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Preface

This Special Issue is primarily intended to inform, inspire, and assist researchers engaged in the
study of lung diseases by highlighting recent advancements, emerging perspectives, and evolving
methodologies within this dynamic field. Authored by the Guest Editors, Professor Barbara Ruaro,
Dr Paola Confalonieri, and Dr Francesco Salton, it aims to present a comprehensive overview of
innovative imaging techniques, novel diagnostic approaches, and strategies for identifying biological
pathways and biomarkers relevant to lung health. The scope encompasses recent scientific progress,
particularly developments from the past year, reflecting the heightened global interest in respiratory
health driven by the COVID-19 pandemic. The purpose of this work is to showcase technological
and conceptual innovations that have shaped current research paradigms, fostering a deeper
understanding of disease mechanisms, triggers, and progression. This Reprint is addressed to
researchers, clinicians, and academics dedicated to advancing lung disease research and improving

patient outcomes.

Barbara Ruaro, Paola Confalonieri, and Francesco Salton
Guest Editors
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Editorial
Editorial for “Diagnosis, Classification, and Monitoring of
Pulmonary Diseases”

Paola Confalonieri, Francesco Salton and Barbara Ruaro *

Pulmonology Unit, Department of Medical Surgical and Health Sciences, Hospital of Cattinara,
University of Trieste, 34149 Trieste, Italy
* Correspondence: barbara.ruaro@yahoo.it

This Special Issue offers a comprehensive overview of recent advances and inno-
vative approaches in the field of lung disease research, emphasizing the importance of
technological and conceptual innovations that are shaping our understanding of respi-
ratory conditions. The collected studies highlight the development of novel diagnostic
tools, biomarkers, and risk stratification strategies that aim to improve early detection,
personalized treatment, and patient management.

Several articles focus on enhancing prognostic accuracy through the identification
of biomarkers—whether in pulmonary hypertension, COPD, or lung cancer—that can
predict disease progression and outcomes more effectively [1-4]. Others explore cutting-
edge imaging techniques, such as advanced microscopy, ultrasound, and oscillometry,
which provide deeper insights into lung pathology while offering less invasive options for
diagnosis and monitoring [4-8].

In addition, the research demonstrates progress in procedural safety and efficacy,
exemplified by studies on minimally invasive pleuroscopy and real-world treatment out-
comes. Emerging diagnostic modalities, like the thermal imaging of exhaled CO, and
microvascular assessments via non-invasive imaging, open new avenues for non-contact,
rapid detection of respiratory abnormalities [4-8].

Importantly, the collection underscores a trend toward integrating molecular, imaging,
and clinical data to foster personalized medicine approaches, ultimately aiming to improve
patient outcomes across a spectrum of lung diseases [1-4]. This body of work not only
advances scientific understanding but also highlights the critical role of research and
innovation in addressing the complex challenges faced in respiratory healthcare.

The importance of ongoing research and studies cannot be overstated, as they serve as
the foundation for the development of new diagnostic approaches that could revolutionize
how we detect and manage pulmonary diseases. By leveraging innovative technologies
and methodologies, researchers are paving the way for more accurate, early diagnoses
that are crucial for effective intervention [4-8]. This progress is vital, considering the often
insidious progression of many lung conditions, which can lead to delayed treatment and
poorer outcomes.

Furthermore, continuous research efforts are essential for translating scientific discov-
eries into clinical practice, ensuring that patients benefit from the latest advancements. The
integration of novel diagnostic strategies not only enhances our ability to identify diseases
at earlier stages but also enables more personalized and targeted therapies, reducing side
effects and increasing treatment efficacy.

Ultimately, sustained investment in research fuels innovation, leading to the discov-
ery of new biomarkers, imaging techniques, and therapeutic options. This, in turn, can

Diagnostics 2025, 15, 2520 https://doi.org/10.3390/ diagnostics15192520
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significantly transform patient care, improve quality of life, and reduce the burden of lung
diseases on healthcare systems worldwide. The promising advances documented here
exemplify how dedication to scientific inquiry and technological development can propel
the field forward, opening new horizons for future breakthroughs and more effective
management of pulmonary pathologies.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.
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Evaluating NT-proBNP-to-Albumin (NTAR) and RDW-to-eGFR

(RGR) Ratios as Biomarkers for Predicting Hospitalization

Duration and Mortality in Pulmonary Arterial Hypertension
(PAH) and Chronic Thromboembolic Pulmonary
Hypertension (CTEPH)

Dragos Gabriel Iancu 12, Liviu Cristescu 3%, Razvan Gheorghita Mares ?, Andreea Varga 3
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Faculty of Medicine in English, George Emil Palade University of Medicine, Pharmacy, Science, and
Technology of Targu Mures, 540142 Targu Mures, Romania; andreea.varga@umfst.ro

*  Correspondence: liviu.cristescu@umfst.ro

Abstract: Background/Objectives: Prognostic biomarkers are essential for guiding the
clinical management of pulmonary hypertension (PH). This study aimed to assess both
established and novel biomarkers—specifically, the red cell distribution width-to-estimated
glomerular filtration rate ratio (RGR) and the NT-proBNP-to-albumin ratio (NTAR)—for
their ability to predict length of hospital stay (LOS), prolonged LOS (ELOS), in-hospital
mortality, and 3-month all-cause mortality in patients with pulmonary arterial hypertension
(PAH) and chronic thromboembolic pulmonary hypertension (CTEPH). Methods: A retro-
spective analysis was conducted on 275 PH-related hospital regular admissions (148 PAH;
127 CTEPH). Established biomarkers—including serum albumin, neutrophil-to-lymphocyte
ratio (NLR), Log NT-proBNP, red cell distribution width (RDW), and estimated glomeru-
lar filtration rate (eGFR)—as well as novel indices (RGR, and NTAR) were examined
for their relationships with LOS, ELOS, in-hospital mortality, and 3-month all-cause
mortality. Spearman correlation, univariate logistic regression, and ROC analyses eval-
uated biomarker relationships and predictive performance. Results: Serum albumin
independently predicted in-hospital and 3-month mortality in PAH, while in CTEPH,
it inversely correlated with LOS and strongly predicted prolonged hospitalization and
mortality (AUC = 0.833). NLR had limited correlation with LOS but predicted mortality
across both groups. RDW correlated weakly with LOS, significantly predicting prolonged
hospitalization (threshold > 52.1 fL) in PAH but not in CTEPH. Preserved renal function
(eGFR > 60 mL/min/1.73 m?) was inversely associated with LOS in CTEPH patients, sug-
gesting a protective effect. Additionally, reduced eGFR significantly predicted mortality in
both PAH (AUC = 0.701; optimal cut-off <97.4mL/min/1.73 m?) and CTEPH (AUC = 0.793;
optimal cut-off < 59.2 mL/min/1.73 m?) groups. NTAR (AUC = 0.817) outperformed Log
NT-proBNP alone in predicting extended hospitalization and mortality, whereas RGR
correlated with LOS and predicted in-hospital mortality. Phenotype-specific analysis
demonstrated that inflammatory and renal biomarkers had a stronger prognostic impact in
CTEPH. Conclusions: Stratification by PH phenotype highlighted the greater prognostic
significance of inflammatory and renal indices, particularly in patients with CTEPH. Incor-
porating NTAR and RGR into clinical workflows may enhance risk stratification and enable
more precisely targeted interventions to improve outcomes in pulmonary hypertension.

Diagnostics 2025, 15, 2126

https://doi.org/10.3390/diagnostics15172126
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Keywords: pulmonary arterial hypertension; chronic thromboembolic pulmonary hyper-
tension; prognostic; biomarkers; length of hospital stay; mortality

1. Introduction

Pulmonary hypertension (PH) is a complex and multifaceted disease characterized
by elevated pulmonary arterial pressure and progressive right ventricular dysfunction,
ultimately leading to right heart failure and increased mortality [1].

The estimated global prevalence of PH varies depending on the underlying etiology,
affecting approximately 1% of the general population and up to 10% of individuals aged
over 65 years [2,3]. Despite therapeutic advancements, PH remains a significant clinical
challenge due to its heterogeneous pathophysiology, late diagnosis, and limited therapeutic
options [4].

In PH management, length of hospital stay (LOS) serves as a surrogate marker for
disease severity, therapeutic efficacy, and healthcare resource utilization. Prolonged LOS
(ELOS) is often indicative of complications or suboptimal care strategies [5,6]. Data from
the REVEAL Registry indicate a mean LOS of 6.5 days for patients with Group 1 PH (PAH),
while analyses of PH admissions via the emergency department report an average LOS of
6.9 days [7,8].

Hypoalbuminemia is a frequent manifestation in PH, reflecting systemic inflammation
and endothelial dysfunction that increase capillary permeability and promote fluid extrava-
sation into the lungs, myocardium, and splanchnic vasculature. Reduced serum albumin
also alters the pharmacokinetics of loop diuretics, contributing to diuretic resistance and
worsening hemodynamic status. Beyond its pathophysiological roles, hypoalbuminemia
often signals underlying malnutrition or chronic inflammatory states—both established
predictors of prolonged hospitalization and higher mortality. In a retrospective cohort of
163 PAH patients, low albumin levels independently predicted longer hospital stays, higher
morbidity, and increased risk of death [9-13].

The neutrophil-to-lymphocyte ratio (NLR)—a simple, cost-effective marker of systemic
inflammation—has demonstrated robust prognostic value in pulmonary hypertension [14].
Elevated NLR is consistently linked to longer hospital stays, higher rates of morbidity,
and increased all-cause mortality [15,16]. In a large multicenter study among PH cohort
patients, an NLR above the cohort median independently predicted both early and long-
term mortality [17]. These findings support the incorporation of NLR into routine risk
stratification algorithms, facilitating early identification of high-risk patients.

The 2022 ESC/ERS Guidelines for the Diagnosis and Treatment of Pulmonary Hy-
pertension highlight NT-proBNP as a pivotal biomarker in evaluating right ventricular
function and overall prognosis in PH patients [1]. Due to its longer plasma half-life, NT-
proBNP is a stable indicator of cardiac dysfunction [18]. It provides valuable insights
into disease severity and progression and is influenced by age and sex, showing higher
concentrations in older individuals and females [19,20].

Red cell distribution width (RDW)—an index of erythrocyte size variability
(anisocytosis)—has been linked to adverse outcomes across cardiovascular and pulmonary
diseases. In PH, elevated RDW is associated with increased mortality and prolonged hospi-
tal stays. Similar associations have been noted in chronic obstructive pulmonary disease
(COPD) patients with concomitant PH [21-23]. Importantly, Hampole et al. demonstrated
that RDW independently predicts mortality in PH patients and outperforms NT-proBNP
in prognostic accuracy [24].
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Renal function, as measured by the estimated glomerular filtration rate (eGFR), is a
critical determinant of clinical outcomes in patients with PAH [25]. Data from the REVEAL
Registry demonstrated that a decline in eGFR of 10% or more over a year independently
predicted poorer survival in PAH patients [26]. Additionally, a study conducted by Shah
et al. found that serum creatinine and eGFR were independent risk predictors of mortality
in PAH patients [27].

The aim of this study was to evaluate the prognostic performance of two novel
laboratory-based biomarker ratios—the red cell distribution width-to-eGFR ratio (RGR)
and the NT-proBNP-to-albumin ratio (NTAR)—for predicting LOS, ELOS, in-hospital
mortality, and 3-month all-cause mortality in patients with pulmonary arterial hypertension
and chronic thromboembolic pulmonary hypertension. Their discriminative accuracy
was benchmarked against five established biomarkers (albumin, NLR, NT-proBNP, RDW,
and eGFR). Multivariable logistic regression analyses were then conducted to identify
independent prognostic indicators.

