos em 19 hospitais 

públicos universitários brasileiros demonstraram que aproximadamente 22% dos sobreviventes 

pré-termo apresentaram DBP às 36 semanas de idade pós-menstrual e até 45% quando 

combinado com óbito nessa faixa etária (STOLZ et al., 2024). Em coortes menores, a 

prevalência de DBP em unidades neonatais de referência foi relatada em torno de 21,5% a 

27,3%, ressalvando diferenças regionais e critérios diagnósticos (FREITAS et al., 2012).

A sobrevida crescente dos prematuros extremos, em virtude do avanço de tecnologias 

como ventilação não invasiva, corticoterapia antenatal e uso precoce de surfactante, tem 

resultado em aumento proporcional da prevalência de DBP, o que reforça a relevância 

epidemiológica dessa condição (HORBAR et al., 2012; JENSEN et al., 2021).

2.2.3. Fisiopatologia

A fisiopatologia da DBP é dinâmica, multifatorial e complexa, resultante da interação 

entre imaturidade estrutural pulmonar e exposições inflamatórias e oxidativas precoces, 

envolvendo fatores pré-natais, perinatais e pós-natais. Entre os fatores pré-natais, destaca-se a 

corioamnionite, uma inflamação das membranas corioamnióticas associada a resposta 

inflamatória fetal e aumento do risco de lesão pulmonar precoce. Adicionalmente, condições 

como restrição de crescimento intrauterino e pré-eclâmpsia podem comprometer a 

vascularização pulmonar fetal e causar disfunção da vasculatura em desenvolvimento, 



aumentando a susceptibilidade à DBP (HARTLING; LIANG; LACAZE-MASMONTEIL, 

2012; KALLAPUR; JOBE, 2006). 

O nascimento prematuro interrompe fases críticas do desenvolvimento pulmonar, 

especialmente as fases canalicular e sacular, períodos nos quais ocorrem a diferenciação do 

epitélio respiratório, a intensificação da produção de surfactante e a organização da rede 

vascular pulmonar funcional. A transição precoce para o ambiente extrauterino compromete a 

continuidade da alveolarização e do desenvolvimento microvascular, resultando em pulmões 

estruturalmente imaturos, caracterizados por menor número de alvéolos, aumento do diâmetro 

alveolar e simplificação da arquitetura pulmonar, com consequente redução da superfície 

disponível para trocas gasosas (JOBE; IKEGAMI, 2000; THÉBAUD et al., 2019). 

No período pós-natal, múltiplos insultos contribuem para a perpetuação da lesão pulmonar. A 

exposição a altas concentrações de oxigênio induz estresse oxidativo mediado por espécies 

reativas de oxigênio, promovendo dano celular e ativação de vias inflamatórias intracelulares. 

A ventilação mecânica invasiva pode causar volutrauma e barotrauma, resultando em lesão 

epitelial e inflamação. Infecções neonatais, como pneumonia e sepse, também intensificam a 

resposta inflamatória, agravando a lesão pulmonar (BALANY; BHANDARI, 2015; JOBE; 

IKEGAMI, 1998). Do ponto de vista molecular, a DBP é caracterizada pela ativação de vias 

inflamatórias, incluindo interleucinas (IL-1β, IL-6, IL-8), fator de necrose tumoral alfa (TNF-

α) e fatores pró-fibróticos, como TGF-β. Adicionalmente também ocorre disfunção da 

sinalização do fator de crescimento endotelial vascular (VEGF), fundamental para o 

desenvolvimento da rede vascular pulmonar. Essa cascata culmina em remodelamento da 

matriz extracelular, fibrose intersticial e falha na angiogênese (AMBALAVANAN et al., 2026; 

CALTHORPE et al., 2023; LI ET AL., 2025; ZHANG et al., 2024).

Assim, a DBP deve ser compreendida como resultado da interação entre imaturidade 

pulmonar estrutural, fatores inflamatórios intra e extrauterinos, estresse oxidativo e efeitos 

deletérios das terapias respiratórias. Esse conjunto de mecanismos explica a heterogeneidade 

da apresentação clínica e a dificuldade de definição única para a doença (JOBE; BANCALARI, 

2001; LIGNELLI et al., 2019).

2.2.4. Tratamento
O manejo da DBP requer abordagem multifatorial, interdisciplinar e baseada em 

evidências, envolvendo intervenções farmacológicas, estratégias individualizadas de suporte 

ventilatório, otimização nutricional e controle de fatores inflamatórios e infecciosos. Dada sua 



natureza complexa e multifatorial, não se tem uma terapia curativa específica, de modo que o 

tratamento se concentra na modulação da injúria pulmonar, na redução da exposição a fatores 

lesivos, na atenuação da resposta inflamatória e no suporte ao crescimento e à maturação 

pulmonar. Essas estratégias terapêuticas visam minimizar a progressão da lesão estrutural, 

reduzir a dependência prolongada de suporte respiratório e reduzir desfechos respiratórios 

adversos a longo prazo (JOBE; BANCALARI, 2001; THÉBAUD et al., 2019).

2.2.4.1. Corticoides

A administração de antenal de corticosteroide permanece como uma das intervenções 

mais eficazes na prevenção de morbidade respiratória associada à prematuridade. Evidências 

provenientes de revisão sistemática atualizada demonstram que betametasona ou dexametasona 

administradas a gestantes em risco de parto prematuro reduzem significativamente a síndrome 

do desconforto respiratório, hemorragia intraventricular e mortalidade neonatal 

(MCGOLDRICK et al., 2020). Embora a redução direta da incidência de displasia 

broncopulmonar (DBP) não seja consistentemente observada como desfecho primário, a 

diminuição da gravidade da insuficiência respiratória inicial e da necessidade de ventilação 

mecânica invasiva pode influenciar indiretamente o risco subsequente de DBP, ao limitar a 

exposição à hiperóxia e ao volutrauma, reconhecidos determinantes da lesão pulmonar crônica 

(JOBE; BANCALARI, 2001; THÉBAUD et al., 2019).

No período pós-natal, os corticosteroides sistêmicos têm sido empregados para modular 

a inflamação pulmonar persistente e facilitar a extubação em prematuros com dependência 

ventilatória prolongada. Evidências consolidadas indicam que o uso tardio (≥7 dias de vida) de 

dexametasona reduz significativamente a incidência de DBP e o desfecho combinado morte ou 

DBP. Entretanto, a administração precoce e em doses elevadas associa-se a maior risco de 

eventos adversos neurológicos (DOYLE et al., 2017). Análises observacionais reforçam que o 

benefício respiratório deve ser cuidadosamente ponderado frente ao risco potencial de 

comprometimento do neurodesenvolvimento, sobretudo em recém-nascidos extremamente 

prematuros expostos a esquemas mais intensivos (DOYLE; MAINZER; CHEONG, 2025).

A hidrocortisona em baixas doses emergiu como alternativa terapêutica com perfil 

potencialmente mais favorável. Ensaio clínico randomizado envolvendo prematuros extremos 

demonstrou aumento da sobrevida sem DBP com o uso precoce de hidrocortisona em dose 

fisiológica, sem incremento significativo na incidência de paralisia cerebral aos dois anos de 

idade (BAUD et al., 2016). Ainda assim, sínteses de evidência posteriores indicam que os dados 



disponíveis, embora promissores, não são suficientes para recomendação universal da 

estratégia, devendo sua indicação ser individualizada (ONLAND et al., 2018).

Quanto aos corticosteroides inalatórios, estudo multicêntrico randomizado avaliando 

budesonida iniciada precocemente em prematuros extremos demonstrou redução da incidência 

de DBP. Contudo, observou-se tendência a maior mortalidade, o que limita sua incorporação 

rotineira na prática clínica (BASSLER et al., 2015). Revisões sistemáticas subsequentes 

apontam heterogeneidade dos resultados e ausência de consenso quanto ao impacto líquido em 

sobrevida livre de DBP (SHINWELL et al., 2016).

Dessa forma, a corticoterapia na prevenção e no manejo da DBP deve ser 

individualizada, baseada na estratificação de risco e no equilíbrio entre benefícios respiratórios 

e potenciais efeitos adversos sistêmicos e neurológicos.

2.2.4.2. Suporte Ventilatório
O suporte ventilatório constitui o eixo central da prevenção e do manejo da DBP em 

RNPT. Diretrizes internacionais recomendam que estratégias respiratórias priorizem a 

ventilação não invasiva (VNI), sempre que clinicamente possível, com o objetivo de reduzir a 

exposição à ventilação mecânica invasiva (VMI) e, consequentemente, minimizar a lesão 

pulmonar induzida pelo ventilador (SWEET et al., 2023; WYCKOFF et al., 2020).

A pressão positiva contínua nas vias aéreas por via nasal (CPAP nasal) deve ser iniciada 

precocemente em prematuros com respiração espontânea, conforme preconizado pelo consenso 

europeu atualizado e pelas recomendações da American Academy of Pediatrics (AAP), por estar 

associada à redução da necessidade de intubação e menor tempo de ventilação invasiva 

(COMMITTEE ON FETUS AND NEWBORN et al., 2014; SWEET et al., 2023).

Nos casos de falha do CPAP, a ventilação com pressão positiva intermitente nasal 

(NIPPV) pode ser utilizada como estratégia intermediária de VNI, com evidências provenientes 

de revisões sistemáticas demonstrando menor taxa de falha respiratória e redução na 

necessidade de intubação quando comparada ao CPAP isolado (LEMYRE et al., 2016).

Quando a VMI se torna necessária, recomenda-se abordagem protetora com utilização 

de volumes correntes baixos (aproximadamente 4–6 mL/kg), limitação de pressões inspiratórias 

e ajuste adequado da pressão positiva ao final da expiração (PEEP), com preferência por modos 

com alvo de volume, associados à redução da incidência combinada de morte ou DBP 

(KLINGENBERG et al., 2017; SWEET et al., 2023).



A ventilação oscilatória de alta frequência (VOAF) pode ser considerada como 

estratégia alternativa em situações de complacência pulmonar reduzida ou falha da ventilação 

convencional, embora revisões sistemáticas demonstrem benefício modesto na redução de DBP, 

sem impacto consistente sobre mortalidade (COOLS; OFFRINGA; ASKIE, 2015).

O manejo da oxigenoterapia é igualmente crítico. As diretrizes da AAP e do European 

Consensus recomendam a manutenção da saturação periférica de oxigênio geralmente entre 

90% e 95%, evitando tanto hipóxia quanto hiperóxia, ambas associadas a maior risco de 

mortalidade, retinopatia da prematuridade e desfechos adversos do neurodesenvolvimento 

(SWEET et al., 2023; WYCKOFF et al., 2020).

No contexto brasileiro, a Sociedade Brasileira de Pediatria (SBP) recomenda, nas 

Diretrizes de Reanimação Neonatal, a estabilização respiratória inicial com CPAP nasal em 

prematuros <34 semanas sempre que possível, reservando a intubação para casos de falha 

ventilatória ou instabilidade clínica, alinhando-se às recomendações internacionais 

(GUINSBURG; ALMEIDA, 2022).

2.2.4.3. Nutrição

A nutrição adequada do RNPT constitui um componente importante na prevenção da 

DBP, influenciando positivamente o crescimento somático, desenvolvimento pulmonar e a 

resposta inflamatória. Evidências de revisões sistemáticas sugerem que déficits precoces em 

calorias e macronutrientes estão associados a maior risco de DBP, enquanto níveis adequados 

de energia e proteína na primeira semana podem reduzir a dependência de suporte ventilatório 

e a incidência de DBP (YANG et al., 2025). 

A nutrição parenteral total (NPT) precoce, com administração de aminoácidos ≥ 1,5 

g/kg/d e energia não proteica adequada desde o primeiro dia de vida, favorece um estado 

anabólico e reduz o catabolismo proteico, podendo diminuir a morbidade pulmonar crônica 

associada à DBP, ainda que as evidências provindas de ensaios clínicos controlados 

permaneçam limitadas (LIN et al., 2024). 