2. Materials and Methods
2.1. Study Design and Population

This retrospective observational study was carried out in the Department of Internal
Medicine II—Cardiology at the County Emergency Clinical Hospital Targu Mures, Romania,
from 1 September 2015 to 31 October 2024. To the best of our knowledge, it is the first
European investigation to evaluate the prognostic utility of two novel biomarker ratios in
pulmonary hypertension—NTAR and RGR—in relation to hospital LOS, ELOS, in-hospital
mortality, and 3-month all-cause mortality. These exploratory indices were benchmarked
against established prognostic markers to determine their incremental predictive value.
The analytic cohort comprised 468 consecutive PH-related admissions, identified through
the hospital’s electronic information system. As a complete census of our registry, no
sample size calculation was performed [28].

2.2. Inclusion and Exclusion Criteria

All consecutive hospital admissions of patients who met the ESC/ERS 2015 or
2022 criteria for PAH or CTEPH and remained hospitalized for at least 48 h were eligible
for inclusion [1,29].

Admissions complicated by active inflammation or infection (e.g., sepsis), solid or
hematologic malignancies (including myelodysplastic syndromes), autoimmune disorders,
primary or infectious liver disease, or end-stage renal disease (CKD stage V) were ineligible,
as were records with incomplete clinical data. After applying these criteria, the study
cohort consisted of 275 admissions, of which 148 were PAH and 127 were CTEPH.

2.3. Treatment, Management, and Disease Severity Parameters

All patients received guideline-directed medical therapy in line with the current
ESC/ERS recommendations for PAH and CTEPH, ensuring consistent treatment exposure
across the cohort. Disease severity was quantified by WHO-FC and circulating NT-proBNP
concentrations to capture both functional impairment and hemodynamic stress. Extended
length of stay (ELOS) was defined as a hospitalization exceeding seven days.

2.4. Laboratory Assessments

Venous blood was collected after an 8-hour fast and within two hours of hospital admis-
sion. Complete blood counts—including total white blood cell (WBC) count with neutrophil
and lymphocyte differentials—were performed on a Sysmex XN-550 analyzer (Sysmex
Corporation, Kobe, Japan). Serum biochemistry was measured using the Konelab Prime 60i
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system (Thermo Fisher Scientific Inc., Waltham, MA, USA), and NT-proBNP concentrations
were quantified with the Nano-Checker™ 710 Reader (Nano-Ditech Corporation, Cranbury,
NJ, USA). All assays were carried out in an ISO 15189-accredited laboratory.

2.5. Comorbidities

Comorbidity conditions were systematically recorded and their prevalence calculated
separately for the PAH and CTEPH cohorts.

Documented cardiovascular disorders were systemic hypertension, coronary artery
disease, atrial fibrillation, and prior deep vein thrombosis (DVT). Metabolic conditions
such as type II diabetes mellitus (T2DM) and thyroid dysfunction were noted, while
respiratory diagnoses included obstructive sleep apnea, asthma, COPD, and other chronic
lung diseases. A documented history of SARS-CoV-2 infection was also considered.

2.6. LOS, ELOS, and Mortality Assessment

Based on the REVEAL Registry, which reports a mean LOS of 6.9 days, we defined
ELOS in our study as a hospitalization duration exceeding 7 days [7,8].

Mortality outcomes were evaluated for both in-hospital mortality and post-discharge
(3 months). In-hospital mortality was defined as any death occurring during the index
hospital admission. Post-discharge mortality was assessed through electronic medical
records and structured phone calls with patients” families or caregivers, in compliance with
the General Data Protection Regulation (GDPR).

2.7. Proposed New Biomarkers

In addition to established laboratory parameters, two novel, unit-independent indices
were introduced to enhance prognostic stratification—the RDW-to-eGFR ratio (RGR) and
the NT-proBNP-to-albumin ratio (NTAR). Both indices are calculated as simple quotients
of routinely measured biomarkers, yielding dimensionless metrics that obviate unit con-
version challenges and support seamless incorporation into clinical risk models. Detailed
calculation methods and analytical performance for RGR and NTAR are outlined in the
subsequent sections.

2.7.1. RDW-SD-to-eGFR Ratio (RGR)

Renal impairment reduces erythropoietin production, leading to increased anisocytosis
and elevated RDW. The estimated glomerular filtration rate—calculated using the 2021
CKD-EPI equation—served as the measure of renal function.

The RGR reflects both anisocytosis and ineffective erythropoiesis—often driven by
chronic inflammation, hypoxemia, or nutritional deficiencies—and renal function, as indi-
cated by the eGFR. Renal impairment is common in PH and is strongly associated with
adverse outcomes, primarily due to reduced renal perfusion and venous congestion re-
sulting from right heart failure. Elevated RDW has been independently linked to poor
prognosis in PH, while reduced eGFR signifies systemic end-organ dysfunction. Therefore,
RGR captures the interplay between hematologic abnormalities and renal dysfunction—
two key systems involved in the progression of PH. RGR was derived by dividing the RDW
standard deviation (measured in femtoliters, fl) by eGFR (mL/min/1.73 m?):

RDW standard deviation (fl)
eGFR (mL/min/1.73 m2)

RGR =

2.7.2. NT-proBNP-to-Albumin Ratio (NTAR)

The NT-proBNP-to-albumin ratio (NTAR) is an emerging biomarker that reflects both
myocardial wall stress and systemic congestion in PH. Its underlying mechanism is rooted
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in the complex interaction between cardiac overload and hepatic dysfunction. Elevated
right ventricular strain stimulates the release of natriuretic peptides, particularly NT-
proBNP, while progressive PH leads to hepatic congestion, disrupting cellular homeostasis
and impairing albumin synthesis. NTAR was determined as the base-10 logarithm of the
NT-proBNP-to-albumin ratio:

NT — proBNP (1£)
Albumin ()

NTAR = log(10)

2.8. Statistical Analysis

Descriptive and analytical statistics for the final dataset was performed using
MedCalc® Statistical Software (version 23.1.6, MedCalc Software Ltd., Ostend, Belgium;
https:/ /www.medcalc.org; accessed on 30 March 2025). A p-value of <0.05 was considered
the threshold for statistical significance.

Continuous variables were tested for normality using the Kolmogorov-Smirnov test.
Parametric continuous variables are presented as the mean =+ standard deviation (SD),
while non-parametric continuous variables are reported as the median and interquartile
range (IQR). Categorical variables are expressed as counts (percentages).

Between-group comparisons of continuous variables were performed using Student’s
t-test when data followed a normal distribution and the Mann—-Whitney U test for non-
normally distributed data. Relationships between continuous measures were quantified
using Spearman’s rank correlation coefficient for non-parametric variables.

Logistic regression was applied to classify data into binary variables (defined as 1 for
ELOS, in-hospital, and 3-month all-cause mortality). The odds ratio (OR) along with the
95% confidence interval (CI) was computed to evaluate the relationship between predictors
and outcomes. Model goodness-of-fit was determined using the Hosmer—Lemeshow test,
indicated by a p-value greater than 0.05.

To assess predictive accuracy, a receiver operating characteristic (ROC) curve analysis
was conducted, and the area under the curve (AUC) was determined with a 95% CI.
The AUC was interpreted according to the classification proposed by Corbacioglu and
Aksel [30]. Comparisons between ROC curves were carried out using DeLong’s test.
Optimal cut-off values were identified based on the Youden index.

Analyzed data are presented raw and unadjusted for confounders.

3. Results
3.1. Characteristics of the Study Cohort

Of the 468 pulmonary hypertension-related hospital admissions initially identified,
275 met the predefined inclusion and exclusion criteria and were included in the analysis.
Among these, 148 (53.8%) admissions were identified as PAH and 127 (46.2%) as CTEPH.
The PAH cohort demonstrated a higher proportion of female patients, whereas sex dis-
tribution in the CTEPH group was more balanced. Functional limitation was primarily
moderate to severe, with most participants being assigned WHO-FC II or III. Within the
PAH subgroup, congenital heart disease-associated PAH (CHD-PAH) was the most com-
mon etiology, accounting for 102 patients (68.92%), followed by idiopathic PAH (IPAH)
with 21 patients (14.19%), connective tissue disease-associated PAH (CTD-PAH) with
20 patients (13.51%), and portopulmonary hypertension (PoPH) with 5 patients (3.38%).
Key demographic and clinical characteristics are presented in Table 1.
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Table 1. Baseline characteristics of the PAH and CTEPH admissions.

Parameter PAH CTEPH
(n =148) (n=127)

Age (years, median, IQR) 51 (42.00-67.00) 67 (57.50-71.00)
Sex (female, 11, %) 84 (56.75) 57 (44.88)
BMI (kg/m?2, median, IQR) 28.16 (23.20-32.3)  26.7 (24.64-31.14)
WHO-FC (1, %)

I 8 (5.41) 8 (6.30)

I 50 (33.78) 53 (41.73)

111 72 (48.65) 46 (36.22)

v 18 (12.16) 20 (15.75)
Comorbidities (1, %)
Cardiovascular Diseases

Systemic hypertension 47 (31.76) 51 (40.16)

Coronary artery disease 11 (22.45) 19 (14.96)

Atrial fibrillation 49 (33.11) 24 (18.90)

Previous deep vein thrombosis - 116 (91.34)
Metabolic Disorders

Excess body weight 97 (65.54) 89 (70.08)

T2DM 50 (33.78) 38 (29.92)

Thyroid disease 40 (27.03) 23 (18.11)
Respiratory Diseases

Obstructive sleep apnea 14 (9.46) 13 (10.24)

Asthma 11 (7.43) 7 (5.51)

COPD 10 (6.76) 20 (15.75)

Lung disease—other than COPD and asthma 52 (35.14) 28 (22.05)
History of SARS-CoV-2 infection 62 (41.90) 54 (42.52)
Length of hospital stay

LOS (days, median, IQR) 7 (5.00-9.00) 7 (5.00-9.00)

ELOS (1, %) 61 (41.22) 58 (45.67)

ELOS (days, median, IQR) 10 (8.00-15.00) 14 (8.00-15.75)
Mortality (1, %)

Overall mortality 15 (10.14) 7 (5.51)

In-hospital mortality 8 (5.41) 4 (3.15)

3-month all-cause mortality 7 (4.73) 3 (2.36)

BMI, body mass index; COPD, chronic obstructive pulmonary disease; CTEPH, chronic thromboembolic pul-
monary hypertension; ELOS, extended length of hospital stay; IQR, interquartile range; LOS, length of hospital
stay; 1, number of admissions; PAH, pulmonary arterial hypertension; T2DM, type 2 diabetes mellitus; WHO-FC,
World Health Organization functional classification.

3.2. Comorbidities

Comorbidity profiles differed substantially between the PAH and CTEPH groups.
Excess body weight was common in both cohorts. Systemic hypertension and COPD were
more prevalent in the CTEPH group. A history of DVT was observed almost exclusively in
CTEPH patients (91.34%), consistent with its known pathophysiological basis. In contrast,
atrial fibrillation and thyroid disease were more frequently encountered in the PAH group.
The prevalence of T2DM and a prior SARS-CoV-2 infection was comparable between the
two groups.

3.3. Length of Hospital Stay and Extended Length of Hospital Stay

The median length of hospital stay (LOS) was 7 days in both groups. Extended
length of stay (ELOS) was observed in 41.22% of PAH patients and 45.67% of those with
CTEPH, reflecting a substantial burden of hospitalization. Notably, patients requiring ELOS
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were significantly more likely to present with advanced functional limitation (WHO-FC
II-1V) compared with those with shorter admissions (<7 days; p = 0.001 in both groups),
suggesting an association between clinical severity and prolonged hospitalization.

3.4. Laboratory Data

A total of seven biomarkers were evaluated across the study population, encompassing
parameters derived from hematological indices and routine biochemical measurements.
These markers were selected based on their potential relevance in pulmonary hypertension
pathophysiology. An overview of the biomarker values distribution in PAH and CTEPH
groups is provided in Table 2.

Table 2. Distribution of established and novel biomarker indices in PAH and CTEPH groups.