O leite humano materno é considerado padrão ouro na alimentação do RNPT. Revisões 

narrativas e metanálises recentes indicam que a alimentação enteral com leite materno próprio 

da mãe ou leite humano doado está consistentemente associada a menor risco de DBP e outras 

complicações, quando comparada à nutrição enteral com fórmulas artificiais, possivelmente 

devido à presença de imunoglobulinas, antioxidantes, citocinas e fatores de crescimento que 



modulam respostas inflamatórias pulmonares e sistêmicas (MEILIANA et al., 2024; 

TRINDADE et al., 2025). 

A suplementação do leite humano é frequentemente necessária em prematuros extremos 

para atender às exigências de proteína, energia e minerais (cálcio e fósforo). Estratégias de 

fortificação individualizadas podem melhorar o crescimento ponderoestatural e favorecer 

parâmetros respiratórios sem comprometer a tolerância enteral, embora a eficácia específica na 

redução da DBP ainda exija mais estudos controlados. 

Entre os micronutrientes, a suplementação de vitamina A por via intramuscular tem sido 

associada a modesta redução no risco de DBP, especialmente em recém-nascidos com baixos 

níveis basais de retinol, conforme sintetizado em metanálises anteriores que indicaram redução 

relativa do risco de DBP com vitamina A comparado a controle (DING; CHEN; LU, 2021). 

Ensaios clínicos recentes de suplementação de vitamina D em prematuros extremos 

alimentados exclusivamente com leite humano sugerem que altas doses diárias de vitamina D 

aumentam adequação de status de vitamina D, mas não reduzem a gravidade da DBP aos 36 

semanas pós-menstrual, reforçando a necessidade de pesquisas adicionais para definir benefício 

respiratório direto (SALAS et al., 2025). 

As principais diretrizes de nutrição neonatal reconhecidas não recomendam 

rotineiramente o uso isolado de suplementos vitamínicos ou outros micronutrientes 

especificamente para prevenção de DBP fora de contextos de deficiência documentada, 

enfatizando a importância de atingir metas de energia e proteína adequadas, promover a 

alimentação com leite humano fortificado quando possível e gerenciar de forma integrada 

parâmetros de fluido e suporte respiratório (MEILIANA et al., 2024). 

Assim, a otimização da nutrição enteral e parenteral — priorizando leite humano, 

provisão precoce de proteína e energia, complementação específica de micronutrientes quando 

indicado, e monitorização metabólica cuidadosa — constitui uma estratégia essencial dentro do 

manejo multidisciplinar para reduzir o risco e a severidade da DBP em recém-nascidos pré-

termo.

2.2.4.4. Surfactante

A terapia de reposição com surfactante exógeno constitui um dos avanços mais 

importantes na neonatologia contemporânea, estando associada à redução significativa da 

mortalidade e da gravidade da SDR em RNPT. Ensaios clínicos clássicos demonstraram que a 



administração precoce de surfactante, combinada ao suporte ventilatório apropriado, reduz a 

necessidade de VMI e melhora desfechos respiratórios imediatos (VERDER et al., 1994).

Diretrizes internacionais contemporâneas, reconhecem que o manejo inicial de 

prematuros com SDR deve incluir estabilização com CPAP e administração seletiva e precoce 

de surfactante, preferencialmente em combinação com estratégias VNI, quando clinicamente 

indicado (SWEET et al., 2023). Essas diretrizes consolidam evidências de que abordagens 

menos invasivas de administração de surfactante podem melhorar a evolução respiratória e 

reduzir complicações associadas à VMI.

Nesse contexto, técnicas como INSURE (Intubation–Surfactant–Extubation) — que 

associa intubação breve, administração de surfactante e extubação rápida para suporte não 

invasivo — e LISA (Less Invasive Surfactant Administration) — que utiliza cateter fino 

traqueal para administrar surfactante em neonatos em respiração espontânea sob CPAP — têm 

sido amplamente estudadas. Meta-análises demonstram que estratégias menos invasivas estão 

associadas à redução da duração da VMI, menor incidência de DBP e menor risco de 

pneumotórax, em comparação à administração convencional via intubação prolongada 

(ALDANA-AGUIRRE et al., 2017; ISAYAMA et al., 2016; LAU; CHAMBERLAIN; SUN, 

2017).

O AAP e o Committee on Fetus and Newborn recomenda estabilização inicial com 

CPAP e administração seletiva de surfactante em prematuros com evidência progressiva de 

SDR, ressaltando que técnicas menos invasivas podem ser consideradas em serviços com 

experiência e competência técnica, visando limitar a exposição à ventilação invasiva e suas 

complicações associadas ao desenvolvimento de DBP (POLIN et al., 2014).

No Brasil, diretrizes da SBP no contexto da reanimação e manejo inicial de prematuros 

reforçam o uso de CPAP precoce, a indicação adequada de surfactante em prematuros com SDR 

e a preferência por técnicas menos invasivas sempre que indicadas, alinhando-se às 

recomendações internacionais de proteção pulmonar e redução de risco de DBP 

(GUINSBURG; ALMEIDA, 2022).

A administração precoce de surfactante, especialmente nas primeiras horas de vida, tem 

sido associada a menor risco de complicações pulmonares, menor necessidade de VMI e melhor 

evolução respiratória, enquanto abordagens emergentes como a nebulização de surfactante 

permanecem em investigação e ainda não são recomendadas de forma rotineira (SWEET et al., 

2023).



2.2.5. Fatores de Risco: Pré-Natal, Perinatal e Pós- Natal
A DBP apresenta etiologia multifatorial, envolvendo interações entre fatores pré-natais, 

perinatais e pós-natais que interferem na alveologênese e na angiogênese pulmonar. Entre os 

fatores pré-natais, destaca-se a corioamnionite, cuja inflamação intrauterina promove ativação 

de citocinas pró-inflamatórias, como IL-6 e TNF-α, alterando vias de desenvolvimento 

pulmonar fetal. Metanálise recente confirmou associação significativa entre corioamnionite 

histológica e maior risco de DBP, sobretudo em prematuros extremos (VILLAMOR-

MARTINEZ et al., 2019). Esses achados reforçam a base fisiopatológica clássica da “nova 

DBP”, caracterizada por interrupção da alveologênese (JOBE; BANCALARI, 2001). 

Doenças hipertensivas da gestação, incluindo pré-eclâmpsia, associam-se à 

insuficiência placentária e hipóxia fetal crônica. Revisão sistemática contemporânea 

demonstrou aumento do risco de DBP em prematuros expostos a distúrbios hipertensivos 

maternos, especialmente quando acompanhados de restrição de crescimento intrauterino (LIM 

et al., 2022). 

O tabagismo materno também compromete o desenvolvimento vascular pulmonar por 

mecanismos oxidativos e epigenéticos, mantendo associação consistente com desfechos 

respiratórios adversos (REHAN; ASOTRA; TORDAY, 2009).

A corticoterapia antenatal, por sua vez, reduz mortalidade e síndrome do desconforto 

respiratório, impactando indiretamente a incidência de DBP (MCGOLDRICK et al., 2020). No 

período perinatal, a prematuridade extrema (<28 semanas) e o extremo baixo peso ao nascer 

(<1000 g) permanecem os determinantes mais robustos de DBP, com incidência inversamente 

proporcional à idade gestacional (STOLL et al., 2015). A vulnerabilidade estrutural do pulmão 

imaturo o torna particularmente suscetível ao estresse oxidativo e à inflamação (THÉBAUD et 

al., 2019). 

Entre os fatores pós-natais, a ventilação mecânica invasiva prolongada é um dos 

principais determinantes modificáveis, associando-se a volutrauma, barotrauma e biotrauma 

inflamatório. Meta-análise recente demonstrou que estratégias ventilatórias menos invasivas 

reduzem significativamente o risco de DBP em comparação à ventilação convencional 

(ISAYAMA et al., 2016). A exposição a altas frações inspiradas de oxigênio intensifica o 

estresse oxidativo pulmonar, conforme evidenciado em grandes ensaios multicêntricos 

(BOOST II, 2013; SUPPORT; NICHD, 2010). Além disso, sepse tardia e inflamação sistêmica 

aumentam significativamente o risco de DBP, como demonstrado em coorte nacional (JUNG; 

LEE, 2019). 



Em síntese, a DBP resulta da convergência entre imaturidade estrutural pulmonar, 

inflamação intrauterina e exposições pós-natais lesivas, especialmente ventilação invasiva e 

hiperóxia, reforçando a necessidade de estratégias preventivas multifatoriais iniciadas ainda no 

período pré-natal.

2.2.6. Fatores Genéticos 

Polimorfismos em genes relacionados à inflamação, ao estresse oxidativo, ao 

desenvolvimento vascular e ao remodelamento pulmonar têm sido associados à suscetibilidade 

individual à DBP, sugerindo contribuição genética relevante na variabilidade fenotípica da 

doença. Estudos de agregação familiar e análises em gêmeos indicam herdabilidade 

significativa da DBP, embora nenhum polimorfismo isolado seja suficiente para explicar 

integralmente o risco, reforçando a natureza poligênica e multifatorial da condição (LAVOIE; 

RAYMENT, 2023; YU et al., 2016).

Genes envolvidos na resposta inflamatória (como variantes em citocinas pró-

inflamatórias), na defesa antioxidante e na angiogênese pulmonar têm sido investigados como 

potenciais moduladores do risco. Revisões recentes destacam que a contribuição genética 

parece interagir fortemente com exposições ambientais, como ventilação mecânica e hiperóxia, 

caracterizando modelo de suscetibilidade gene-ambiente (LAVOIE; RAYMENT, 2023).

Além dos fatores genéticos estruturais, mecanismos epigenéticos — incluindo metilação 

do DNA, modificações de histonas e regulação por microRNAs — modulam a expressão gênica 

relacionada à resposta inflamatória e à capacidade de reparo alveolar. Evidências experimentais 

e clínicas sugerem que alterações epigenéticas induzidas por inflamação intrauterina, hipóxia e 

exposição ao oxigênio podem contribuir para a heterogeneidade da evolução clínica entre 

prematuros submetidos a condições neonatais semelhantes (MCEVOY; ASCHNER, 2015).

Assim, a variabilidade na ocorrência e gravidade da DBP não pode ser atribuída 

exclusivamente à prematuridade ou às intervenções pós-natais, mas resulta da interação 

dinâmica entre predisposição genética, regulação epigenética e fatores ambientais, reforçando 

a complexidade fisiopatológica da doença.

2.2.7. Fenótipos
A DBP não constitui entidade clínica homogênea, mas um espectro de fenótipos 

fisiopatológicos distintos, resultantes da interação entre prematuridade extrema, inflamação 

persistente, exposição ao oxigênio suplementar e suporte ventilatório. O fenótipo inflamatório 



caracteriza-se por ativação sustentada de vias pró-inflamatórias e aumento de citocinas no 

ambiente pulmonar, associando-se a maior risco de limitação crônica ao fluxo aéreo (HIGGINS 

et al., 2018; THÉBAUD et al., 2019). 

O fenótipo vascular, por sua vez, associa-se à interrupção do desenvolvimento da 

microvasculatura pulmonar, com rarefação capilar e prejuízo da angiogênese, fenômenos que 

comprometem a alveologênese e favorecem hipertensão pulmonar associada à DBP (HIGGINS 

et al., 2018; HILGENDORFF; O’REILLY, 2015). Meta-análise recente envolvendo 44 estudos 

demonstrou que a hipertensão pulmonar em prematuros com DBP está associada a maior 

mortalidade e pior evolução clínica, reforçando a relevância prognóstica do componente 

vascular (MASCARENHAS et al., 2025).

Já o fenótipo obstrutivo envolve remodelamento estrutural de vias aéreas de pequeno 

calibre, aumento da resistência pulmonar e hiperresponsividade brônquica, podendo resultar em 

sintomas respiratórios persistentes na infância e adolescência (HIGGINS et al., 2018; JENSEN 

et al., 2019).