Parameter PAH CTEPH
(n=148) (n=127)
Laboratory data
Neutrophils (x10%/uL, mean + SD) 492 +2.44 4.88 + 1.62
Lymphocytes (x10%/uL, median, IQR) 1.56 (1.13-2.13) 1.39 (0.97-1.77)
Creatinine (mg/dL, mean + SD) 0.98 £+ 0.38 1.23 + 0.52
NT-proBNP (pg/mL, mean + SD) 3120.26 £ 3702.10  4534.54 + 4926.93
Prior studied biomarkers
Albumin (g/dL, median, IQR) 4.14 (3.82-4.48) 4.15 (3.83-4.38)
NLR (mean + SD) 357 +£225 4.07 £247
Log NT-proBNP (median, IQR) 3.22 (2.60-3.68) 3.4 (2.81-3.84)
RDW (fl, mean + SD) 51.31 £9.75 51.88 £ 8.20

eGFR (ml/min/1.73 m?, median, IQR) 85.1(63.62-110.32)  63.19 (47.29-90.01)
Proposed biomarkers

RGR (mean + SD) 0.85 4+ 2.36 0.91 £+ 0.50
NTAR (median, IQR) 2.62 (1.95-3.08) 2.79 (2.21-3.23)
CTEPH, chronic thromboembolic pulmonary hypertension; eGFR, estimated glomerular filtration rate; IQR,
interquartile range; 1, number; NTAR, NT-proBNP-to-albumin ratio; PAH, pulmonary arterial hypertension;

RDW, red cell distribution width; RGR, red cell distribution width-to-eGFR ratio.

3.5. Biomarkers and LOS

Analysis by PH subtype (Spearman correlations) revealed distinct biomarker asso-
ciations with LOS. In the CTEPH cohort, serum albumin and eGFR showed negative
correlations with LOS, indicating that hypoalbuminemia and reduced renal function were
linked to prolonged hospitalization in this subgroup. These associations were not sta-
tistically significant in the PAH group. In contrast, positive correlations with LOS were
consistently observed across both groups for Log NT-proBNP, NTAR, NLR, RGR, and RDW,
reflecting their potential role as markers of disease severity and hospitalization burden.
These correlations were consistently stronger in the CTEPH group (Table 3).
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Table 3. Phenotype-specific Spearman correlations of biomarkers with length of hospitalization.

Length of Hospital Stay (LOS)

Parameters PAH CTEPH
r p r p
Prior studied biomarkers
Albumin —-0.13 0.122 —0.24 0.007
NLR 0.23 0.004 0.33 <0.001
Log NT-proBNP 0.23 0.005 0.48 <0.001
RDW 0.21 0.009 0.19 0.028
eGFR —-0.10 0.216 —0.31 <0.001
Proposed biomarkers
RGR 0.20 0.016 0.33 <0.001
NTAR 0.23 0.005 0.46 <0.001

CTEPH, chronic thromboembolic pulmonary hypertension; eGFR, estimated glomerular filtration rate; NLR,
neutrophil-to-lymphocyte ratio; NTAR, NT-proBNP-to-albumin ratio; PAH, pulmonary arterial hypertension;
RDW, red cell distribution width; RGR, red cell distribution width-to-eGFR ratio.

3.6. Biomarkers and ELOS

To identify predictors of ELOS within each phenotype group, univariate logistic
regression analysis was performed (Table 4). In the PAH group, NLR, RDW, RGR, NTAR,
and Log NT-proBNP showed weak but statistically significant associations with ELOS,
based on AUC values and satisfactory model calibration. Among these, NLR and RDW
exhibited the highest AUCs (0.647 and 0.642, respectively). In the CTEPH group, Log
NT-proBNP, NTAR, RGR, NLR, and eGFR emerged as significant predictors of ELOS, with
Log NT-proBNP and NTAR again demonstrating the strongest discriminative performance
(AUCs: 0.748 and 0.743, respectively).

These findings support the potential clinical utility of cardiac stress markers (NT-
proBNP, NTAR), inflammatory indices (NLR, RGR), and red cell distribution measures
(RDW) in identifying patients at increased risk of prolonged hospitalization. In patients
with CTEPH, reduced eGFR also emerged as an independent predictor of ELOS.

Table 4. Univariate logistic regression analysis of predictors for ELOS in PAH and CTEPH groups.

Extended Length of Hospital Stay (ELOS)

Independent Hosmer- Associated
Variables AUC (95% CI) 7 OR (95% CI) r Lemeshow Criterion to
Test, p Youden Index J
PAH group
Prior studied biomarkers
Albumin 0.579 (0.495-0.659) 0.102 0.587 (0.301-1.146) 0.118 0.449 <4.18
NLR 0.647 (0.564-0.723) 0.001 1.150 (0.989-1.338) 0.068 0.095 >3.11
Log NT-proBNP  0.630 (0.547-0.708) 0.006 1.753 (1.098-2.800) 0.018 0.506 >3.00
RDW 0.642 (0.559-0.719) 0.002 1.049 (1.011-1.089) 0.010 0.659 >52.10
eGFR 0.580 (0.496-0.660) 0.096 0.990 (0.980-1.000) 0.061 0.896 <84.11
Proposed biomarkers
RGR 0.637 (0.554-0.715) 0.002 3.722 (1.187-11.671) 0.024 0.084 >0.60
NTAR 0.627 (0.544-0.705) 0.007 1.773 (1.116-2.817) 0.015 0.800 >2.37
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Table 4. Cont.

Extended Length of Hospital Stay (ELOS)

Independent Hosmer- Associated
Variables AUC (95% CI) r OR (95% CI) r Lemeshow Criterion to
Test, p Youden Index J
CTEPH group
Prior studied biomarkers
Albumin 0.640 (0.550-0.723) 0.006 1.031 (0.890-1.195) 0.680 0.012 <3.95
NLR 0.645 (0.555-0.727) 0.003 1.208 (1.035-1.410) 0.016 0.667 >2.77
Log NT-proBNP  0.748 (0.664-0.821) <0.001 3.947 (2.085-7.471) <0.001 0.510 >3.47
RDW 0.551 (0.460-0.639) 0.333 1.030 (0.986-1.075) 0.180 0.139 >52.20
eGFR 0.645 (0.555-0.728) 0.003 0.984 (0.972-0.997) 0.014 0.766 <60.00
Proposed biomarkers
RGR 0.648 (0.559-0.731) 0.003 3.766 (1.582-8.960) 0.002 0.309 >0.58
NTAR 0.743 (0.658-0.817) <0.001 3.641 (1.992-6.654) <0.001 0.979 >3.09

AUC, area under the curve; CI, confidence interval; CTEPH, chronic thromboembolic pulmonary hypertension;
eGFR, estimated glomerular filtration rate; ELOS, extended length of hospital stay; NLR, neutrophil-to-lymphocyte
ratio; NTAR, NT-proBNP-to-albumin ratio; PAH, pulmonary arterial hypertension; RDW, red cell distribution
width; RGR, red cell distribution width-to-eGFR ratio.

An ROC curve analysis was conducted to compare the relative performance of the
biomarkers in predicting ELOS (Figure 1). In PAH, no significant differences were observed
between the markers in terms of discriminatory power. In contrast, in CTEPH, Log NT-
proBNP and NTAR demonstrated significantly greater AUCs compared with albumin,
NLR, eGFR, and RGR (p < 0.001), although no significant difference was found between
Log NT-proBNP and NTAR themselves.

100

Sensitivity

100

Sensitivity

— NIR
—-- Log NTp
""" RDW
--= RCR
—-+ NTAR

roBNP

100-Specificity

(@)

— Albumin
--+ NLR
----- Log NTproBNP
== eGFR

—++ RGR

= NTAR

100-Specificity

(b)

80 100

Figure 1. Comparison of the ROC curves for ELOS as the dependent value expected in PAH (a) and
CTEPH (b) groups. eGFR, estimated glomerular filtration rate; Log NT-proBNP, logarithm of the
NT-proBNP; NLR, neutrophil-to-lymphocyte ratio; NTAR, NT-proBNP-to-albumin ratio; RDW, red
cell distribution width; RGR, red cell distribution width-to-eGFR ratio.
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3.7. Biomarkers and In-Hospital Mortality

Twelve deaths occurred (eight PAH, four CTEPH), and the male-to-female death ratio
was 1:1.2. All were WHO-FC III-IV patients at the time of admission. Univariate logistic
regression identified multiple significant predictors of in-hospital mortality (Table 5).

Table 5. Predictors for in-hospital mortality in PAH and CTEPH groups.

In-Hospital Mortality

Independent Hosmer- Associated
Variables AUC (95% CI) p OR (95% CI) p Lemeshow Criterion to
Test, p Youden Index ]
PAH group
Prior studied biomarkers
Albumin 0.804 (0.731-0.865) <0.001 0.152 (0.037-0.619) 0.008 0.490 <4.16
NLR 0.858 (0.791-0.910) <0.001 1.492 (1.163-1.913) 0.001 0.480 >3.28
Log NT-proBNP  0.784 (0.709-0.848) <0.001 10.291 (1.490-71.065) 0.018 0.498 >3.65
RDW 0.700 (0.619-0.773) 0.054 1.050 (0.993-1.111) 0.082 0.018 >58.60
eGFR 0.701 (0.621-0.774) 0.031 0.974 (0.948-1.000) 0.058 0.411 <97.39
Proposed biomarkers
RGR 0.765 (0.688-0.830) <0.001 1.018 (0.799-1.298) 0.881 0.458 >0.65
NTAR 0.815 (0.743-0.874) <0.001 12.083 (1.743-83.748) 0.011 0.093 >3.08
CTEPH group
Prior studied biomarkers
Albumin 0.772 (0.690-0.842) 0.010 0.455 (0.179-1.156) 0.098 0.305 <3.77
NLR 0.706 (0.619-0.784) 0.079 1.197 (0.869-1.649) 0.268 0.372 >2.96
Log NT-proBNP  0.799 (0.718-0.865) 0.005 13.824 (0.620-308.177) 0.097 0.738 >3.40
RDW 0.578 (0.487-0.665) 0.569 1.016 (0.903-1.144) 0.780 0.214 >55.1
eGFR 0.644 (0.555-0.727) 0.492 0.988 (0.952-1.026) 0.546 0.470 <49.46
Proposed biomarkers
RGR 0.637 (0.547-0.721) 0.511 4.229 (1.172-15.264) 0.027 0.434 >1.11
NTAR 0.817 (0.739-0.880) 0.005 7.779 (0.959-63.066) 0.054 0.577 >3.24

AUC, area under the curve; CI, confidence interval; CTEPH, chronic thromboembolic pulmonary hypertension;
eGFR, estimated glomerular filtration rate; NLR, neutrophil-to-lymphocyte ratio; NTAR, NT-proBNP-to-albumin
ratio; PAH, pulmonary arterial hypertension; RDW, red cell distribution width; RGR, red cell distribution
width-to-eGFR ratio.

In the PAH group, several biomarkers demonstrated strong predictive value for in-
hospital mortality. NLR, NTAR, and albumin exhibited good predictive capacity, while
Log NT-proBNP, RGR, eGFR, and RDW showed acceptable discrimination. These findings
were supported by a well-calibrated model, as indicated by the Hosmer—Lemeshow test.
Notably, higher serum albumin levels emerged as a significant protective factor.

In CTEPH, NTAR demonstrated the highest predictive performance for in-hospital
mortality (AUC = 0.817), indicating good discriminative ability. A very similar AUC, con-
sidered acceptable, was observed for Log NT-proBNDP, followed by albumin and NLR. Poor
discriminatory power was noted for eGFR and RGR, with RGR showing the lowest AUC.

In the ROC curve analysis comparison, both in Figure 2a,b, there were no significant
differences in terms of AUC in the leading biomarkers.
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Figure 2. Comparison of the ROC curves for in-hospital mortality as the dependent value expected
in PAH (a) and CTEPH (b) groups. Log NT-proBNP; NLR, neutrophil-to-lymphocyte ratio; NTAR,
NT-proBNP-to-albumin ratio; RGR, red cell distribution width-to-eGFR ratio.