Nesse contexto, a classificação operacional proposta por Jensen et al. (2019), 

baseada no tipo de suporte respiratório aos 36 semanas de idade pós-menstrual, representa 

avanço metodológico ao priorizar gravidade funcional e demonstrar melhor correlação com 

desfechos respiratórios tardios.

2.2.8. Epigenética
Prematuros com DBP apresentam padrões específicos de metilação em genes 

envolvidos em inflamação, reparo tecidual e resposta ao estresse oxidativo, indicando que essas 

alterações epigenéticas podem predispor à doença e influenciar a gravidade clínica (CHO et al., 

2023; WANG et al., 2022).

MicroRNAs regulam processos essenciais como angiogênese, produção de surfactante 

e resposta inflamatória. Perfis específicos de expressão foram identificados em pacientes com 

DBP, sugerindo que os microRNAs possam atuar como biomarcadores precoces e potenciais 

alvos terapêuticos (MAEDA et al., 2024; THÉBAUD et al., 2019).

A acetilação e a metilação de histonas modulam a plasticidade da cromatina e a 

transcrição gênica. Evidências sugerem que a ventilação mecânica e a hiperóxia podem induzir 

alterações de histonas, amplificando a inflamação pulmonar (GENCER et al., 2024). 

Exposições ambientais, como tabagismo materno, infecção intrauterina e suporte ventilatório 



agressivo, interagem com o perfil epigenético individual, modulando a suscetibilidade e a 

evolução da DBP (CHO et al., 2023; DASTGHEIB et al., 2025).

A epigenética abre caminho para novas estratégias diagnósticas e terapêuticas. 

Biomarcadores relacionados à epigenética apresentam potencial para auxiliar na detecção 

precoce da DBP e na estratificação de risco, enquanto intervenções farmacológicas podem, de 

forma promissora, atuar no remodelamento de assinaturas epigenéticas específicas 

(DASTGHEIB et al., 2025; MAEDA et al., 2024).

2.2.9. Terapias Inovadoras associadas a Inteligência Artificial 

A inteligência artificial (IA) tem sido utilizada como ferramenta de apoio na 

neonatologia, com potencial significativo na estratificação de risco e na predição precoce da 

DBP. Modelos de aprendizado de máquina aplicados a bancos de dados clínicos e ventilatórios 

alcançaram maior acurácia que escores tradicionais, permitindo identificar recém-nascidos de 

maior risco ainda nas primeiras semanas de vida (CHHABRA et al., 2026).

Além disso, a IA tem sido aplicada em exames de imagem, como ressonância magnética 

e tomografia de alta resolução, identificando alterações estruturais precoces do parênquima 

pulmonar e auxiliando no diagnóstico diferencial (OZCELIK et al., 2025).

A busca por biomarcadores confiáveis constitui campo estratégico para prognóstico e 

prevenção da DBP. Diferentes fluidos biológicos, como urina, sangue e lavado traqueal, vêm 

sendo estudados. Perfis metabólicos e proteômicos foram correlacionados ao risco da doença, 

permitindo identificar precocemente recém-nascidos com maior vulnerabilidade à DBP 

(BAKER et al., 2014; Lal; BHANDARI; AMBALAVANAN, 2018; PIERSIGILLI; 

BHANDARI, 2016). Nesse contexto, a espectroscopia no infravermelho com transformada de 

Fourier (FTIR), associada à metabolômica, surge como técnica não invasiva capaz de identificar 

assinaturas moleculares específicas em biofluidos, possibilitando rastreamento precoce 

(BAKER et al., 2014; MOVASAGHI; REHMAN; UR REHMAN, 2008; OLLESCH et al., 

2013). 

As perspectivas futuras apontam para uma abordagem multimodal. A integração entre 

IA, biomarcadores, terapias regenerativas e novas moléculas anti-inflamatórias permitirá a 

individualização do manejo da DBP, aproximando a neonatologia de uma medicina de precisão 

(CHHABRA et al., 2026; GILFILLAN; KILADEJO; BHANDARI, 2025; PIERSIGILLI; 

BHANDARI, 2016).



2.2.10. Impacto a Longo Prazo

As sequelas respiratórias representam uma das complicações mais marcantes da DBP. 

Crianças e adolescentes sobreviventes apresentam risco aumentado de hospitalizações por 

infecções respiratórias recorrentes, como bronquiolite e pneumonia (MOSCHINO; 

BONADIES; BARALDI, 2021; STOLL et al., 2015). Além disso, estudos de coorte mostram 

que a função pulmonar permanece reduzida até a vida adulta, com menor VEF1 e limitação ao 

exercício físico (MOSCHINO; BONADIES; BARALDI, 2021).

As repercussões cardiovasculares são de grande relevância clínica na DBP. O 

remodelamento vascular anômalo observado na DBP associa-se à hipertensão pulmonar 

persistente, complicação que aumenta a mortalidade e limita a capacidade funcional 

(THÉBAUD et al., 2019). As complicações metabólicas também têm sido observadas no curso 

tardio. Adolescentes e adultos jovens com histórico de nascerem muito prematuros (e 

sobreviventes da DBP) apresentam maior risco de resistência insulínica, obesidade central e 

dislipidemia (SIPOLA-LEPPÄNEN et al., 2015). Além disso, a DBP exerce impacto 

significativo sobre o neurodesenvolvimento. Crianças afetadas apresentam maior prevalência 

de déficits cognitivos, atraso no desenvolvimento motor e desempenho escolar inferior (STOLL 

et al., 2015; TWILHAAR et al., 2018). Déficits de linguagem, memória e funções executivas 

são descritos mesmo em casos de DBP moderada (TWILHAAR et al., 2018).

O impacto econômico da DBP é expressivo. Os custos imediatos decorrem da internação 

prolongada em unidades neonatais e da necessidade de suporte ventilatório avançado 

(LAPCHAROENSAP et al., 2020; OMS, 2023). Nos anos subsequentes, é frequente a 

necessidade de reinternações associadas com infecções respiratórias, e as complicações 

crônicas representam parcela significativa dos gastos em saúde. A necessidade de terapia com 

utilização de oxigenoterapia domiciliar, ventilação não invasiva e medicamentos de uso 

contínuo eleva ainda mais os custos diretos (ÁLVAREZ-FUENTE et al., 2017). Além disso, 

custos indiretos incluem sobrecarga familiar, afastamento de cuidadores do mercado de trabalho 

e dependência de programas sociais, ampliando o impacto socioeconômico coletivo 

(HUMAYUN et al., 2021).

Projeções globais sugerem que o custo da prematuridade e suas complicações, como a 

DBP, pode ser exponencialmente maior (até várias vezes superior) em comparação a recém-

nascidos a termo, o que evidencia um desafio crescente para sistemas de saúde em diferentes 

países (HUMAYUN et al., 2021; LAPCHAROENSAP et al., 2020).



2.3. ATR-FTIR

A espectroscopia ATR-FTIR é uma técnica vibracional amplamente empregada na 

caracterização bioquímica de sistemas biológicos complexos, baseada na absorção da radiação 

infravermelha, permitindo a identificação de grupos funcionais por meio da análise da absorção 

associada às vibrações moleculares específicas. O espectro obtido representa uma assinatura 

bioquímica global da amostra, refletindo contribuições integradas de proteínas, lipídios, 

carboidratos e ácidos nucleicos, o que confere à técnica caráter global e potencial aplicação em 

estudos diagnósticos (BAKER et al., 2014; MOVASAGHI; REHMAN; UR REHMAN, 2008; 

NASEER; ALI; QAZI, 2021; TALARI et al., 2017).

Do ponto de vista instrumental, o sistema FTIR é composto por uma fonte de radiação 

infravermelha, um interferômetro (normalmente do tipo Michelson), um módulo de 

amostragem como o cristal ATR e um detector que captura o sinal modulando-se o padrão de 

interferência. No modo ATR, a interação da radiação com a amostra ocorre por meio de onda 

evanescente, permitindo análise direta com preparo mínimo e sem destruição do material 

biológico, característica particularmente relevante em biofluidos de volume limitado, como a 

urina neonatal (BAKER et al., 2014; YAP et al., 2021).

Entre as principais vantagens da técnica destacam-se: ser não-destrutiva, sensível, 

relativamente rápida, apresentar custo moderado comparado a outras técnicas de ômica, a 

possibilidade de automação, a capacidade de trabalhar com amostras mínimas, o potencial de 

detectar alterações metabólicas ou bioquímicas e a possibilidade de integração com algoritmos 

multivariados de análise de dados (DI SANTO et al., 2022; MOVASAGHI; REHMAN; UR 

REHMAN, 2008; NASEER; ALI; QAZI, 2021; TALARI et al., 2017).

Estudos recentes têm ampliado a aplicação da espectroscopia ATR-FTIR no contexto 

biomédico, incluindo a análise de vesículas extracelulares em amostras de urina para detecção 

de neoplasias. A combinação de ATR-FTIR com métodos de análise multivariada, como análise 

de componentes principais (PCA), demonstrou capacidade discriminatória entre grupos clínicos 

distintos, evidenciando que vesículas extracelulares transportam assinaturas moleculares 

detectáveis por espectroscopia vibracional no infravermelho (YAP et al., 2021). Esses achados 

reforçam o potencial da técnica como ferramenta de triagem baseada em assinatura espectral 

integrada, particularmente quando associada a modelos de inteligência artificial (DI SANTO et 

al., 2022).



2.4. Metabolômica

A metabolômica é definida como a análise abrangente e sistemática do conjunto de 

metabólitos de baixo peso molecular presentes em células, tecidos e fluidos biológicos, 

refletindo de forma direta as alterações fisiológicas e patológicas do organismo. Diferentemente 

da genômica, transcriptômica e proteômica, que avaliam níveis intermediários de expressão 

biológica, a metabolômica fornece um retrato fenotípico mais imediato e dinâmico da condição 

biológica atual do indivíduo (WISHART, 2011, 2016; ZHANG et al., 2024). A técnica tem sido 

amplamente explorada no campo biomédico, incluindo oncologia, pneumologia e neonatologia, 

pela sua capacidade de identificar biomarcadores precoces, auxiliar no prognóstico e monitorar 

a resposta terapêutica (FANOS et al., 2014; PIERSIGILLI et al., 2019; PIERSIGILLI; 

BHANDARI, 2016).

A abordagem metabolômica baseia-se na detecção e quantificação de metabólitos por 

meio de plataformas analíticas de alta resolução, como a ressonância magnética nuclear (RMN) 

e a espectrometria de massas (MS), frequentemente acopladas a técnicas cromatográficas, como 

cromatografia líquida de alta eficiência (LC-MS) ou cromatografia gasosa (GC-MS). Essas 

tecnologias permitem a caracterização de centenas a milhares de metabólitos em uma única 

análise, gerando conjuntos de dados de alta dimensionalidade que exigem processamento de 

bioinformática avançada (DUNN et al., 2010). A escolha da plataforma depende do objetivo 

experimental: a RMN é altamente reprodutível e quantitativa, enquanto a MS apresenta maior 

sensibilidade e cobertura metabólica (PIERSIGILLI et al., 2019; PIERSIGILLI; BHANDARI, 

2016; WISHART, 2011, 2016).

O processamento dos dados metabolômicos envolve etapas rigorosas de pré-

processamento, incluindo normalização, correção de ruído e alinhamento espectral, seguidas de 

análises estatísticas multivariadas supervisionadas e não supervisionadas, como PCA (Principal 

Component Analysis) e PLS-DA (Partial Least Squares Discriminant Analysis). Essas 

abordagens permitem a identificação de padrões metabólicos discriminatórios, a identificação 

de biomarcadores e a inferência de rotas metabólicas envolvidas em processos fisiopatológicos 

(DUNN et al., 2010).