3.8. Biomarkers and 3-Month All-Cause Mortality

In the PAH cohort, univariate logistic regression analysis identified serum al-
bumin as the only statistically significant predictor of 3-month all-cause mortality
(AUC = 0.782), with lower concentrations being independently associated with in-
creased mortality risk. In the CTEPH group, both NLR and serum albumin demon-
strated very good prognostic performance for predicting 3-month all-cause mortality,
with AUCs of 0.875 and 0.833, respectively.

These findings suggest a phenotype-specific prognostic pattern for 3-month all-cause
mortality, where hypoalbuminemia is most relevant in the PAH group, while elevated
NLR and low albumin emerge as the dominant predictors in the CTEPH group (Table 6).
Additionally, reduced eGFR demonstrated good predictive capacity in this subgroup.

Table 6. Predictors for 3-month all-cause mortality in PAH and CTEPH groups.

3-Month All-Cause Mortality

Independent Hosmer— Associated
Variables AUC (95% CI) r OR (95% CI) 2 Lemeshow Criterion to
Test, p Youden Index ]
PAH group
Prior studied biomarkers
Albumin 0.782 (0.707-0.846) 0.006 0.135 (0.030-0.604) 0.008 0.686 <3.88
NLR 0.608 (0.525-0.688) 0.342 1.060 (0.784-1.435) 0.701 0.068 >3.47
Log NT-proBNP  0.564 (0.480-0.646) 0.601 1.340 (0.453-3.958) 0.596 0.324 >3.70
RDW 0.547 (0.463-0.629) 0.680 0.983 (0.901-1.072) 0.703 0.428 <47.10
eGFR 0.599 (0.515-0.678) 0.399 1.009 (0.988-1.030) 0.382 0.923 >74.63
Proposed biomarkers
RGR 0.598 (0.514-0.677) 0.396 1.578 (0.009-5.800) 0.374 0.387 <0.63
NTAR 0.578 (0.494-0.658) 0.508 1.506 (0.501-4.527) 0.465 0.897 >2.36
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Table 6. Cont.

3-Month All-Cause Mortality

Independent Hosmer- Associated
Variables AUC (95% CI) r OR (95% CI) r Lemeshow Criterion to
Test, p Youden Index J
CTEPH group
Prior studied biomarkers
Albumin 0.833 (0.757-0.894) <0.001 0.487 (0.169-1.405) 0.183 0.799 <3.98
NLR 0.875 (0.805-0.927) <0.001 1.491 (1.047-2.123) 0.026 0.925 >4.83
Log NT-proBNP  0.743 (0.658-0.817) 0.253 4.929 (0.360-67.448) 0.232 0.117 >4.16
RDW 0.581 (0.490-0.668) 0.654 1.033 (0.905-1.180) 0.625 0.512 >46.8
eGFR 0.793 (0.712-0.860) 0.018 0.945 (0.879-1.017) 0.136 0.822 <59.21
Proposed biomarkers
RGR 0.741 (0.655-0.814) 0.081 3.347 (0.807-13.882) 0.095 0.578 >0.78
NTAR 0.748 (0.670-0.816) 0.142 4.232 (0.525-34.083) 0.175 0.277 >3.52

AUC, area under the curve; CI, confidence interval; CTEPH, chronic thromboembolic pulmonary hypertension;
eGFR, estimated glomerular filtration rate; NLR, neutrophil-to-lymphocyte ratio; NTAR, NT-proBNP-to-albumin
ratio; PAH, pulmonary arterial hypertension; RDW, red cell distribution width; RGR, red cell distribution
width-to-eGFR ratio.

For the prediction of 3-month all-cause mortality, serum albumin was the only
biomarker in the PAH group that demonstrated statistically significant discriminative
ability and was thus selected for ROC analysis (Figure 3a). In the CTEPH group, albumin,
NLR, and eGFR were included in the comparison; however, no statistically significant
differences were observed between their respective AUCs (Figure 3b).
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Figure 3. Comparison of ROC curves for 3-month all-cause mortality as the dependent value expected
in PAH (a) and CTEPH (b) groups. eGFR, estimated glomerular filtration rate; NLR, neutrophil-to-
lymphocyte ratio.

4. Discussion

In this study, we evaluated the prognostic significance of both established and novel
biomarkers in relation to hospitalization outcomes and mortality across 275 PH-related

14
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hospital admissions, stratified by clinical phenotype (PAH and CTEPH). Our findings
underscore the utility of a composite biomarker strategy—encompassing inflammatory,
hematologic, cardiac, and renal indicators—tailored to the underlying disease profile.
Notably, this is the first investigation to propose and validate RGR and the NTAR as
prognostic markers in this context. NTAR demonstrated particularly strong discriminative
performance in CTEPH patients, especially for ELOS and in-hospital mortality, whereas
RGR showed weaker standalone performance but may offer added prognostic value in
future multimodal assessment models.

4.1. Prognostic Utility of Conventional Biomarkers and Cut-Off Determination

In our analysis, serum albumin exhibited distinct phenotype-specific prognostic pat-
terns in the PAH and CTEPH groups. In PAH patients, lower albumin concentrations
were significantly associated with increased in-hospital and 3-month all-cause mortality,
respectively, but showed no meaningful association with LOS or ELOS. Conversely, in
CTEPH patients, albumin demonstrated a moderate yet significant negative correlation
with LOS and emerged as a predictor of ELOS. It also showed good and very good discrim-
inative performance for in-hospital and 3-month mortality, with AUCs of 0.772 and 0.833,
respectively. These results underscore the prognostic relevance of hypoalbuminemia as
phenotype-dependent: primarily mortality-driven in PAH, and more closely associated
with hospitalization burden in CTEPH. Our findings are consistent with prior evidence
linking hypoalbuminemia to both adverse clinical outcomes and prolonged hospitaliza-
tions [31-34].

NLR, a widely studied marker of systemic inflammation, demonstrated a weak yet
statistically significant correlation with LOS exclusively in the CTEPH group. It did not
reliably predict ELOS in PAH patients, although it reached statistical significance in the
CTEPH group, albeit with limited discriminative capacity. Its prognostic utility was more
robust in relation to mortality outcomes. In PAH patients, an NLR value > 3.28 was strongly
associated with increased in-hospital mortality risk. In the CTEPH group, NLR thresholds
>2.96 and >4.83 were predictive of in-hospital and 3-month all-cause mortality, respectively.
These findings are in line with previous studies: Ozpelit et al. identified an NLR cut-off
of 3.0 for predicting all-cause mortality in PAH patients, while Yanartas et al. reported
that an NLR > 2.54 was significantly associated with increased postoperative mortality in
CTEPH [35,36].

Log NT-proBNP demonstrated a moderate positive correlation with LOS in both
PAH and CTEPH groups, with a stronger association observed in the CTEPH group. It
emerged as a significant predictor of ELOS in both phenotypes, exhibiting the highest
discriminative performance in CTEPH. Regarding mortality, elevated Log NT-proBNP
values were associated with increased in-hospital mortality in PAH and showed similarly
good predictive performance in CTEPH. For 3-month all-cause mortality, its prognostic
utility was limited in PAH but good in CTEPH. These findings are supported by previous
studies: Maurer et al. identified a threshold of 2.73 as predictive of all-cause mortality
in PH patients, while Januzzi et al. reported that Log NT-proBNP levels exceeding 2.99
were associated with a 2.88-fold increase in one-year mortality among individuals with
heart failure [37,38]. Clinically, each one-unit increase in Log NT-proBNP—reflecting a
tenfold rise in NT-proBNP concentration—was associated with prolonged hospitalization
and greater short-term mortality risk, particularly in patients with CTEPH.

RDW exhibited a weak positive correlation with LOS in both PAH and CTEPH pa-
tients, suggesting its potential utility as a marker of disease severity. In the PAH group,
RDW was significantly associated with an increased likelihood of ELOS. Conversely, RDW
demonstrated limited prognostic value in the CTEPH group, showing no significant as-
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sociation with either ELOS or mortality. These findings align closely with prior research,
including a large-scale study of 167,292 admissions, which reported that elevated RDW
at hospital admission was associated with longer stays compared with admissions with
lower RDW values [39]. Elevated RDW has also been widely recognized as a predictor
of in-hospital mortality and all-cause death across multiple patient populations [40,41].
Nevertheless, in our cohort, the association between RDW and in-hospital mortality was
marginal, suggesting the need for further validation in larger, prospective studies.

eGFR demonstrated a significant negative correlation with LOS in the CTEPH group
and independently predicted ELOS, with values > 60 mL/min/1.73 m? conferring a protec-
tive effect. In the PAH group, lower eGFR was associated with higher in-hospital mortality
risk, while in the CTEPH group, it exhibited good discriminative performance for 3-month
all-cause mortality. These results underscore the prognostic importance of renal dysfunc-
tion across PH phenotypes, particularly in CTEPH. Prior investigations have similarly
linked reduced eGFR to prolonged hospitalizations and increased ICU admissions; reported
a 15% rise in 30-day mortality per 10 mL/min/1.73 m? decline in heart failure cohorts;
and identified eGFR < 56 mL/min/1.73 m? as an independent predictor of in-hospital
death in patients with pneumonia [42—44]. Together, these data highlight the critical role of
preserving renal function to mitigate mortality and reduce hospitalization duration.

4.2. RGR and NTAR in Focus: New Predictive Tools for Risk Stratification

RGR, a novel composite biomarker, demonstrated consistent prognostic utility across
PAH and CTEPH phenotypes. RGR exhibited a positive correlation with LOS in both
cohorts, with a stronger effect size in CTEPH. As a predictor of ELOS, RGR achieved accept-
able discrimination in PAH and CTEPH. For in-hospital mortality, RGR showed good dis-
criminative performance in PAH and maintained acceptable accuracy in CTEPH. Elevated
RGR likely reflects combined disturbances in erythropoiesis and renal function—manifested
as increased anisocytosis alongside reduced glomerular filtration—underscoring the in-
terplay between hematologic variability and renal impairment in PH prognostication [45].
These results corroborate earlier studies linking RDW variability to adverse PH out-
comes and highlight the integral role of cardiorenal dysfunction in shaping patient
prognosis [46-48].

The NTAR demonstrated robust prognostic value in both the PAH and CTEPH cohorts.
NTAR correlated moderately with LOS—more strongly in the CTEPH group—and was
significantly predictive of ELOS in both phenotypes. Its discriminative performance for
in-hospital mortality was particularly high, with NTAR emerging as an independent risk
factor in PAH patients and showing borderline significance in the CTEPH group. These
data indicate that NTAR serves as a dual indicator of hospitalization burden and short-
term mortality in PAH and CTEPH. Prior studies have linked hypoalbuminemia—an
important marker of nutritional status and a marker of illness—to poorer outcomes in
hospitalized patients and identified low serum albumin as a marker of higher mortality
risk in PAH [13,49,50].

While NTAR and RGR have demonstrated strong prognostic associations in PH, a
more in-depth discussion of the pathophysiological mechanisms through which these
biomarkers influence disease progression would be beneficial. Elevated NTAR likely re-
flects a convergence of increased myocardial wall stress—driving NT-proBNP release—and
impaired albumin synthesis due to hepatic congestion or chronic systemic inflammation,
thereby compounding right ventricular dysfunction. Conversely, an elevated RGR em-
bodies the dual impact of erythropoietic disruption (manifested as anisocytosis) and renal
impairment, conditions that potentiate hypoxia-driven pulmonary vascular remodeling
and endothelial dysfunction, ultimately escalating pulmonary vascular resistance [51]. A
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deeper exploration of these mechanisms could refine risk stratification models and identify
novel targets for therapeutic intervention in PH.

These analyses highlight the complex pathophysiological interdependence among
cardiorenal dysfunction, systemic inflammation, and metabolic dysregulation in the prog-
nostication of prolonged hospitalizations and mortality, underscoring the imperative for a
precision medicine approach integrating multimodal biomarker profiling to enhance risk
stratification and therapeutic optimization across the continuum of pulmonary arterial
hypertension and chronic thromboembolic pulmonary hypertension progression.