Os benefícios do uso da metabolômica incluem a possibilidade de monitorar alterações 

bioquímicas de forma precoce, não invasiva e integrada, fornecendo informações 

complementares a outras técnicas ômicas. Além disso, a metabolômica possibilita identificar 

assinaturas metabólicas específicas associadas ao estresse oxidativo, inflamação, hipóxia e 



desordens energéticas, fenômenos frequentemente observados em doenças pulmonares e 

neonatais (LAL; BHANDARI; AMBALAVANAN, 2018; ZHANG et al., 2024).

No contexto neonatal, estudos têm demonstrado o potencial clínico da metabolômica na 

identificação de perfis metabólicos associados ao risco de displasia broncopulmonar, 

evidenciando alterações relacionadas a processos inflamatórios, remodelamento pulmonar e 

metabolismo energético (CAPASSO et al., 2019; FANOS et al., 2014). Esses dados reforçam a 

plausibilidade biológica do uso de metabólitos urinários como marcadores precoces de 

disfunção pulmonar em prematuros. Na pneumologia, a metabolômica também tem sido 

aplicada na caracterização do microambiente pulmonar e na detecção precoce de alterações 

metabólicas ligadas à doença pulmonar obstrutiva crônica e à fibrose (LAL; BHANDARI; 

AMBALAVANAN, 2018).

Mais recentemente, a metabolômica foi combinada com técnicas como a espectroscopia 

ATR-FTIR e análises de vesículas extracelulares, expandindo seu potencial diagnóstico e 

prognóstico em doenças complexas. Essa integração tem permitido análises mais robustas e 

abrangentes, reforçando a metabolômica como ferramenta estratégica para a medicina 

personalizada e para a compreensão de mecanismos fisiopatológicos (WISHART, 2016; WU et 

al., 2022; ZHANG et al., 2024).

A elevada incidência global de prematuridade e sua associação com morbimortalidade 

tornam a detecção da DBP um relevante problema de saúde pública. Apesar dos avanços na 

neonatologia, o diagnóstico da DBP permanece baseado em critérios clínicos calcados em 

desfechos tardios e heterogêneos, centrados na dependência de oxigenoterapia, os quais não 

refletem de forma objetiva as alterações imunológicas e inflamatórias que caracterizam a 

fisiopatologia precoce da doença. Essa limitação compromete a estratificação de risco, a 

implementação de intervenções oportunas e o desenvolvimento de terapias direcionadas. Nesse 

contexto, a identificação precoce de biomarcadores não invasivos, capazes de capturar 

alterações metabólicas e moleculares nos primeiros dias de vida, integrados a algoritmos de 

inteligência artificial, representa uma estratégia inovadora e potencialmente transformadora 

para aprimorar a predição, o manejo e os desfechos clínicos da DBP em prematuros de muito 

baixo peso.



3. Objetivos

3.1 Geral
Desenvolver plataformas não-invasiva baseadas em biomarcadores urinários e aplicadas 

a algoritmos de inteligência artificial para a triagem diagnóstica e de risco para displasia 

broncopulmonar em recém-nascidos pré-termo de muito baixo peso.

3.2 Específicos

a. Avaliar o desempenho diagnóstico por espectroscopia infravermelho com transformada 

de Fourier acoplada com refletância total atenuada (ATR-FTIR) combinada com técnicas de 

inteligência artificial para comparar os componentes urinários de recém-nascidos prematuros 

de muito baixo peso com displasia broncopulmonar;

b. Avaliar o desempenho diagnóstico e de classificação do risco por metabolômica combinada 

com parâmetros clínicos para comparar os componentes urinários de recém-nascidos 

prematuros de muito baixo peso com displasia broncopulmonar;

4. Resultados

Os capítulos de Materiais e Métodos, Resultados e Discussão encontram-se estruturados 

na forma de dois manuscritos científicos independentes, denominados Artigo 1 e Artigo 2, 

conforme a modalidade alternativa prevista pelo Programa de Pós-Graduação em Ciências da 

Saúde da UFU.



ARTIGO 1

Early Prediction of Bronchopulmonary Dysplasia in Very Preterm Infants Using Urinary 
ATR-FTIR Spectroscopy Integrated with Machine Learning

ã

†

†   



Abstract

Bronchopulmonary dysplasia (BPD) is a chronic lung condition in preterm infants, resulting 

from lung immaturity and oxygen supplementation, which alters pulmonary physiology. These 

changes may be reflected in systemic metabolism and detected through urinary analysis using 

ATR-FTIR spectroscopy. This study investigated whether urinary attenuated total reflectance 

Fourier-transform infrared (ATR-FTIR) spectroscopy combined with machine learning could 

enable early prediction of BPD in extremely low birth weight preterm infants. The single-center 

prospective study in a neonatal intensive care unit included preterm infants <30weeks of 

gestation age and birth weight of <1,000g. Urine samples were collected on the second day of 

life and analyzed using ATR-FTIR spectroscopy. A total of 42 infants were enrolled and 

stratified according to subsequent BPD development (20 BPD; 22 without BPD). The AdaBoost 

algorithm achieved 73% sensitivity, 81% specificity and 78% accuracy in distinguishing urine 

sample from infants with and without BPD. Discriminatory vibrational bands were primarily 

associated with vibrational modes from lipids, carbohydrates and proteins. Urinary ATR-FTIR 

spectroscopy integrated with machine learning demonstrates potential as a rapid, non-invasive, 

and low-cost platform for early BPD risk stratification in extremely low birth weight premature 

infants.

Keywords: Bronchopulmonary Dysplasia, Urine, ATR-FTIR, Machine Learning, Preterm 

Infants

Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease affecting preterm infants 

exposed to prolonged mechanical ventilation, (1). Despite decades of investigation, its 

definition and diagnostic criteria remain imprecise, and recent analyses highlight substantial 

variability in oxygen-dependency thresholds and respiratory-support parameters (2–4). 

According to the NICHD workshop, BPD in infants <32 weeks is diagnosed based on the need 

for respiratory support at 36 weeks postmenstrual age; however, this definition relies on late 

functional endpoints rather than underlying biological processes, and inconsistencies in oxygen 

assessment and ventilatory classification contribute to delayed or misclassified diagnoses. This 

heterogeneity undermines cross-cohort comparability and limits efforts to develop biologically 

meaningful biomarkers capable of predicting long-term pulmonary outcomes (3,5–7).



The pathogenesis of BPD remains incompletely understood. Lung injury, impaired 

alveolar and vascular development, inflammation, oxidative stress, mechanical ventilation–

induced damage, and genetic or epigenetic susceptibility interact within a highly immature 

pulmonary microenvironment (4). Advances in neonatal care have shifted BPD from a 

fibrocystic injury pattern to a disease primarily defined by disrupted alveolarization and 

pulmonary vascular development (8). These alterations are associated with chronic lung 

disease, pulmonary hypertension, and increased morbidity and mortality, imposing a significant 

healthcare burden (9,10). Despite progress in neonatal intensive care, BPD remains highly 

prevalent among extremely preterm infants, with incidence varying across regions and 

influenced by gestational age, birth weight, and perinatal practices (11–13). Importantly, early 

systemic metabolic perturbations may precede overt clinical manifestations, providing a 

window for biologically informed risk stratification (11).

One emerging strategy involves Attenuated Total Reflection Fourier Transform Infrared 

(ATR-FTIR) spectroscopy to neonatal biofluids, such as urine. This method provides a 

biochemical fingerprint based on molecular vibrational signatures when infrared light interacts 

with the sample. Unlike conventional biomarker assays targeting single analytes. ATR-FTIR 

captures integrated molecular alterations across lipids, proteins, nucleic acids, and metabolites 

in a single acquisition, enabling high-dimensional phenotypic characterization. This 

biophotonic platform offers rapid analysis, relatively low cost, minimal sample preparation, low 

operational cost, and compatibility with artificial intelligence–based multiparametric modeling 

for high-dimensional pattern recognition  (14–16). When coupled with machine learning, ATR-

FTIR has the potential to uncover unique spectral patterns associated with early disease 

progression, supporting its translational relevance in neonatal research (17–22).

We hypothesize that ATR-FTIR spectroscopy can detect early and specific biochemical 

alterations in urinary components reflecting systemic responses to disrupted pulmonary 

development, thereby serving as a non-invasive screening tool for BPD. We therefore 

investigated whether urinary biochemical signatures obtained at two days of life in extremely 

low birth weight preterm infants could serve as early predictive biomarkers of BPD.

Materials and Methods

Ethical approval



The study was approved by the Research Ethics Committee of Federal University of 

Uberlandia (#2.360.814). Written informed consent was obtained from the parents or legal 

guardians prior to enrollment.

Study population

This cross-sectional study was conducted in a single tertiary neonatal intensive care unit 

between January 2015 and September 2019. Eligible participants were preterm infants of both 

genders and all racial and ethnic groups, with a gestational age between 23 and <30 weeks, a 

birth weight of <1,000 grams, and no evidence of congenital malformations. Infants who died 

before 36 weeks of postmenstrual age or were diagnosed with early- or late-onset sepsis were 

excluded. The study population comprised preterm infants who subsequently developed 

bronchopulmonary dysplasia (BPD) and those who did not. According to the National Institute 

of Child Health and Human Development (NICHD) workshop criteria, BPD in infants born at 

<32 weeks’ gestation is established based on the requirement for respiratory support at 36 

postmenstrual weeks (2).  

Sampling

Urine samples were collected from study participants on the second day of life using a 

sterile neonatal urine collection bag. The urine samples were transferred to 1.5 mL microtubes 

and immediately centrifuged at 3,800 rpm for 5 minutes at room temperature. The supernatant 

was carefully collected and stored at -80°C until analysis.

ATR-FTIR spectroscopy

A portable FTIR spectrophotometer equipped with an attenuated total reflectance (ATR) 

module (Agilent Technologies, Agilent Cary 630, Santa Clara, CA, USA) was used for spectral 

acquisition. The ATR unit contained a diamond crystal serving as the internal reflection 

element. Urine spectra acquired over the wavenumber region of 4,000 cm-1 to 650 cm-1, and 32 

scan per sample at a spectral resolution of 4 cm-1. The air spectrum was used as a background 

before each infrared urine analysis. Aliquots of urine (10μL) were deposited onto aluminum 

devices and heated to 80ºC in a dry bath (Ageon, Brazil®) for 10 minutes and added to the ATR 

crystal. All measurements were performed in duplicate, and the mean spectrum was used for 

statistical analysis.

Statistical data analysis



GraphPad Prism 8 was used for statistical analysis of newborn characteristics. Normally 

distributed data were analyzed using the t-test and reported as mean (standard deviation), non-

normally distributed data were analyzed using the Mann-Whitney test and reported as median 

(interquartile range), and Fisher's exact test was used for categorical data and reported as 

number of cases (percentage) to the reference group. Statistically significant tests were 

considered with p-values lower than 0.05.

The ATR-FTIR spectra were processed using the Orange 3.35.0 software, implemented 

in Python 3 (Demsar citation). Spectral data were normalized to minimize acquisition-related 

variability and ensure analytical consistency. Principal Component Analysis (PCA) was 

performed following spectral preprocessing, including min–max normalization and baseline 

correction using the truncated rubberband method applied to the lipid region (3050–2800 cm⁻¹) 

and the biofingerprint region (1800–900 cm⁻¹). 

PCA reduced the high-dimensional spectral variables into orthogonal principal 

components that captured the maximal variance within the dataset. The representation of the 

variables (n) is reduced to some principal components (PC's) that describe the maximum 

variation of the data and are presented in an n-dimensional space, in the graphical form of 

“scores” of the clusters in the data set. The resulting components were projected into 

multidimensional space and visualized as cluster score plots to assess group discrimination.

Classification performance was evaluated using multiple machine learning algorithms, 

including AdaBoost, Naïve Bayes, Neural Networks, Support Vector Machines (SVM), and 

Random Forest. Model validation was performed using leave-one-out cross-validation. Model 

performance was evaluated using three established classification metrics: sensitivity, 

specificity, and overall accuracy. Sensitivity (true positive rate) was defined as the proportion 

of infants who developed BPD and were correctly identified by the model. Specificity (true 

negative rate) represented the proportion of infants who did not develop BPD and were correctly 

classified. Overall accuracy corresponded to the proportion of correctly classified cases, 

encompassing both true positive and true negative predictions.