4.3. Limitations and Future Directions

While this study provides valuable preliminary insights, its retrospective, single-center
design introduces inherent limitations. The reliance on a single institution’s electronic
records may engender selection bias and constrain the generalizability of our findings to
broaden PH populations. Moreover, the absence of invasive hemodynamic measurements—
such as right heart catheterization-derived pulmonary artery pressures and pulmonary vas-
cular resistance—precludes direct mechanistic correlations with NTAR and RGR. Biomarker
sampling was limited to admission values, preventing the assessment of temporal dynam-
ics, and the cohort size (275 admissions) lacked sufficient power for granular subgroup
analyses by etiology, comorbidity burden, or specific therapeutic regimens.

Future research should emphasize large-scale, prospective multicenter studies to
validate and expand upon these findings. Inclusion of geographically diverse pulmonary
hypertension centers would help reduce selection bias and enhance external validity.
Longitudinal biomarker assessments—ideally at baseline and at 1, 3, and 6 months of
follow-up—could clarify how NTAR and RGR trajectories correlate with clinical outcomes
over time. Incorporating invasive hemodynamic measurements and advanced imaging
techniques (e.g., speckle-tracking echocardiography, three-dimensional echocardiography,
cardiac magnetic resonance imaging, computed tomography, and hybrid imaging) would
provide valuable insights into the pathophysiological mechanisms linking these biomarker
ratios to right ventricular function and pulmonary vascular remodeling.

Our findings also underscore the need to translate NTAR and RGR from research
metrics into practical clinical tools. Embedding automated alerts for high-risk thresh-
olds (e.g., NTAR > 3.0; RGR > 0.6) within electronic health records could prompt timely
multidisciplinary interventions, such as intensified decongestive therapy, nutritional sup-
port, or early nephrology referral. Additionally, targeted analyses of how specific PH
treatments (prostacyclin analogs, endothelin receptor antagonists, PDE-5 inhibitors) mod-
ulate these biomarkers will refine their interpretive context. Finally, health economic
evaluations comparing standard management to NTAR/RGR-guided pathways are essen-
tial to determine cost-effectiveness, resource utilization, and potential improvements in
patient-centered outcomes.

5. Conclusions

The NT-proBNP-to-albumin ratio (NTAR) and the red cell distribution width-to-eGFR
ratio (RGR) consistently predicted prolonged hospitalization and in-hospital mortality,
with especially strong performance in the CTEPH phenotype. By capturing the interplay
between cardiac stress, systemic inflammation, and renal function in a single metric, these
novel indices augment traditional risk models and facilitate more nuanced patient strati-
fication. To transition from proof-of-concept to clinical practice, large-scale, prospective
multicenter validation is essential. Such efforts should assess NTAR and RGR across di-
verse PH groups, explore integration with hemodynamic and imaging data, and evaluate
their impact on management algorithms. Ultimately, embedding these biomarkers into
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routine care pathways holds the promise of earlier risk identification and individualized
therapeutic interventions, with the goal of improving outcomes in pulmonary arterial
hypertension and chronic thromboembolic pulmonary hypertension.
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CTEPH Chronic thromboembolic pulmonary hypertension

DVT Deep vein thrombosis

eGFR Estimated glomerular filtration rate
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ESC/ERS European Society of Cardiology/European Respiratory Society

GDPR General Data Protection Regulation

IQR Interquartile range

IPAH Idiopathic pulmonary arterial hypertension

LOS Length of hospital stay

NLR Neutrophil-to-lymphocyte ratio
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NT-proBNP  N-terminal pro-brain natriuretic peptide

NTAR NT-proBNP-to-albumin ratio

OR Odds ratio

PAH Pulmonary arterial hypertension

PH Pulmonary hypertension

PoPH Pulmonary arterial hypertension associated with portal hypertension

RDW Red cell distribution width

REVEAL Registry to Evaluate Early and Long-term Pulmonary Arterial Hypertension
Disease Management

RGR Red cell distribution width-to-estimated glomerular filtration rate ratio
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Abstract: Background: Atrial fibrillation (AF) frequently occurs in individuals with hyper-
capnic type 2 respiratory failure and has the potential to adversely affect patient outcomes.
This study sought to investigate the clinical features and prognostic significance of atrial
fibrillation in patients admitted to the intensive care unit with hypercapnic type 2 res-
piratory failure. Methods: This retrospective, single-center study included 200 adult
patients diagnosed with hypercapnic type 2 respiratory failure between May 2022 and May
2023. Patients were grouped according to whether atrial fibrillation was present or not.
Demographic, laboratory, and echocardiographic findings, comorbidities, and outcomes
were compared. Kaplan-Meier survival analysis and Cox regression were used to identify
mortality predictors. Results: AF was present in 50.5% of patients. Those with AF were
older, had higher Charlson Comorbidity Index scores, and a greater prevalence of heart
failure (p < 0.001). No significant differences were found in arterial blood gas values. AF
patients had higher urea, creatinine, and BNP levels, and lower hemoglobin, lymphocyte,
eosinophil, and monocyte counts (p < 0.05). Echocardiography showed more severe tri-
cuspid and mitral regurgitation, lower ejection fractions, and higher systolic pulmonary
pressures in the AF group. About 20% of AF patients were not receiving anticoagulants at
ICU admission. AF was associated with shorter survival (49.6 &= 4.07 vs. 61.4 £ 3.8 days, p
=0.031) and 1.6-fold higher mortality risk (HR: 1.60, 95% CI: 1.04-2.47). Advanced age and
low hemoglobin were independent predictors of mortality. Conclusions: AF is frequent
among patients with type 2 respiratory failure and is linked to increased mortality. Despite
known complications, treatment remains underutilized. AF should be actively screened
during ICU admissions for respiratory failure.

Keywords: hypercapnic respiratory failure; atrial fibrillation; mortality; COPD;
survival analysis
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1. Introduction

Hypercapnic respiratory failure is a systemic syndrome marked by elevated partial
carbon dioxide (pCO,) levels due to hypoventilation, commonly seen in chronic respiratory
disorders such as chronic obstructive pulmonary disease (COPD). Respiratory failure
can directly impact patient survival due to inadequate oxygenation and hemodynamic
alterations resulting from hypercapnia [1,2]. Hypercapnic respiratory failure extends
beyond the respiratory system and may result in cardiovascular complications. Atrial
fibrillation (AF) is a frequent rhythmic condition observed in these patients and significantly
impacts patient prognosis.

Analysis of the pathophysiology of atrial fibrillation revealed that hypoxia and hy-
percapnia are significant factors. In hypercapnic individuals, factors such as intrathoracic
pressure fluctuations, alterations in autonomic nervous system activity, and atrial stretching
and remodeling contribute to the onset of AF [3]. Moreover, hypercapnia and hypoxemia
can induce right ventricular hypertension and right atrial dilation by increasing pulmonary
arterial pressure. These alterations result in cardiac hemodynamic imbalances, promoting
the onset of atrial fibrillation. This may not only increase the incidence of atrial fibrillation
but also negatively impact clinical outcomes, including cardioversion efficacy, ablation
results, and in-hospital mortality [4].

In several patients with hypercapnic respiratory failure monitored in pulmonary
intensive care units, concurrent atrial fibrillation has been noted to be associated with a
poor prognosis. AF may worsen respiratory function problems, impair cardiopulmonary
balance, and make therapeutic procedures more difficult for this patient population. The
frequency of AF in individuals with COPD has been reported to be twice as high as that
in those without COPD. Moreover, atrial fibrillation is associated with an elevated risk of
mortality in this patient population [5].

The presence of AF in patients with hypercapnic respiratory failure is often accom-
panied by additional clinical risks, such as heart failure. Furthermore, alterations in
echocardiographic findings and the increased relevance of certain laboratory parame-
ters are inevitable in this context. Identifying the clinical profiles of patients with type 2
respiratory failure who also have AF is of great importance. Recognizing these profiles
can facilitate earlier diagnosis and help determine which patients should undergo more
frequent ECG screening for timely detection of arrhythmias [6,7].

Considering the well-known severe complications of AF—such as acute coronary syn-
drome, heart failure, valvular diseases, and ischemic cerebrovascular events—demonstrating its
potential additive negative impact on mortality in this patient population would provide a
meaningful contribution to the medical literature.

This study investigated the impact of AF on survival in patients with hypercapnic type
2 respiratory failure in a multidimensional manner. This study specifically investigated how
pulmonary hypertension, cardiac hemodynamics, and blood gas changes affect the onset of
AF in this patient population. Additionally, the impact of AF on clinical outcomes such as
diagnosis, treatment, and in-hospital mortality will be assessed. The findings of this study
may aid in the formulation of clinical treatment plans for this diverse patient population.

2. Materials and Methods

The study was carried out in compliance with institutional and national ethical guide-
lines, as well as the principles of the 1964 Declaration of Helsinki and its subsequent
revisions. Informed consent was obtained from all participants involved in the study.
Consent to publish the study findings was also obtained from all participants. In our retro-
spective studies, during the process of obtaining informed consent regarding procedures
to be performed in the intensive care unit, patients and/or their legal representatives are
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asked to sign a “Retrospective Data Use Consent Form.” This form ensures that privacy
regulations will be followed and authorizes the use of anonymized demographic data,
laboratory results, clinical scores, ECGs, chest X-rays, and other relevant examinations for
research purposes. Patients who explicitly refused permission by signing the form or who
left the consent form unsigned were excluded from the study.

This study was approved by the Clinical Research Ethics Committee of the University
of Health Sciences, Ankara Sanatorium Training and Research Hospital (Date: 12 June
2024, Decision No: 2024-BCEK/81). The study group consisted of 512 patients who were
followed up in the respiratory intensive care unit between 1 May 2022 and 1 May 2023.
Among these, 200 patients diagnosed with type 2 respiratory failure meeting the inclusion
criteria were included in the study, while patients under the age of 18, those with incomplete
medical records, patients with type 1 respiratory failure, and those referred to other centers
were excluded (Figure 1).

512 Patients in Respiratory ICU (01-05-2022 to 01-05-2023)

/ S

Inclusion Criteria Excluded (n=312)
* Type 2 Respiratory Failure (pCO; > 45 mmHg) » Age <18 Years
+ Age > 18 Years * No Signed Consent
+ Signed Informed Consent * Type 1 Respiratory Failure
Included in Study (n = 200) » Death or Discharge < 24h

Figure 1. Flowchart of the study design.

All relevant data—such as age, sex, comorbidities, laboratory values, Charlson Co-
morbidity Index (CCI), and other demographic and clinical information—were retrieved
from patient records and the hospital’s information management system. The diagnosis
of “respiratory failure” was confirmed through arterial blood gas (ABG) values obtained
during hospitalization and follow-up. AF was diagnosed based on electrocardiographic
(ECG) findings obtained at ICU admission, which is routinely performed for all patients.
Patients were classified as having AF if the arrhythmia was present on admission ECG
and persisted throughout the ICU stay. Individuals with paroxysmal AF—defined as AF
episodes that spontaneously resolve or terminate with intervention within 7 days—were
excluded. Accordingly, patients with chronic or persistent AF were included in the AF
group. Due to the retrospective nature of the study, a more granular distinction between
persistent and chronic AF was not possible. Echocardiographic findings within the last
year and the use of antiarrhythmic and anticoagulant drugs were reviewed.

Patients were stratified into two groups based on the presence or absence of AF.
Blood parameters routinely analyzed during intensive care follow-up were retrospectively
examined. The blood parameters were analyzed comparatively between the two groups to
assess their impact on in-hospital mortality and length of stay.
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Statistical Analysis

Statistical analyses were conducted using IBM SPSS Statistics for Windows, Version
30.0 (IBM Corp., Armonk, NY, USA) and MedCalc version 23.2.1 (MedCalc Software Ltd.,
Ostend, Belgium). The distribution of continuous variables was evaluated through de-
scriptive measures, including the Kolmogorov-Smirnov and Shapiro-Wilk tests, skewness—
kurtosis values, histograms, and outlier inspection. Normally distributed data were ex-
pressed as means & standard deviations, whereas non-normally distributed data were
presented as medians with interquartile ranges (IQR). Categorical variables were reported
as frequencies and percentages.