Results

Of the preterm infants screened during the study period, 42 met the eligibility criteria 

and were included in the final analysis. A total of 148 infants were excluded because of death 



before 36 weeks of postmenstrual age, diagnosis of early- or late-onset sepsis, or birth weight 

exceeding 1,000 g. The eligible cohort was divided into two groups: infants who did not develop 

BPD (n=22) and those who developed BPD (n=20). Maternal characteristics were comparable 

between groups (Table 1). Clinically relevant neonatal variables associated with BPD 

development were identified and are also summarized in Table 1.

Table 1. Maternal and clinical characteristics of preterm infants with and without BPD

Variable

Without 

BPD

(n = 22)

BPD

(n = 20)
OR P value

Gestational age (weeks) – 

Median (Max-Min)
27 (29-24) 25.50 (28-24) - 0.007

Gender – Female 54.55% 25% 3.600 0.051

Birth weight (g) – mean (error 

measures)
861.9 (95.43) 741.5 (143.9) - 0.002

Apgar 5 min – mean (error 

measures)
7.68 (1.49) 7.25 (1.68) - 0.383

Respiratory distress syndrome 100% 100% - >0.999

Intrauterine growth restriction 22.73% 25% 0.882 >0.999

Days of hospitalization – 

Median (Max-Min)
75.5 (123-55) 115.5 (255-72) - <0,0001

Invasive mechanical ventilation 

on day 2
54.55% 85% 4.722 0.047

Surfactant 100% 90% - 0.220

SNAPPE II – Median (Max-

Min)
32 (71-10) 50.5 (75-0) - 0.019

Persistent artery canal 81.2% 80% 1,125 >0.999



Chorioamnionitis 13.64% 20% - 0.69

Steroid antenatal 68.18% 95% - 0.04

Premature rupture of membranes 13.64% 25% - 0.44

Preeclampsia/ Eclampsia 45.45% 25% - 0.20
* Mean ± SD, median (Max-Min), or percentage. OR: odds ratio. 

A representative mid-infrared urinary spectrum distinguishing infant who did not 

develop BPD from those who did is shown in Figure 1. The spectrum encompasses vibrational 

bands corresponding to key biomolecular constituents, including lipids, proteins, glycoproteins, 

and nucleic acid. Comparative analysis of the spectra revealed distinct biochemical differences 

between BPD and without BPD samples.

Figure 1. Representative average ATR-FTIR spectra (3700–800 cm-1) obtained from second-

day urine samples of preterm infants who did and did not develop bronchopulmonary dysplasia 

(BPD).

Subsequently, an initial exploratory analysis was to identify group-specific spectral 

variations between infants who developed BPD and those who did not. Principal Component 

Analysis (PCA) revealed partial separation patterns in second-day urinary infrared spectra 

between the two groups. PCA transformed the original high-dimensional spectral dataset into 

orthogonal latent variables (principal components), capturing the main sources of variance in 

the dataset. The first two components, PC1 and PC2, accounted for 61.4% and 18.3% of the 

total variance, respectively. These components were visualized in the corresponding score plot 



(Figure 2), illustrating the distribution and clustering behavior of the samples in reduced 

dimensional space.

Figure 2. Principal Component Analysis (PCA) score plot of PC1 versus PC2 derived from 

second-day urinary ATR-FTIR spectra of preterm infants stratified by subsequent development 

of bronchopulmonary dysplasia (BPD).

To enhance classification reliability of second-day urinary spectra from extremely low 

birth weight preterm infants, supervised machine learning algorithms were applied, including 

AdaBoost, Neural Networks, Naive Bayes, Random Forest and Support Vector Machine. 

Classification performance is summarized in Table 2. Among the evaluated models, the 

AdaBoost algorithm preprocessed with 2nd derivative demonstrated superior discriminatory 

performance between infants who developed BPD and those who did not. Optimal performance 

was achieved using combined spectral regions corresponding to lipids (3050–2800 cm⁻¹) and 

the biofingerprint region (1800–900 cm⁻¹). The best classification performance using urine 

samples showed sensitivity of 73%, specificity of 81% and accuracy of 78% to distinguish 

between with and without BPD (Table 2).

Table 2. Performance of machine learning algorithms applied to second-day urinary ATR-FTIR 

spectra from extremely low birth weight preterm infants with and without bronchopulmonary 

dysplasia.



Pre-processing
(band)

Algorithm
Sensitivity

(%)
Specificity

(%)
Accuracy 

(%)

Row data

(3050-2800 cm-1; 

1800-900 cm-1)

AdaBoost 42 72 58

Naive 

Bayes
68 36 51

Neural 

Network
42 50 46

SVM 31 77 56

Random 

Forest
42 50 46

Min-Máx and 

Rubberband(3050-

2800 cm-1; 1800-

900 cm-1)

AdaBoost 47 31 39

Naive 

Bayes
52 59 56

Neural 

Network
42 45 44

SVM 31 68 51

Random 

Forest
52 59 56

1st derivative

(3050-2800 cm-1; 

1800-900 cm-1)

AdaBoost 36 72 56

Naive 

Bayes
52 50 51

Neural 

Network
47 36 0,41

SVM 36 0,68 0,53

Random 

Forest
42 63 0,53

2nd derivative

(3050-2800 cm-1; 

1800-900 cm-1)

AdaBoost 73 81 78

Naive 

Bayes
68 45 56

Neural 

Network
47 45 46

SVM 31 86 60



Random 

Forest
42 54 48

ALSS smoothing

(3050-2800 cm-1; 

1800-900 cm-1)

AdaBoost 68 72 70

Naive 

Bayes
57 72 65

Neural 

Network
42 36 39

SVM 36 91 65

Random 

Forest
52 68 61

PCA denoising

(3050-2800 cm-1; 

1800-900 cm-1)

AdaBoost 42 50 46

Naive 

Bayes
52 63 58

Neural 

Network
47 54 51

SVM 52 77 65

Random 

Forest
36 50 44

To identify the most significant vibrational that are responsible for differentiating BPD 

and non-BPD dysplastic preterm infants in the algorithm, Shapley Additive Explanations 

(SHAP) were generated (Figure 3). The SHAP value of each feature within the AdaBoost model 

results in the main urinary vibrational modes at 1192 cm−1, 1030 cm−1, 3047 cm−1, 924 cm−1, 

1496 cm−1, 1716 cm−1, 1567 cm−1, 1358 cm−1, 1235 cm−1 and 1168 cm−1 as responsible for 

distinguishing premature infants (Figure 3). The molecular assignments approximated of each 

vibrational mode indicated by the analysis are described in Table 3.



Figure 3. The SHAP value graph of each feature within the AdaBoost model results in the main 

urinary vibrational modes for discriminating neonates without BPD from neonates with BPD.

Table 3. Attribution of vibrational modes of the SHAP value of each feature within the 

AdaBoost model to differentiate dysplastic and non-dysplastic extremely low birth weight 

preterm infants.

Wavenumber 
(cm-1)

Band assignment
Biomolecular 
components

1192 Phospholipids Lipids

1030 Glucose Carbohydrates

3047 Amid B (N-H stretching) Protein

924 Membrane lipids (phospholipids) Lipids

1496 Amida II Protein

1716
Amide I (arises from C=O stretching 

vibration) 
Protein

1567 Amide II region Protein

1358
Stretching C-O, deformation C-H, 

deformation N-H 
Lipids

1235
Composed of amide III as well as 

phosphate vibration of nucleic acids 
Protein

1168 vC-O of carbohydrates Carbohydrates



Discussion

ATR-FTIR spectroscopy enables rapid, sustainable, non-destructive characterization of 

molecular vibrational signatures while preserving sample integrity, supporting high-throughput 

and minimally invasive biochemical profiling for clinical screening (16). In this study, urinary 

ATR-FTIR spectra obtained on the second day of life were analyzed using supervised machine 

learning algorithms to assess early discriminatory performance for bronchopulmonary 

dysplasia (BPD). Among the evaluated models, AdaBoost combined with second-derivative 

preprocessing demonstrated the highest classification performance. Optimal discrimination was 

achieved using the lipid (3050–2800 cm⁻¹) and biofingerprint (1800–900 cm⁻¹) spectral regions, 

yielding a sensitivity of 73%, specificity of 81%, and overall accuracy of 78%. These findings 

indicate that early urinary spectral signatures capture biologically relevant alterations 

associated with subsequent BPD development. BPD remains defined by late oxygen-based 

criteria that do not capture the early immunometabolic processes underlying disrupted lung 

development, thereby limiting timely risk stratification and early intervention (3,5). In our 

cohort, all infants who developed BPD were born between 24 and 28 weeks of gestation, and 

half of the studied population progressed to the disease, which is consistent with contemporary 

epidemiological patterns. Although some reports suggest modest declines in incidence, most 

studies indicate stable or rising BPD rates over recent decades, largely attributable to improved 

survival of extremely premature infants despite limited therapeutic options (11,33). In addition 

to respiratory morbidity, BPD markedly amplifies healthcare costs, with expenditures rising by 

over 160% in infants requiring home oxygen therapy (10). This marked economic impact 

highlights the urgency of early, non-invasive biomarkers for timely risk stratification.  

SHAP-based feature attribution revealed that the most influential spectral variables 

within the AdaBoost model were centered at 1192 cm⁻¹ and 1030 cm⁻¹, corresponding to 

phospholipid-associated vibrations and glucose-related carbohydrate modes, respectively. The 

marked predominance of the 1192 cm⁻¹ band suggests early perturbations in membrane 

phospholipid composition, potentially reflecting oxidative lipid remodeling, which could be 

related with ventilator-induced injury and impaired alveolar development in BPD (4,8). The 

pivotal contribution of the 1030 cm⁻¹ band indicates alterations in carbohydrate metabolism, 

consistent with dysregulated glucose utilization and systemic metabolic stress in extremely 

preterm infants (36). Taken together, the dominance of the 1192 cm⁻¹ (phospholipid) and 1030 

cm⁻¹ (glucose-related) bands suggests that second-day urinary spectra reflect early membrane 



lipid remodeling and altered glucose handling, consistent with the immunometabolic 

reprogramming and redox imbalance described in the pathobiology of BPD (36).

 To our knowledge, urinary ATR-FTIR spectroscopy has not previously been explored 

as a strategy for early BPD risk assessment in premature infants (24,25,30,31). In the present 

analysis, lipid-associated bands rank among the most discriminative spectral features. This 

observation is biologically coherent, as lipids are fundamental structural constituents of cellular 

membranes and represent the predominant fraction of pulmonary surfactant, which governs 

alveolar stability through modulation of surface tension. Alterations in surfactant phospholipids 

have been associated with lung maturity in studies employing ATR-FTIR combined with 

machine-learning models (25,32). Evidence from other pulmonary diseases underscore the 

sensitivity of ATR-FTIR to detect biochemical disturbances. In lung cancer, shifts in  protein, 

lipid, and nucleic acid bands enabling accurate detection of malignant samples. (26,27). 

Although overlapping in the detection of changes with lipids, the specific vibrational patterns 

differed, indicating that ATR-FTIR captures disease-specific biochemical configurations rather 

than identical spectral signatures across inflammatory, developmental, and neoplastic 

conditions.

FTIR-based techniques have demonstrated effectiveness in detecting and monitoring 

diverse pathological conditions through the analysis of saliva, blood, serum, amniotic fluid, 

bronchoalveolar lavage, and urine (17–19,21,24,27,34,35). However, most neonatal and 

pulmonary spectroscopy studies have relied on samples obtained at later clinical stages or after 

disease establishment. In contrast, our study shows that ATR-FTIR applied to urine collected 

on the second day of life can identify biochemical alterations preceding the clinical diagnosis 

of BPD.  This earlier timing, at second day, enables biological risk detection rather than late 

diagnostic confirmation. The prominence of phospholipid and glucose bands supports early 

membrane disruption and metabolic imbalance as central events in BPD pathogenesis.