Comparisons between categorical variables were performed using Pearson’s chi-
square test, and Fisher’s exact test was applied when expected cell counts were below 5.
For continuous variables, Student’s t-test was used when data met normality assump-
tions, while the Mann-Whitney U test was applied for non-normally distributed variables.
Survival outcomes were assessed using Kaplan—Meier analysis, with the log-rank test
employed to determine significance. Cox proportional hazards regression analysis was
performed to identify independent predictors of mortality, and hazard ratios (HRs) with
95% confidence intervals (CIs) were reported. A two-tailed p-value < 0.05 was considered
statistically significant.

3. Results

The study was conducted with 200 patients who met the eligibility criteria. Among the
patients, 118 (59%) were male. The mean age of the patients was 72 £ 9 years. The
most common comorbidity was chronic obstructive pulmonary disease (COPD). The
demographic and clinical characteristics of the patients are presented in Table 1.

Table 1. Demographic and Clinical Characteristics of All Patients.

Variable Value—n (%), Mean (+sd), Median (IQR)
Age, years 72+9
Presence of atrial fibrillation 101 (50.5%)
Mortality status 85 (42.5%)
Gender
Male 118 (59%)
Female 82 (41%)
Comorbidity
Chronic obstructive pulmonary disease 169 (84.5%)
Hypertension 103 (51.5%)
Coronary artery disease 26 (13%)
Diabetes mellitus 77 (38.5%)
Chronic kidney disease 24 (12%)
Bronchiectasis 8 (4%)
Malignancy 8 (4%)
Obesity hypoventilation syndrome 6 (3%)
Past tuberculosis enfection 7 (3.5%)
Dementia 8 (4%)
Acute Kidney Failure 5 (2.5%)
Past cerebrovascular disease 11 (5.5%)
Pulmonary embolism 8 (4%)
Heart failure 68 (34%)
Charlson comorbidity index 5(4-7)
Length of hospital stay 8.94 +5.24
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When the demographic characteristics of patients were evaluated on the basis of the
presence of AF, patients with atrial fibrillation were older (p < 0.001). An examination of
comorbid conditions revealed that heart failure was more common and that the CCI was
greater in these patients (p < 0.001). Additionally, mortality was found to be greater in

patients with AF (p = 0.043) (Table 2).

Table 2. Demographic characteristics of patients based on the presence of atrial fibrillation.

Demographic Characteristics Patie(31r11t=s rglt}l AF Patien(tn\/;li;};;) ut AF p Value
Age, years (Mean =+ sd) 76 + 8 69 £ 8 <0.001 **
Gender 0.059 P
Male n (%) 53 (%44.9) 65 (%55.1)
Female n (%) 48 (%58.5) 34 (%41.5)
Number of deceased patients 1 (%) 59 (%58.4) 45 (%45.4) 0.043 *B
Comorbidity
COPD n (%) 81 (%47.9) 88 (%52.1) 0.090 P
HT n (%) 53 (%51.5) 50 (%48.5) 0.781 B
DM n (%) 39 (%50.6) 38 (%49.4) 0.973 B
HEF n (%) 46 (%67.6) 22 (%32.4) <0.001 *P
CCI median (IQR) ( 4f7) ( 4f6) <0.001 *Y
ICU length of stay (Mean =+ sd) 9.08 + 6.29 8.79 £ 3.92 0.829 «

AF: Atrial Fibrillation; CCIL: Charlson Comorbidity Index; COPD: chronic obstructive pulmonary disease; HT:
hypertension; ICU: intensive care unit; *: Student’s f test; B chi-square test; ¥: Mann-Whitney U test; *: statistically
significant values.

When patients with type 2 respiratory failure with AF were compared to those without
AF based on arterial blood gas values at ICU admission, no statistically significant difference
was found. The admission blood gas values of patients who were followed up with
hypercapnic respiratory failure are presented in Table 3.

Table 3. The admission blood gas values of patients.

Patients with AF Patients Without AF

Admission Blood Gas (n =101) Median (n =99) Median p Value
(IQR) (IQR)

pH (7.21?;.42) (7,22'_3;’,39) 0.754 Y

pao, (32.25—072.7) (334_862) 0422

PCO: G683) (59.78) 0.835 Y

HCO; (323?42) (323_742) 0.607 Y

AF: Atrial fibrillation; ¥: Mann-Whitney U test.

AF was present in 50.5% of the patients included in the study. The blood test results of
the patients based on the presence of AF are presented in Table 4. Urea and creatinine levels
were found to be higher in patients with AF (p < 0.001). Among the complete blood count
parameters, the hemoglobin, lymphocyte, eosinophil, and monocyte levels were lower in
patients with AF (p < 0.001, p = 0.004, p = 0.029, p = 0.047, respectively). On the other hand,
natriuretic peptide levels were greater in patients with AF (p < 0.001) (Table 4).
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Table 4. Evaluation of Patient Admission Blood Tests.

Patient with AF Patient Without AF
Laboratory Findings (n =101) Median (n =99) Median p Value
(IQR) (IQR)

Urea (mg/dL) (41.55—882.2) (29.%3'24.5) <0.001*Y
Creatinine (mg/dL) o o ) (0_7(;'_916_ 2) 0.014 *
Hemoglobin (g/dL) (9161—??? 5) (11.122_'19 4.6) <0.001 *Y

Leukocyte (x10%/uL) (7'9_91%05) (7'99_'164‘5) 0.301 Y
Lymphocyte (x 10%/ulL) (05058_({ 4) (0.616991.6) 0.004 *Y
Neutrophil (x103/uL) 655909) 6307 0.967
Platelet (x 103 /L) (17313213) (19%31 5) 0.537 Y
Eosinophil (x10% /L) (0(18.21) (0(18?151) 0.029 +Y
Monocyte (x103/uL) (0.3(%'_507. 76) (0_3(;'_6&82) 0.047 *Y
Natriuretic Peptide a 585310) ( 411_02%0) <0.001 *Y
D-dimer (61;%;87) (59:123:12255) 0.466
Troponin (8}325) (5.2135.5) 0.156 Y

Y: Mann-Whitney U test, *: Statistically significant values.

Among the patients included in the study, 42.5% passed away within 30 days of
follow-up. The admission blood test results of the patients were evaluated on the basis of
overall averages and mortality status. In deceased patients, urea, brain natriuretic peptide
(BNP), troponin, and D-dimer levels were significantly greater (p = 0.046, p = 0.017, p = 0.02,
p = 0.011, respectively). Hemoglobin levels, on the other hand, were lower in deceased
patients (p = 0.06) (Table 5). When we compared the categorical variables in our study in
terms of mortality, we found that mortality was significantly higher in patients with heart
failure and atrial fibrillation (Table 6).

A total of 125 patients underwent echocardiographic evaluation, of whom 65 had
AF and 60 did not. Upon evaluating the echocardiographic findings of patients admitted
to our intensive care unit with a diagnosis of type 2 respiratory failure, we identified
certain statistically significant differences between those with and without AF. Patients
with AF had more severe tricuspid and mitral regurgitation (p: 0.0047 and p: 0.0135,
respectively). Ejection fraction values were also significantly lower in patients with AF
(p: 0.001). Additionally, systolic pulmonary arterial pressures were significantly higher in
patients with AF (p: 0.016). However, there was no statistically significant difference in the
prevalence of aortic regurgitation between the two groups (Table 7).

To analyze the association of atrial fibrillation (AF) with other clinical conditions and
comorbidities, the prevalence of additional diseases was examined in detail among patients
with and without AF. Heart failure was the only comorbidity found to be significantly more
common in patients with AF (p < 0.001). All other clinical conditions and comorbidities
were statistically similar between the two groups (Table 8).
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Table 5. Evaluation of Patient Admission Blood Tests on the basis of mortality.

Surviving Patients

Deceased Patients

Laboratory Findings (n: 115) Median (n: 85) Median p Value
(IQR) (IQR)

Urea (mg/dL) 51.00 (32.25-66.00) 57.50 (40.00-82.25) 0.046 *Y
Creatinine (mg/dL) 0.98 (0.80-1.20) 1.07 (0.84-1.39) 0.341Y
Potassium (mEq/L) 4.50 (4.20-4.88) 4.60 (4.20-5.20) 0.115 Y
Hemoglobin (g/dL) 12.80 (11.03-14.55) 11.25 (9.58-13.50) 0.006 *Y

WBC (x103/uL) 9.8 (7.8-13.5) 9.6 (8-13.8) 0.651Y
Lymphocyte (x103/uL) 0.94 (0.63-1.5) 0.92 (0.64-1.5) 0.670 Y
Platelet (x103/uL) 246.5 (198-311) 233 (167-328) 0.887Y
Magnesium (mg/dL) 2.00 (1.80-2.20) 2.00(1.80-2.30) 0.103 Y
Natriuretic Peptide (ng/L) (61.7155%1512.00) (112_%69_'5%00) 0.017 *Y
D-dimer (ng/mL) 940 (552-2112) 1820 (940-3755) 0.002 *Y
Troponin I (ng/mL) 12 (5.23-27.25) 19.50 (10-36.5) 0.011*Y
Age 70.2 £ 0.87 76.2 + 0.93 <0.001

CCI 4.50 (4.0-6.0) 5.00 (4.0-7.0) <0.001

pH 7.35 (7.27-7.41) 7.32 (7.26-7.39) 0.324

PO2 50.00 (33.8-72.0) 45.00 (31.5-66.0) 0.434

PCO2 66.00 (57.0-81.0) 66.00 (58.5-81.0) 0.641

HCO3 37.00 (33.0-42.0) 34.00 (31.0-42.5) 0.262

Monocyte count (x103/uL) 0.56 (0.34-0.76) 0.3 (0.11-0.61) 0.773
ICU Length of Stay (days) 90.00 (90.0-90.0) 8.00 (5.0-12.0) <0.001

CCI: Charlson comorbidity index, ICU: Intensive care unit, WBC: White blood cell, ¥: Mann-Whitney U test,

*: Statistically significant values.

Table 6. Comparison of categorical variables between deceased and surviving patients using the

Pearson chi—square test.

Variable Deceased (11, %) Survived (1, %) p-Value
Gender (Male) 51 (43.2%) 67 (56.8%)
Gender (Female) 34 (41.5%) 48 (58.5%) 0-805
NIMYV Required 48 (41.4%) 68 (58.6%)

NIMYV Not Required 37 (44.0%) 47 (56.0%) 0706
Anticoagulant Use (Yes) 46 (47.9%) 50 (52.1%) 0137
Anticoagulant Use (No) 39 (37.5%) 65 (62.5%)

Antiarrhythmic Use (Yes) 68 (44.2%) 86 (55.8%)

Antiarrhythmic Use (No) 17 (37.0%) 29 (63.0%) 0386
Atrial Fibrillation (Yes) 50 (49.5%) 51 (50.5%) 0.043 %
Atrial Fibrillation (No) 35 (35.4%) 64 (64.6%) '

Heart Failure (Yes) 36 (52.9%) 32 (47.1%) .
Heart Failure (No) 49 (37.1%) 83 (62.9%) 0.052

Diabetes Mellitus (Yes) 32 (41.6%) 45 (58.4%)

Diabetes Mellitus (No) 53 (43.1%) 70 (56.9%) 0831
Hypertension (Yes) 42 (40.8%) 61 (59.2%) 0611
Hypertension (No) 43 (44.3%) 54 (55.7%) '

COPD (Yes) 72 (42.6%) 97 (57.4%)
COPD (No) 13 (41.9%) 18 (58.1%) 0945

COPD: Chronic obstructive pulmonary disease, NIMV: Noninvasive mechanic ventilation, * significant p values.
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Table 7. Comparison of Echocardiographic Findings Based on Atrial Fibrillation Status.

. AF Negative(—) Patients AF Positive (+) Patients
Variable # (%), Median (IQR), 7: 60 1 (%), Median (IQR), 1: 65 p Value
1: 31 (51.7%) 1: 23 (35.4%)
Tricuspid Regurgitation 2: 26 (43.3%) 2: 25 (38.5%) 0.0047 *©
3: 3 (5%) 3: 17 (26.2%)
1: 53 (88.3%) 1: 43 (66.2%)
Mitral Regurgitation 2: 6 (10.0%) 2: 19 (29.2%) 0.0135 *
3: 1 (1.7%) 3: 3 (4.6%)
Aortic Regurgitation 125§ 86307/:;0) 1:2_6i 52323:;0) 0.4629 °©
SPAP (mmHg) 40.0 (33.25-47.75) 45.0 (35.0-52.5) 0.016 *Y
Ejection fraction (%) 55 (55-60) 55 (45-60) 0.001

Regurgitation grades are defined as follows: 1 = mild, 2 = moderate, 3 = severe. SPAP: Systolic pulmonary arterial
pressure. © Fisher’s exact test, ¥ Mann-Whitney U test, * significant p value.

Table 8. Comparison of clinical conditions between AF (+) and AF (—) patients.

Clinical Condition AF ::7(2'/:; 2 AF 5:202 ) 101 p Value
Female Gender 34 (34.3%) 48 (47.5%) 0.058 B
Asthma 2 (2.0%) 5 (5.0%) 0.260 °©
OSAS 3 (3.0%) 3(3.0%) 0.980 °©
Malignancy 2 (2.0%) 6 (5.9%) 0.157 ¢
COPD 88 (88.9%) 81 (80.2%) 0.090 B
Bronchiectasis 5 (5.1%) 3 (3.0%) 0.453 ©
History of TB 2 (2.0%) 5 (5.0%) 0.260 ©
Dementia/Alzheimer 2 (2.0%) 6 (5.9%) 0.157°

Heart Failure 22 (22.2%) 46 (45.5%) <0.001 *B
Chronic Kidney Disease 10 (10.1%) 14 (13.9%) 0413 P
Pulmonary Thromboembolism 3 (3.0%) 5(5.0%) 0.488 ©
Coronary Artery Disease 13 (13.1%) 13 (12.9%) 0.956 P
Hypertension 50 (50.5%) 53 (52.5%) 0.780 P
Diabetes Mellitus 38 (38.4%) 39 (38.6%) 0.973 B
Acute Kidney Injury 1 (1.0%) 4 (4.0%) 0.181°
History of Stroke 6 (6.1%) 5 (5.0%) 0.731 B

COPD: Chronic obstructive pulmonary disease, TB: Tuberculosis, B Pearson chi square test, © Fisher’s exact test,
* significant p value.

Among patients admitted to the intensive care unit with pre-existing atrial fibrilla-
tion (AF), 19.8% were not prescribed anticoagulant therapy and 6.9% were not receiving
antiarrhythmic medications at the time of admission (Table 9).

Table 9. AF (+) patients without prescribed anticoagulants or antiarrhythmics at ICU admission.

Treatment Type Not Prescribed (1) Total AF (+) Patients (n) Rate (%)
Anticoagulant 20 101 19.8%
Antiarrhythmic 7 101 6.9%

When comparing the survival times of patients with and without atrial fibrillation
(AF), the mean survival time was found to be 49.6 (+4.07) days (95% CI: 41.6 to 57.6)
for patients with AF and 61.4 (£3.8) days (95% CI: 53.8 to 69.05) for those without AF.
The difference in survival times was statistically significant, favoring patients without AF
(log-rank test: p = 0.031). Furthermore, according to this analysis, the mortality risk in
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patients with AF was calculated to be 1.6 times higher compared to those without AF (HR:
1.6084, 95% CI: 1.0437 to 2.4787) (Figure 2).
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Figure 2. Kaplan-Meier survival curve for patients with and without atrial fibrillation.

A multivariable Cox regression analysis was performed using the enter method,
including all variables that were significantly associated with mortality in univariate
analyses. Among these, lower hemoglobin levels (HR: 0.901; 95% CI: 0.816-0.996; p = 0.041),
older age (HR: 1.039; 95% CI: 1.007-1.073; p = 0.018), and higher Charlson Comorbidity
Index scores (HR: 1.175; 95% CI: 1.004-1.375; p = 0.045) were found to be independent
predictors of in-hospital mortality. Notably, the presence of atrial fibrillation (HR: 0.883;
95% CI: 0.532-1.467; p = 0.631) did not independently predict mortality in this model
(Table 10).

Table 10. Enter method Cox regression analysis results of all patients.

Variable p Value HR (Exp (B)) 95% CI Lower 95% CI Upper
Urea 0.435 0.997 0.991 1.004
Hemoglobin 0.041* 0.901 0.816 0.996
N;tegﬁffgic 0.122 1.0 1.0 1.0
D-Dimer 0.661 1.0 1.0 1.0
Troponine 0.293 1.0 1.0 1.001
Presence of AF 0.631 0.883 0.532 1.467
Age 0.018 * 1.039 1.007 1.073
(@] 0.045 * 1.175 1.004 1.375
AF: Atrial fibrillation, CCIL: Charlson comorbidity index, HR: Hazard ratio, CI: Confidence interval, * significant
p value.

4. Discussion
4.1. Prevalence and Clinical Characteristics of AF in Type 2 Respiratory Failure

One of the most prominent findings of our study was the detection of AF in half
of the patients admitted to our respiratory intensive care unit with a diagnosis of type 2
respiratory failure over a one-year period. In the literature, AF is recognized as the most
common arrhythmia accompanying patients with type 2 respiratory failure and COPD [8].
When we compared the clinical characteristics of patients with AF to those without AF
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among individuals with type 2 respiratory failure, we observed that patients with AF
were older, had higher CCI scores—indicating a greater burden of comorbidities—and
had a notably higher prevalence of heart failure. In parallel with our findings, the study
conducted by Chen and Liao also demonstrated that patients with AF were older and had
a higher prevalence of cardiac comorbidities, including heart failure, compared to those
without AF [9].

4.2. Laboratory Abnormalities and Their Pathophysiological Implications

When further examining the characteristics of patients with AF in our study through
laboratory test results, we observed that urea and creatinine levels were higher in patients
with AF compared to those without AF and that natriuretic peptide levels were also ele-
vated, consistent with the higher prevalence of heart failure in this group. Additionally,
hemoglobin and lymphocyte levels were found to be lower in patients with AF. Rodriguez-
Manero et al. reported elevated natriuretic peptide levels in patients with AF, attributing
this to the high prevalence of heart failure in this population. Similarly, Terzano et al.
found that urea and creatinine levels were higher in AF patients, explaining this finding
in the context of heart failure and associated systemic hypoperfusion. Chen and Liao not
only noted that anemia was more common in patients with AF, but—consistent with our
findings—also emphasized its association with poor prognosis in this group. Furthermore,
Romiti et al. suggested that lower lymphocyte counts observed in patients with AF re-
flect systemic inflammation and a weakened immune response [8-11]. These laboratory
abnormalities in our AF cohort may reflect a more advanced stage of cardio-respiratory
compromise, particularly in the context of chronic hypercapnic respiratory failure. In
diseases that typically cause type 2 respiratory failure—such as COPD and obesity hy-
poventilation syndrome—chronic hypoventilation and right heart strain can exacerbate
renal hypoperfusion and systemic inflammation, amplifying neurohormonal activation.
Elevated urea and BNP levels may therefore reflect not only cardiac dysfunction but also
an adaptive response to chronic hypercapnia and fluid retention. Similarly, the observed
anemia and lymphopenia may be consequences of systemic inflammation, reduced erythro-
poietin activity, and nutritional deficiencies common in chronic respiratory insufficiency.
These findings suggest that the laboratory profile of AF patients in type 2 respiratory failure
represents a complex interplay between cardiovascular strain, respiratory mechanics, and
systemic inflammation.

4.3. Echocardiographic Features Suggestive of Cardiac Dysfunction

When comparing the echocardiographic findings of our AF patients to those without
AF among individuals with hypercapnic respiratory failure, we observed that advanced
mitral and tricuspid regurgitation were more common in the AF group. Additionally,
systolic pulmonary arterial pressures were higher, and ejection fraction values were lower
in patients with AF. These findings suggest that AF in the context of hypercapnic respiratory
failure is associated with more severe underlying cardiac dysfunction. Similarly, Terzano
et al. reported that patients with COPD exacerbations and AF had significantly higher
pulmonary artery pressures and a greater incidence of valvular abnormalities, particularly
mitral regurgitation. Reduced ejection fraction was also more common in the AF group,
highlighting the interplay between AF and impaired cardiac performance in respiratory
patients [5,11].

4.4. AF and Mortality: Interpretation of Survival Analyses

Based on our survival analysis, we observed that patients with AF had shorter survival
times compared to those without AF among individuals admitted to the intensive care unit
with type 2 respiratory failure. However, in the enter method Cox regression analysis—
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which included the parameters that differed significantly between survivors and non-
survivors—AF did not emerge as an independent predictor of mortality [12]. One possible
explanation is that AF may function more as a surrogate marker of systemic burden rather
than as a direct contributor to mortality. In critically ill patients, particularly those with
advanced age and multiple comorbidities, AF often reflects underlying physiological
stress, inflammation, or cardiac dysfunction. When variables such as age and Charlson
Comorbidity Index are accounted for, the additive prognostic value of AF appears to
diminish. Furthermore, in the context of acute-on-chronic respiratory failure, factors such
as gas exchange impairment and baseline anemia may exert a more immediate impact on
outcomes, overshadowing the contribution of arrhythmias. These findings suggest that
while AF may signal increased clinical complexity, it may not independently drive mortality
risk in this specific ICU population. This finding aligns with results from Rodriguez-Mafiero
et al., who also found that while AF was associated with worse unadjusted survival in
patients with COPD, it did not independently predict mortality after adjusting for age and
comorbidities, emphasizing the stronger prognostic weight of systemic factors such as age
and overall disease burden [10]. Similarly, Xiao et al. reported that although AF prevalence
was high in end-stage COPD patients, mortality was more strongly influenced by age, need
for mechanical ventilation, and comorbidity burden rather than AF itself in multivariable
analyses [13]. Considering the contribution of low hemoglobin levels to mortality in type
2 respiratory failure, future studies may focus on this issue to determine whether a new
transfusion threshold should be established specifically for this patient population. Just as
the presence of cardiac disease can raise the transfusion threshold in intensive care units,
type 2 respiratory failure itself—independent of cardiac comorbidities—may warrant a
reassessment of red blood cell replacement criteria [14].

4.5. Gas Exchange Parameters and AF

In our study, there were no statistically significant differences in pCO,, pO,, pH, or
HCO;j levels between patients with and without AF at the time of ICU admission. This
suggests that the presence of AF may not be directly related to the severity of gas exchange
abnormalities at presentation. Supporting this, Lahousse et al. found that while reduced
lung function was associated with increased AF risk over time, cross-sectional arterial blood
gas values—such as pCO, and pH—did not differ significantly at baseline between patients
who developed AF and those who did not, emphasizing the role of chronic pulmonary and
cardiovascular remodeling over acute respiratory derangement in AF pathophysiology [15].