Although restricted by its single-center framework and moderate sample size, this study 

provides proof of concept that second-day urinary ATR-FTIR profiling can reveal biochemical 

changes preceding clinical BPD diagnosis. Multicenter validation and longitudinal analyses are 

required to confirm reproducibility and temporal robustness. If validated, early risk 

identification could support stratified respiratory management and timely targeted interventions 

during a critical therapeutic opportunity. A portable, urine-based platform integrated with 



artificial intelligence may offer a scalable, non-invasive adjunct to routine neonatal intensive 

care practice.

In summary, our findings reveal that urinary ATR-FTIR spectroscopy performed on the 

second day of life can indicate relevant changes in infrared spectra in extremely low birth 

weight infants who later develop BPD. The most influential vibrational signals were related to 

phospholipids (1192 cm⁻¹) and glucose (1030 cm⁻¹), pointing toward disturbances in membrane 

composition and metabolic regulation. Using AdaBoost with second-derivative preprocessing, 

the model achieved a sensitivity of 73%, specificity of 81%, and overall accuracy of 78%, 

supporting the robustness of this approach. Together, these results suggest that artificial 

intelligence–assisted vibrational spectroscopy may serve as a practical, non-invasive tool for 

early risk stratification in neonatal lung disease. Larger multicenter studies are now needed to 

confirm its reproducibility and clinical adoption.
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Abstract 

Background: Bronchopulmonary dysplasia (BPD) remains a major complication of extreme 

prematurity, and validated biomarkers for early risk stratification remain unavailable.. Non-

invasive urinary  metabolomic profile may identify non-invasive molecular markers that 

complement established clinical predictors of BPD.. Objective: To identify early urinary 

metabolic biomarkers associated with BPD and to determine whether their integration with 

clinical variables improves early risk prediction.. Methods: In this prospective cohort study, 

urine samples collected from very low birth weight preterm infants at 23–30 weeks of gestation 

underwent untargeted HPLC–MS-based metabolomic profiling. Differential metabolite 

abundance was assessed, and multivariable logistic regression was used to develop models 

integrating metabolic and clinical predictors. Model performance was evaluated using bootstrap 

internal validation, receiver operating characteristic analysis, decision curve analysis, and a 

nomogram. Results: Among 88 preterm infants, 33 (37.5%) developed BPD. Metabolomic 

profiling identified two urinary metabolites that differed significantly between groups: Cys–

Ser–Met was more abundant, whereas creatinine was less abundant, in infants who developed 

BPD. After adjustment for sex, birth weight, gestational age, and mechanical ventilation on 

postnatal day 2, Cys–Ser–Met remained independently associated with BPD (odds ratio per unit 

increase, 1.10; 95% confidence interval [CI], 1.03–1.17).The final model (M2), which 

combined Cys–Ser–Met with these clinical variables, demonstrated good discrimination, with 

an area under the receiver operating characteristic curve of 0.862 (bootstrap-derived 95% CI, 

0.775–0.937). At the Youden-derived probability cutoff of 0.347, the model achieved an 

accuracy of 81.8%, sensitivity of 80.7%, and specificity of 83.9%.At a 0.35 threshold, M2 

provided greater net benefit than the clinical-only model and reference strategies, with 

performance comparable to M4.Conclusions: Higher urinary Cys–Ser–Met abundance was 

independently associated with BPD and improved model discrimination when added to 

establishedclinical variables. These findings highlight urinary metabolomics as a potential non-

invasive complementary approach to early BPD risk prediction, however, external validation in 

larger, multicenter cohorts is required before clinical implementation.

Keywords: Bronchopulmonary Dysplasia; Infant, Premature; Metabolomics; Biomarkers; 
Urine; Risk Factors; Intensive Care Units, Neonatal; Predictive Value of Tests.



Introduction

Bronchopulmonary dysplasia (BPD) is a chronic lung disease in preterm infants, 

characterized by changes in alveolar development and impaired pulmonary vascular 

development, resulting in compromised gas exchange and prolonged oxygen dependence. BPD 

is now recognized as a multifactorial condition resulting from the interaction between extreme 

pulmonary immaturity, dysregulated inflammation, oxidative stress, and ventilator-associated 

injury (1,2). The National Institute of Child Health and Human Development (NICHD) 

consensus definition expanded the diagnostic framework for BPD by incorporating the need for 

any form of respiratory support at 36 weeks’ postmenstrual age, rather than classification 

predicated solely on oxygen supplementation (3,4). Although this revision acknowledges the 

clinical heterogeneity of BPD, it it reveals the absence of validated biomarkers that can detect 

at-risk infants prior to clinical presentation (5–8).

BPD remains one of the most prevalent complications of extreme prematurity, affecting 

approximately 11 to 50% of infants born before 32 weeks of gestation worldwide, with the 

highest rates observed in infants with extremely low birth weight (<1000 g). In Brazil, 

multicenter studies report incidences similar to those of high-income countries, however, 

regional disparities in in access to specialized neonatal care and variability in mortality rates 

may lead to underestimation of the true disease burden (9,10). 

Metabolomics profiling enables a powerful strategy for identifying biomarkers 

associated in bronchopulmonary dysplasia (BPD), as it allows for the comprehensive 

identification of low molecular weight metabolites that reflect the biochemical processes 

involved in the development of the disease. This strategy enables the early detection of 

metabolic alterations. Recent investigations support this potential, demonstrating that metabolic 

disorders can be identified before the clinical manifestation of the disease (11–14). Urine is a 

particularly suitable biofluid because it can be collected non-invasively, remains biochemically 

stable, and reflects systemic metabolic alterations. These attributes are especially important in 

extremely preterm infants, in whom repeated blood sampling carries significant clinical risk 

(11–13).

Therefore, this study aimed to identify urinary metabolites associated with subsequent 

BPD in very-low-birth-weight preterm infants and to determine whether their integration with 

established clinical variables improves early risk prediction. We further sought to develop and 



internally validate a multivariable model for individualized estimation of BPD risk in this 

vulnerable population.

Materials and methods

Ethical approval

This study was approved by the Research Ethics Committee of Federal University of 

Uberlândia (nº2.360.814), and written informed consent was signed from the parents or legal 

guardians prior to enrollment of their infants.

Study population

This single-center longitudinal study was conducted in a single tertiary-level neonatal 

intensive care unit between January 2015 and September 2019. Eligible participants were 

preterm infants with a gestational age between 23 and <30 weeks, birth weight <1500 grams, 

and no evidence of congenital malformations. Infants who died before 36 postmenstrual weeks 

or who received a diagnosis of early or late sepsis were excluded. The study population included 

premature newborns with and without a diagnosis of bronchopulmonary dysplasia (BPD). 

According to the NICHD consensus definition, BPD in infants < 32 weeks of gestation is 

defined by the requirement of respiratory support at 36 weeks postmenstrual (3).

Urine Sample Collection and Preparation

Neonatal urine was obtained using a sterile urine collector on the second day after birth. 

The urine samples were then placed in 1.5 mL microtubes and promptly subjected to 

centrifugation (3,800 rpm, 5 minutes, at room temperature, 22°C). Subsequently, the 

supernatant was collected and stored at -80°C until analysis. All samples were processed within 

a standardized time frame to minimize pre-analytical variability.

Metabolomic analysis

For extraction of metabolites, 1,000 µL of spectroscopic-grade methanol was added to 

100 µL of each urine sample. The samples were homogenized and centrifuged for 15 minutes 

at 13,000 x g. The supernatants of the samples were collected and subsequently evaporated to 

dryness using Genevac™ miVac Centrifugal Concentrators for 60 minutes. The sample was 

resuspended in 400 µL of methanol and filtered through a 0.22 micrometer filter. 

Metabolite analysis was performed using a high-performance liquid chromatography 

(HPLC) system coupled to an Agilent Infinity 1260/Q-TOF 6520 B high-resolution mass 



spectrometer with an ionization source electrospray instrument. Chromatographic separation 

was performed using an Agilent Poroshell 120 (2.1 × 50 mm 2.7 μm) column. The mobile phase 

consisted of water acidified with formic acid (0.1% vv) and methanol under a gradient elution 

program ranging from 2% to 98% (0–6 min), followed by additional 98% methanol (6–12 min). 

The ionization parameters included a nebulizer pressure of 20 psi and a drying gas flow rate of 

8 L/min at 220°C associated with an energy of 4.5 kV applied to the capillary. The injection 

volume was 4 µL. 

Raw data were processed using MassHunter Qualitative v. 10.0 software. The molecular 

feature extraction (MFE)’ tool was used for the extraction of the mass spectra and conversion 

to CEF extension (Rodrigues, 2023). Agilent Mass Profiler Professional (MPP) software v. 

B.13.1.1 was used to filter and analyze the extracted molecular compounds. The filters used 

were minimum absolute abundance of 5,000 counts and all allowable charge states. Alignment 

parameters were set to a retention time tolerance of 0.15 min and a mass window of 15 ppm + 

2 mDa. Molecular compounds considered were those present in 50% of at least one group. The 

statistical analyses of the metabolomic analysis data were performed with log2-transformed 

values. Differential metabolites were identified using an unpaired t-test with a significance 

threshold of p < 0.05 and a fold change ≥ 2.0. The metabolites were identified using the 

METLIN 2019 database and the public databases PubChem and The Human Metabolome 

Database (HMDB).  The data were processed in MassHunter Qualitative v. 07, followed by data 

alignment using MPP. These data were subsequently exported to a CSV extension. All data 

processing and additional analysis were conducted using Orange v. 3.36.2 software (a Python 

3 programming language associated with artificial intelligence algorithms). A reduction in the 

number of predictors was conducted using the difference in the expression of metabolites via 

ANOVA, followed by training artificial intelligence algorithm models (Neural Network, 

Gradient Boosting, Support Vector Machine, Random Forest, AdaBoost, Stochastic Gradient 

Descent, K-Nearest Neighbors, Logistic Regression, and Naïve Bayes) were evaluated using a 

stratified 10-fold cross-validation approach to ensure balanced representation of both classes 

across folds.

Statistical Analysis 

–



Student’s 

–

reported as medians (interquartile ranges). Categorical variables were compared using Fisher’s 

–

–



on’s correlation 

coefficient was used. If any of these conditions were violated, Spearman’s rank correlation was 

–

continuous variable and a binary outcome were conducted using Student’s 

(Levene’s test < 0.05), Welch’s 

–

–

–

–



score, and Cohen’s kappa. Calibration was examined using calibration curves 

–

the model were compared with the “treat all” and “treat none” strategies. When applicable, 

Each predictor appears on a dedicated axis; locating the patient’s value on that axis yields a 

logistic function applied to the model’s Linear Predictor:

11+𝑒−(𝐿𝑖𝑛𝑒𝑎𝑟 𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑜𝑟)

– –

– – – –

— —



to quantify the model’s net clinical benefit across a range of threshold probabilities. Finally, a 

making. The significance level (α) was 

Results

Maternal and Neonatal Characteristics

A total of 88 preterm infants born at a tertiary referral hospital for high-risk maternal 

and neonatal care within the Brazilian Unified Health System (SUS) met the eligibility criteria 

and were included in this prospective cohort study. Of these, 55 infants did not develop 

bronchopulmonary dysplasia (BPD), whereas 33 developed BPD.Table 1 summarizes the 

maternal and neonatal characteristics most relevant to BPD development, and baseline 

characteristics were compared between groups using appropriate statistical tests.

Table 1. Maternal and clinical characteristics of preterm infants with and without BPD

Variable
Without BPD

(n = 55)

BPD

(n = 33)
P value

Gestational age (weeks) – 

Median (Max-Min)
28 (29-24) 27 (29-24) 0.001

Gender – Female 46.55% 24.24% 0.035

Birth weight (g) – mean (error 

measures)
1100 (1500-670) 924 (1495-560) 0.002

Respiratory distress syndrome 94.83% 93.94% >0.999

Intrauterine growth restriction 12.07% 15.15% 0.75

Surfactant 77.59% 87.88% 0.273



SNAPPE II – Median (Max-

Min)
25.5 (71-0) 33 (75-0) 0.041

Chorioamnionitis 10.99% 6.59% >0,99

Premature rupture of membranes 18,68% 13.19% 0.49

* Median (Max-Min), or percentage.

Metabolomics

A total of 760 metabolites were detected in the urine samples. After applying a prevalence filter 

requiring detection in at least 75% of samples in either study group, 12 metabolites were 

retained for comparative analysis.. Statistical analysis, conducted using the unpaired t-test (two-

tailed) with a significance threshold of p<0.05 and a fold change ≥ 2, revealed 2 metabolites 

that met these prespecified criteria for differential abundance between infants who developed 

BPD and matched control infants without BPD. The volcano plot integrates effect size, 

expressed as log₂ fold change, with statistical significance (Figure 1). Of the 12 metabolites 

evaluated, 10 did not differ significantly between groups, whereas two showed significant 

differences in relative abundance. Specifically, one metabolite was more abundant and one was 

less abundant in the BPD group than in the matched control group.

Figure 1. Volcano plot of metabolites differentially expressed in BPD and matched-control with 
very low birth weight preterm infants. Volcano plots illustrate the number of differentially 
expressed metabolites, with the most abundant shown in red and the least abundant in green. 
The metabolites expressed in gray present similar (p > 0.05) expression.



Figure 2 presents the sample-level abundance profiles of the two urinary metabolites 

that met the criteria for differential abundance. Consistent with the volcano plot analysis, Cys–

Ser–Met was more abundant in infants who developed BPD, whereas creatinine was less 

abundant, compared with matched infants without BPD. The heatmap also illustrates 

interindividual variation in metabolite abundance within each study group.

Figure 2. Heatmap of urinary metabolites differentially abundant between very-low-birth-
weight preterm infants with and without bronchopulmonary dysplasia (BPD). Columns 
represent individual infants, and rows represent the two differentially abundant metabolites. 
Samples are grouped according to BPD status, as indicated by the top annotation bar. The color 
scale represents relative metabolite abundance, with green indicating lower abundance and red 
indicating higher abundance. Cys–Ser–Met was more abundant, whereas creatinine was less 
abundant, in infants with BPD than in matched infants without BPD.

Table 2 summarizes the database identifiers, molecular formulae, monoisotopic 

molecular weights, chemical structures, and classifications of the two urinary metabolites that 

differed significantly between very-low-birth-weight preterm infants with and without BPD. 

Metabolite annotations were compiled from the PubChem database, the Human Metabolome 



Database (HMDB) and the Metabolomics Workbench. and cross-referenced using standardized 

accession numbers to harmonize nomenclature and associated metadata across databases.

Table 2. Database annotations and physicochemical characteristics of urinary metabolites 
differentially abundant between very-low-birth-weight preterm infants with and without 
bronchopulmonary dysplasia.

Name

[Registration 
number]

Chemical 
formula

Monoisotopic 
Molecular 

Weight

Cys-Ser-Met

[PubChem145454876 
- 

MW REGNO80968]

C11H21N3O5S2 339.0911

Organic acids 
and derivatives; 
Carboxylic acids 
and derivatives; 

Amino acids, 
peptides, and 
analogues; 
Tripeptides

Creatinine

[PubChem137319715 
- HMDB00562 - MW 

REGNO 0028430]

C4H7N3O 113.1179

Organic acids 
and derivatives; 
Carboxylic acids 
and derivatives; 

Amino acids, 
peptides, and 
analogues; 
Tripeptides

Regression models

In the univariate logistic regression models, each one-unit increase in Cys–Ser–Met 

abundance was associated with 7.4% higher odds of BPD, whereas each one-unit increase in 

creatinine abundance was associated with 8.3% lower odds of BPD, suggesting a potential 

inverse association. Female sex was associated with lower estimated odds of BPD than male 

sex, although this association did not reach statistical significance. 

Among the clinical variables, each 1-g increase in birth weight was associated with a 

0.3% reduction in the odds of BPD and each additional week of gestational age was associated 

with a nearly 40% decrease in the odds of BPD. Mechanical ventilation was associated with 

approximately 3.4-fold higher odds of BPD; however, the reported confidence interval and P 

value are internally inconsistent and should be verified before this finding is interpreted as 

  
  

 
   

 



statistically significant. The complete regression and receiver operating characteristic analyses 

are presented in Table 3.

Table 3. Univariate Analysis of Predictors of Bronchopulmonary Dysplasia

Variable OR (CI 95%) p-
value

AUC (IC95%) ROC p-
value

Cys Ser Met 1,074 (1.022 – 
1.129)

0.005 0.640 (0.522 – 
0.758)

0.031

Creatinine 0.917 (0.858 – 
0.979)

0.009 0.593 (0.460 – 
0.726)

0.151

Gender 0.072 0.599 (0.477 – 
0.721)

0.126

Male 1

Female 0.415 (0.159 – 
1.082)

Mechanical 
ventilation

0.012 0.643 (0.523 – 
0.762)

0.027

No 1

Yes 3.428 (1.314 – 
8.940)

Weight (grams) 0.997 (0.995 – 
0.999)

0.001 0.713 (0.600 – 
0.827)

0.001

Gestational age 0.605 (0.446 – 
0.820)

0.001 0.705 (0.590 – 
0.820)

0.002

Multivariable analysis

Subsequently, three nested multivariable models were fitted. Model 1 (M1) included the 
clinical variables: sex, birth weight, gestational age, and mechanical ventilation on postnatal 
day 2). The Model 2 (M2) extended M1 by incorporating Cys-Ser-Met, whereas Model 3 
(M3) extended M1 by incorporating creatinine and Model 4 (M4) included both metabolites 
(Cys-Ser-Met and creatinine). Model fit was compared using the Akaike information criterion 
(AIC), Bayesian information criterion (BIC), and likelihood-ratio tests (LRTs), when 
appropriate. The addition of Cys–Ser–Met in M2 significantly improved model fit relative to 
M1, while the addition of creatinine in M1 did not result in statistically significant 
improvement in fit over M1, neither in M2. M4 nevertheless showed improved fit relative to 
M1 (LRT p-values: M1 vs. M2 = 0.003; M1 vs. M3 = 0.056; M2 vs M4 = 0.08; M1 vs. M4 = 
0.005), indicating that the improvement was primarily attributable to the inclusion of Cys–



Ser–Met. In fact, and M2 (AIC: 91,2, BIC: 106.12) had a better fit than M3 (AIC: 96.17, BIC: 
111.03) and comparable to M4 (AIC: 90.25, BIC: 107.59). These comparisons identified M2 
as the preferred model. Adding Cys–Ser–Met to the clinical variables significantly improved 
model fit, whereas the subsequent addition of creatinine did not provide further significant 
improvement. 

Decision curve analysis (DCA) was performed for models M1–M4 across threshold 

probabilities ranging from 0.00 to 0.90, using the “treat all” and “treat none” strategies as 

reference approaches. Bootstrap resampling was used to estimate 95% confidence intervals 

(1,000 iterations; seed 12345). At the threshold probability of 0.35, which is closely aligned to 

the prevalence of BPD in the population used for the DCA,, the M2 model demonstrated 

clinically meaningful performance, yielding a raw net benefit of 0.228 (95% CI: 0.098–0.331) 

and a standardized net benefit of 0.647 (95% CI: 0.277–0.940). At this threshold, M2 provided 

greater net benefit than M1 and the two reference strategies, although its advantage over M3 

was modest.

A raw net benefit of 0.228 corresponds to the equivalent of 22.8 net true-positive 

classifications per 100 infants, after weighting false-positive classifications according to the 

selected threshold probability.The standardized net benefit indicates that the model achieves  

64.7% of the maximum attainable clinical benefit, clearly surpassing the alternative strategies. 

The “treat all” strategy provided positive net benefit only at lower threshold probabilities and 

approached zero near the observed event prevalence; above this point, its net benefit became 

negative. The decision curves for M1–M4 are shownin Figure 3.



 

Figure 3. Decision curve analysis of models M1–M4 for bronchopulmonary dysplasia. 

Standardized net benefit is plotted across threshold probabilities from 0.00 to 0.90. The black, 

red, green and blue curves represent M1, M2, M3 and M4, respectively; the gray curves 

represent the “treat all” and “treat none” reference strategies.

Standardized net benefit was assessed across threshold probabilities between 0.0 to 0.90. 

Compared with the clinical-only model (M1, black), models M2 (red) and M3 (green) showed 

consistently higher net benefit, supporting improved clinical decision-making across a wide 

range of thresholds. The “treat all” (dark grey) and “treat none” (light grey) strategies perform 

as expected, with the latter yielding zero net benefit. Overall, M2 showed improved 

performance relative to M1 and performed comparably to M4 while including one fewer 

predictors.

In the final multivariable model (M2), which demonstrated adequate calibration 

(Hosmer–Lemeshow p = 0.295), Cys-Ser-Met remained an independent risk factor for BPD, 



with an estimated 9.7% increase in the odds per unit. Higher birth weight continued to show a 

protective association, corresponding to a reduction of approximately 0.4% in risk for each 

additional gram. Female sex was independently associated with markedly lower risk of BPD, 

corresponding to an approximately 81% reduction in odds compared with males, while 

gestational age did not remain statistically significant after multivariable adjustment. 

Mechanical ventilation on the second day persisted as a strong clinical predictor, with infants 

requiring ventilatory support presenting more than a sixfold increase in the odds of BPD. All 

adjusted estimates are summarized in Table 4.

Bootstrap resampling (1,000 iterations) was performed to assess the stability and 

internal validity of the parameter estimates in the final model (M2). The bootstrap results were 

consistent with the original estimates, reinforcing the robustness of the model. Cys-Ser-Met 

showed a stable positive association, with a bias-corrected 95% confidence interval (BCa 95% 

CI: 0.005 to 0.319), confirming its independent contribution to BPD risk. Birth weight also 

demonstrated a reproducible protective effect, with the bootstrap interval remaining entirely 

below zero (BCa 95% CI: –0.009 to –0.002). Female sex retained a significant protective 

association (BCa 95% CI: –3.403 to –0.758), and mechanical ventilation on the second day 

continued to be the most influential predictor, showing a consistently elevated effect across 

resamples (BCa 95% CI: 0.225 to 9.297). In contrast, gestational age exhibited wide bootstrap 

intervals crossing zero (BCa 95% CI: –0.580 to 0.880), confirming the loss of statistical 

significance observed in the adjusted model.

Table 4. Multivariable Analysis of Predictors of Bronchopulmonary Dysplasia

Variable OR (CI 95%) p-value

Intercept 4.516 0.805
Cys Ser Met 1.097 (1.025 – 1.174) 0.007

Gender 0.011

Male 1

Female 0.188 (0.052 – 0.681)

Mechanical 
ventilation

0.005

No 1



Yes 6.224 (1.714 – 22.598)

Weight (grams) 0.996 (0.992 – 0.999) 0.010

Gestational age 1.032 (0.628 – 1.697) 0.900

The final model (M2) showed an interesting discriminatory performance, with an AUC 

of 0.862 (bootstrap-derived 95% CI: 0.775–0.937) (Figure 4). The optimal probability cutoff, 

determined using the Youden index was 0.347. At this cutoff, the model achieved an overall 

accuracy of 0.8182, with a sensitivity of 0.8070 and a specificity of 0.8387, indicating balanced 

discrimination between infants with and without BPD. The positive predictive value was 

0.9020, whereas the negative predictive value was 0.7027. The model yielded an F1 score of 

0.8519, reflecting the balance between positive predictive value and sensitivity, and a kappa 

coefficient of 0.6184, evidencing substantial agreement beyond chance.

Figure 4. Receiver operating characteristic curve for the final multivariable logistic regression 

model (M2) for bronchopulmonary dysplasia. The curve shows the sensitivity and 1 − 



specificity of M2 across classification thresholds. The diagonal line represents discrimination 

equivalent to chance.

Lastly, a nomogram was developed for the final multivariable model (M2) to facilitate 

patient-level estimation of the probability of BPD (Figure 5). t The nomogram assigns a point 

value to each predictor—sex, gestational age, birth weight, mechanical ventilation on postnatal 

day 2, and urinary Cys–Ser–Met abundance. For an individual infant, the points corresponding 

to each predictor are summed, and the total score is then mapped to the estimated probability 

of BPD. Lower birth weight contributed the largest proportion of the total score, followed by 

Cys–Ser–Met abundance, mechanical ventilation on postnatal day 2, sex, and gestational age.

Internal validation was performed using 1,000 bootstrap resamples (R, seed 12345), 

with optimism correction ed estimates applied to global performance metrics (AUC and 

calibration). The bootstrap results demonstrated stable coefficients and good internal validity. 

Visual inspection of the nomogram further reinforces the predominance of birth weight as the 

leading contributor to risk estimation, followed sequentially by the metabolite, mechanical 

ventilation, and sex.



Figure 5. Nomogram for estimating the individual probability of bronchopulmonary dysplasia 

based on the final multivariable logistic regression model (M2). For each infant, the value of 

each predictor is located on its corresponding axis and projected vertically to the “Points” scale. 

The assigned points are summed on the “Total Points” axis and then mapped to the 

corresponding estimated probability of BPD.

The nomogram assigns point values to each predictor (birth weight, Cys-Ser-Met, 

mechanical ventilation on the second day, sex, and gestational age) according to their estimated 

contribution to the model. The predictor-specific points are summed to obtain a total score, 

which is mapped to the model’s linear predictor and converted into a model-estimated 

probability of BPD using the logistic function. Internal validation with 1,000 bootstrap 

resamples (seed 12345) demonstrated good coefficient stability and adequate calibration, 

supporting the reliability of individualized predictions generated from the nomogram. However, 

it does not establish the accuracy of individual predictions in external populations. 

For each profile, the model’s linear predictor and corresponding probability of BPD 

were calculated. To estimate an individual patient's total score, sum the points corresponding to 

the observed value of each predictor. The total score can then be converted into a predicted risk 

of BPD using the nomogram's Total Points-to-Risk axis (Table 5). These hypothetical cases, 



analyzed alongside the real cohort, allowed systematic exploration of the model’s response to 

incremental changes in key predictors. As expected, predicted risk increased sharply with lower 

birth weight, higher metabolite levels, and need for mechanical ventilation, while sex and 

gestational age contributed more modest but consistent shifts. This combined dataset ensured 

coherent structure between real and simulated observations, facilitating direct comparison and 

reinforcing the interpretability and clinical usability of the nomogram.

Table 5. Points assigned to each predictor in the nomogram for estimating the risk of 
bronchopulmonary dysplasia (BPD).



Subgroup fairness was assessed by comparing the sensitivity and specificity of the final 

model (Youden-based threshold) according to sex and mechanical ventilation status. Before 

threshold adjustment, sensitivity was higher in males than in females (0.91 vs. 0.63), whereas 

specificity was higher in females than in males (0.89 vs. 0.74). Ventilated patients showed 

higher sensitivity but lower specificity than non-ventilated patients (0.87 vs. 0.75 and 0.69 vs. 

0.90, respectively). An equal-opportunity post-processing procedure was then applied by 

selecting subgroup-specific thresholds to approximate the sensitivity of the overall model 

(Youden index = 0.839). The target sensitivity was not achieved in any subgroup. Therefore, 

the subgroup-specific Youden-optimal threshold was retained where necessary.

After threshold adjustment, the sensitivity difference between males and females 

remained unchanged (0.29 before and after adjustment), whereas specificity changed from 0.74 

to 0.68 in males and from 0.89 to 0.96 in females. For mechanical ventilation status, the 

sensitivity difference decreased from 0.12 to 0.05, and specificity changed from 0.90 to 0.84 in 

non-ventilated patients and from 0.69 to 0.77 in ventilated patients.

Discussion

In this prospective cohort of very-low-birth-weight preterm infants, urinary 

metabolomic profiling performed on postnatal day 2 identified Cys–Ser–Met and creatinine as 

differentially abundant in infants who subsequently developed BPD. Cys–Ser–Met was more 

abundant, whereas creatinine was less abundant, in the BPD group; however, only Cys–Ser–

Met provided significant incremental information beyond sex, gestational age, birth weight, and 

mechanical ventilation on postnatal day 2. The resulting model showed good discrimination 

(AUC, 0.862; bootstrap-derived 95% CI, 0.775–0.937), with 80.7% sensitivity, 83.9% 

specificity, and greater net benefit than the clinical-only model and reference strategies. These 

findings indicate that urinary Cys–Ser–Met may complement routinely available clinical 

variables for early BPD risk estimation, although external validation is required before clinical 

implementation.The increased urinary levels of the tripeptide L-cysteine–L-seryl–L-

methionine (Cys–Ser–Met) observed in patients who developed bronchopulmonary dysplasia 

(BPD) may reflect a state of persistent pulmonary and systemic oxidative stress, a hallmark of 

this condition, particularly in preterm infants exposed to prolonged mechanical ventilation (15–

18). Metabolomic studies applied to neonatal lung diseases and experimental models of 

ventilation-induced lung injury have consistently demonstrated significant dysregulation of 



metabolic pathways related to sulfur-containing amino acids, especially those involving 

cysteine and methionine, in settings of chronic inflammation, oxidative damage, and pulmonary 

remodeling (13,19–21).

Cysteine plays a central role in maintaining cellular redox balance through its 

contribution to glutathione synthesis, whereas methionine participates in methylation reactions 

and antioxidant responses mediated by the methionine–homocysteine cycle. In this context, the 

increased detection of a tripeptide containing these amino acid residues in urine may represent 

a downstream product of enhanced proteolytic activity, oxidation of sulfur-containing residues, 

or adaptive metabolic responses to sustained oxidative stress (19,22–24). Although specific 

tripeptides are rarely described as classical urinary metabolites, evidence from untargeted 

metabolomics indicates that low–molecular-weight peptides can emerge as indirect biomarkers 

of tissue injury and metabolic dysfunction in chronic and inflammatory pulmonary diseases 

(25,26).

In contrast, the elevation of urinary creatinine observed in non-dysplastic patients 

suggests a more stable metabolic profile, potentially reflecting greater renal maturity, better 

hemodynamic preservation, and a lower systemic impact of oxidative stress. In critically ill 

neonates, urinary creatinine has been used not only as an indirect marker of glomerular filtration 

but also as an indicator of overall catabolic status and global metabolic homeostasis (27,28). 

Taken together, the association between elevated urinary Cys–Ser–Met levels in dysplastic 

patients and higher urinary creatinine levels in non-dysplastic infants supports the hypothesis 

that BPD is associated with a urinary metabolic signature consistent with increased proteolytic 

activity, redox imbalance, and adaptive metabolic reprogramming in response to chronic lung 

injury, whereas infants without BPD maintain a metabolic profile closer to physiological 

homeostasis.

To test the prognostic value of these metabolites, nested logistic regression models were 

developed to identify the incremental gain in BPD classification compared to models containing 

only well-known clinical variables (29,30). Through these, it was possible to identify that only 

Cys-Ser-Met has independent prognostic value, in addition to gender, birth weight, and 

administration of mechanical ventilation on the second day. Through the nomograms, it was 

possible to identify that very high concentrations of Cys-Ser-Met have a value similar to that of 

mechanical ventilation administration and slightly higher than that of the male gender - both 

important risk factors for BPD - highlighting its important prognostic value. To our knowledge, 



this is the first study to show the importance of urinary Cys-Ser-Met, in association with clinical 

variables, for the prognosis of BPD.

The model obtained presented very good classification indices, with accuracy, 

sensitivity, specificity, and positive predictive value greater than 80%, and even a high F1-score, 

indicating that the model can classify true positives well. In fact, through decision curve 

analysis, the model manages to reasonably increase the number of true positives compared to 

classifying all as BPD from a threshold established in the sample's own BPD incidence 

(approximately 35%), by an additional 23 per 100 children. However, studies show that the 

incidence of BPD in very low birth weight preterm neonates (less than 1.5 kg) varies from 20-

60%, and can reach 89%, situations in which the model would be far superior in classifying 

BPD (31–33).

Despite the advantages of our model, the low global threshold for BPD classification 

(34.7% probability) imposes inherent limitations on risk prediction for certain subgroups. For 

female infants, despite sex being protective, eight infants in the cohort still developed BPD. 

Hypothetical scenarios indicate that a girl only reaches the high-risk zone (above the Youden 

threshold) under extreme clinical conditions: gestational age ≤24–25 weeks, birthweight ≤700 

g, mechanical ventilation on day 2, and elevated Cys-Ser-Met levels (≥1.0–1.5). Milder 

combinations generally place female infants in the low-to-moderate risk range, highlighting a 

bottleneck where the model may underestimate risk for severely ill girls. Similarly, infants who 

did not receive mechanical ventilation can surpass the threshold only under specific 

circumstances: very low gestational age (≤24–25 weeks), low birthweight (≤700 g), and 

extremely high Cys-Ser-Met values (~20–22 on the nomogram scale). The absence of 

mechanical ventilation strongly limits the predicted probability, making non-ventilated infants 

prone to underestimation of risk, even when other adverse factors are present.

These patterns also illustrate the limitations of post-hoc threshold adjustment. In our 

cohort, subgroup-specific threshold optimization did not eliminate the disparity in sensitivity 

between males and females, although it reduced the sensitivity gap according to mechanical 

ventilation status. These findings should be interpreted cautiously because the analysis was 

based on a small overall sample (N = 88), with subgroup sizes ranging from 34 to 54 participants 

and fewer than 10 outcome events in some subgroups. Under these conditions, equal-

opportunity post-processing could not reproduce the target sensitivity across all groups, limiting 

its ability to achieve comparable classification performance. Although the nomogram showed 



promising performance after internal validation, its applicability is currently limited to 

populations comparable to the study cohort. External validation, independent calibration 

assessment, and prospective evaluation of clinical utility are required before routine 

implementation in neonatal care.

To further examine potential heterogeneity in model performance, we conducted exploratory 

inverse probability weighting (IPW) analyses stratified by sex and mechanical ventilation status 

(data not shown). Because mechanical ventilation is a clinical predictor rather than a protected 

attribute, analyses by ventilation status were interpreted as subgroup robustness assessments 

rather than formal evaluations of algorithmic fairness. Although weighting reduced differences 

in classification metrics across subgroups, it also attenuated the estimated contributions of sex 

and mechanical ventilation in the logistic regression models and corresponding nomograms. 

This trade-off illustrates the instability of fairness-aware modeling in small datasets, in which 

weighting may reduce the effective sample size, increase variance, and diminish the apparent 

contribution of clinically relevant predictors. Interpretation is further limited by the single-

center design, modest cohort size, small subgroup counts, absence of external validation, and 

the exploratory nature of analyses conducted within the model-development cohort. 

Nevertheless, this work provides an initial framework for integrating metabolic and clinical 

information while explicitly considering subgroup performance in very-low-birth-weight 

preterm infants, a clinically vulnerable population in whom equitable and individualized early 

risk assessment remains particularly challenging.Urinary Cys–Ser–Met was independently 

associated with subsequent bronchopulmonary dysplasia after adjustment for sex, birth weight, 

gestational age, and mechanical ventilation on postnatal day 2. Its addition to routinely available 

clinical variables improved model performance, yielding good discrimination and greater net 

benefit than the clinical-only model. These findings support Cys–Ser–Met as a potential 

noninvasive marker for early BPD risk estimation; however, the single-center design, modest 

sample size, and internal validation limit immediate clinical applicability. Larger multicenter 

studies with external validation are required to confirm the reproducibility, calibration, and 

clinical utility of this metabolite-informed model.
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