4.6. Inadequate Pre-ICU AF Management and Therapy Gaps

In our study, we identified significant gaps in pre-ICU management by comparing
AF diagnoses—based on ECGs obtained at ICU admission—with the patients’ ongoing
anticoagulant and antiarrhythmic therapies at the time of admission. These deficiencies
were particularly notable in anticoagulant therapy, which is vital for preventing thrombotic
complications. Despite having a diagnosis of AF, approximately 20% of patients were not
receiving any anticoagulant treatment prior to ICU admission, while about 7% were not
on antiarrhythmic therapy [16]. These findings are in line with the results of Wang et al.,
who reported substantial underutilization of anticoagulants in patients with AF, especially
among those with chronic comorbidities such as COPD. Their study highlighted that up
to one-quarter of eligible AF patients were not prescribed anticoagulants, often due to
concerns about bleeding risk or a lack of cardiology follow-up, reflecting a broader issue of
suboptimal adherence to evidence-based AF management in high-risk populations [17]. We
share and support this perspective, as our findings similarly highlight a disconnect between
AF diagnosis and the implementation of guideline-directed therapies. The underuse of
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anticoagulation observed in our cohort—despite a clear clinical indication—underscores
the need for improved coordination between outpatient cardiology and ICU teams. It also
points to the importance of early medication reconciliation and intervention planning at
the point of ICU admission, particularly in patients with complex chronic diseases such
as COPD.

4.7. Clinical Implications and Need for Multidisciplinary Care

Taken together, our findings highlight the multifactorial nature of AF in patients with
type 2 respiratory failure, particularly within the intensive care setting. The coexistence
of AF with elevated age, comorbidity burden, and cardiac dysfunction reflects a complex
pathophysiological interaction rather than a direct effect of respiratory acidosis or gas
exchange parameters. This complexity has been echoed in prior literature, where systemic
inflammation, ventricular strain, and impaired myocardial oxygenation are increasingly
recognized as key contributors to AF onset and progression in COPD and ICU cohorts.
Furthermore, persistent gaps in the application of guideline-directed anticoagulation and
rhythm control therapies suggest a real-world treatment inertia that may negatively im-
pact outcomes. These findings underscore the need for a multidisciplinary approach to
AF management in critically ill respiratory patients, incorporating early cardiology con-
sultation, comprehensive risk stratification, and improved adherence to evidence-based
therapies [18-20].

4.8. Limitations of the Study

This study presents several limitations. Primarily, its retrospective and single-center
design may restrict the generalizability of the results to broader populations. Additionally,
the diagnosis of atrial fibrillation was based solely on ECG recordings obtained at ICU
admission, and paroxysmal AF cases may have been missed. Echocardiographic evalua-
tions were not available for all patients and were conducted only in those with accessible
records; therefore, cardiac functional data do not represent the entire study population.
Furthermore, data on anticoagulant and antiarrhythmic therapy were extracted from hos-
pital records, without access to detailed information regarding treatment adherence or
reasons for discontinuation. Lastly, the absence of long-term follow-up data limits our
ability to evaluate post-discharge outcomes and the long-term impact of atrial fibrillation
on morbidity and mortality.

5. Conclusions

This study demonstrated that atrial fibrillation (AF) is highly prevalent among patients
admitted to the intensive care unit with a diagnosis of type 2 respiratory failure. AF in
this population was associated with older age, a greater burden of comorbidities, higher
rates of heart failure, and abnormalities in both hematologic and cardiac biomarkers.
Although AF appeared to be associated with increased mortality in univariate survival
analyses, it did not emerge as an independent predictor in multivariable models. Instead,
age and hemoglobin levels were identified as independent determinants of mortality.
Our findings also revealed a noteworthy proportion of patients with AF who were not
receiving appropriate anticoagulant therapy. Early recognition of AF, identification of
cardiac dysfunction, and timely implementation of appropriate treatment strategies are
crucial to improving prognosis in this patient group. In this context, multidisciplinary
evaluation and future prospective studies with larger cohorts are warranted to enhance
clinical management and outcomes.
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Abstract: Background: The distinction between N2a and N2b in the lung cancer TNM
9th edition staging system has reduced the heterogeneity of prognosis using the previous
staging system. Moreover, this distinction may enable new treatment approaches in
non-small-cell lung cancer (NSCLC). We aimed to evaluate the differences in survival
between 8th- and 9th-edition staging and the mortality prediction of the TNM 9th edition
in NSCLC patients who did not undergo surgical staging and who were “N”-staged with
solely endobronchial ultrasound—-transbronchial needle aspiration (EBUS-TBNA) without
endoscopic ultrasonography (EUS). Methods: Lung cancer patients who were newly
diagnosed and staged with EBUS between May 2016 and January 2023 were retrospectively
reviewed. Patients were divided into two groups, “All MO = Model 1” and “T1-2 N1-2-3
MO = Model 2”, and compared according to their survival for both the 8th and 9th edition
TNM staging systems. Cox regression analyses were performed for independent predictors
of 2-year mortality. Results: In this retrospective study, a total of 90 patients were included.
Most of the patients were male (84.4%), and the mean age of the study group was 64.0 +
9.6; deceased patients were older (p = 0.024). There were no differences between groups
in terms of smoking habit, comorbidities, tumor PET/CT localization, or 8th and 9th N-
staging results with EBUS. The median follow-up period was 26 (0-100) months and longer
for living patients than deceased patients in both groups (42 (23-100) vs. 18 (0-74), p =
0.03; 36 (24-100) vs. 20 (1-74), p < 0.001). According to the 8th edition of TNM staging, N2
stage (HR 2.26, 95% CI 1.01-5.05, p = 0.045) and N3 disease (HR 3.31, 95% CI 1.43-7.67,
p = 0.005) are independent predictors of two-year mortality for Model 1 patients. When
patients were staged according to the 9th edition TNM with EBUS, the relationship between
N2a and mortality was not significant, while N2B disease increased the 2-year mortality
risk by 2.78-fold (95% 1.07-7.22, p = 0.035), and N3 disease increased it by 3.31-fold (95%
1.43-7.67, p = 0.005). Conclusions: According to the TNM 9th edition staging system, we
demonstrated that N2b disease significantly increases the risk of mortality in NSCLC cases
using systematic mediastinal staging with EBUS-TBNA alone.

Keywords: non-small-cell lung cancer; EBUS; EBUS-TBNA; 9th edition TNM staging;
mortality

1. Introduction

Lung cancer is the most common cancer worldwide, with almost 2.5 million new cases
each year, and it is also the most common cause of cancer-related deaths, with 1.8 million
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deaths annually [1]. The International Association for the Study of Lung Cancer (IASLC)
has established a standardized tumor node metastasis (TNM) staging classification that
aims to bring together groups with similar prognoses and treatments based on the anatomic
extent of malignancy. The “N” descriptors, categorized by anatomical location, had not
been changed from the 4th edition until the recent 9th edition [2,3]. The TNM 8th edition
lung cancer staging system has been widely used worldwide since 2017. The “N” descriptor
of 8th-edition staging is based on the anatomic location of lymph node metastases, without
taking into account the number of metastasized nodes. However, it was emphasized that
factors other than the anatomical components of the lymph nodes were also effective in
demonstrating prognostic heterogeneity, and it was stated that the lymph nodes should
be reclassified into subgroups [4-7]. These changes in the 9th edition TNM “N” staging
resulted from the significant survival difference between N2a and N2b [7]. According to
the new staging system, which changed with the subdivision of N2 into N2a and N2b,
T1N2a cases were found to have better survival rates than stage IIIA cases according to
the 8th TNM edition, similar to stage IIB [8]. These findings led to the assignment of
T1N2a tumors to stage IIB. In previous staging approaches, TIN1 tumors classified as
stage IIB were downstaged to stage IIA because they had similar survival rates to stage
ITA. In contrast, T2 tumors with multiple N2 in stage IIIA were upstaged to IIIB in the 9th
edition for similar reasons. T3aN2a cases in the 8th TNM edition, which had been staged
as I1IB, were downstaged to IIIA due to similar prognoses [8]. The new “N” descriptor in
TNM staging, in addition to being a prognostic factor, plays a critical role in determining
suitability for surgery and distinguishing between early-stage and locally advanced disease
(N2/N3 status).

In recent guidelines with a high recommendation level, endosonography (EUS/EBUS
or EBUS or EUS alone) is recommended as the initial procedure for mediastinal lymph
node staging instead of surgical staging in patients with suspected or proven NSCLC with
abnormal mediastinal and/or hilar nodes on CT and/or PET [9,10]. In fact, endoscopic
staging is recommended even in certain patients with a negative PET [10]. Unlike EUS,
EBUS provides unique access to the hilum and structures anterior to the large airways,
but EBUS cannot access the lower mediastinal lymph nodes at stations 8 and 9 adjacent
to the esophagus, which can be easily targeted with EUS or EUS-B [11]. The “SCORE”
study showed that systematic EBUS combined with esophageal ultrasound using the same
EBUS bronchoscope (EUS-B) increased the sensitivity of mediastinal lymph node staging
in lung cancer patients by 9% compared to targeted EBUS [12]. The combined guidelines
of ESGE, ERS, and ESTS recommend that the combination of EBUS/EUS or EBUS/EUS-
B be preferred over either procedure alone [10]. In the same guidelines, EBUS alone is
considered acceptable in cases in which combined endosonography is not available. In
addition, compared to mediastinoscopy, EBUS is an isolated procedure that is associated
with lower risks and costs [13]. There are no publications on the effect of “N” staging with
EBUS-TBNA without EUS as a mortality predictor in the new TNM edition.

We planned to group the cases with non-metastatic NSCLC diagnoses as deceased
and alive in two different models and to compare the demographic features, comorbidities,
EBUS-TBNA-verified “N” stages, and PET/CT TNM stages according to both the 8th and
9th editions. We also aimed to evaluate the mortality prediction of the “N” descriptor
in the 9th edition staging system in cases in which we performed complete systematic
mediastinal staging with EBUS-TBNA without EUS or EUS-B.
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2. Materials and Methods
2.1. Design, Patient Selection, and Data Collection

Patients who underwent EBUS for diagnosis and /or mediastinal staging of lung cancer
between 1 May 2016 and 31 January 2023 were retrospectively reviewed. Patients with
non-small-cell lung cancer (NSCLC) with no metastasis (M0) who underwent complete
systematic mediastinal staging with EBUS were included in this study, as shown in the
study flowchart (Figure 1). We collected data from medical records, including patient
characteristics such as age, smoking history, presenting symptoms, and comorbidities.
The duration of follow-up and timing of death were also noted. Tumor location and size,
PET/CT findings, and the number of collected lymph nodes with EBUS and EBUS-TBNA
pathological results were recorded. For pathological and clinical staging, the location of
lymph nodes was categorized based on the IASLC lymph node map [14]. We classified the
patients according to the 8th and 9th edition staging systems based on EBUS-TBNA for the
“N” stage and PET/CT for the “T” and “M” descriptors. EBUS-TBNA was performed in
each patient on all lymph nodes from N3 to N1 that could be reached and sampled, i.e.,
systematic mediastinal staging. All procedures were performed by one of two experienced
bronchoscopists, and samples were processed by the same cytopathologist with no ROSE.
EBUS-TBNA samples were air-sprayed into a mixture of 10% formalin and 96% alcohol
and then sent to the cytology laboratory for cell block and cytoblock preparation. Air-dried
smear preparations were prepared by staining with the May-Grunwald-Giemsa stain in
the pathology laboratory.

Patients who underwent EBUS-TBNA
with suspicion of lung cancer
between May 1, 2016, and January 31, 2023 (n=425) 2023.

Excluded

Small cell lung cancer (n =36)

v

EBUS-TBNA for lung cancer restaging (n = 72)
Extrathoracic malignancy metastasis diagnosed by EBUS-TBNA (n = 6)

PET/CT imaging findings not available (n =124)

A 4

Non-small cell lung cancer (NSCLC) newly diagnosed and staged
with EBUS (n = 187)

| Excluded

“M1” NSCLC patients (n =97)

A\

“Model 1 = All M0”
(n=90)

“Model 2 = T1-2 N1-2-3 M0”
(n=57)

Figure 1. Flowchart of patient selection.

NSCLC cases with metastasis were excluded from the study population. Patients were
examined using two models, “Model 1 = All M0” and “Model 2 = T1-2, N1-2-3, M0”, and
compared according to their survival in both the 8th and 9th edition TNM staging systems.

2.2. Statistical Analysis

The data were analyzed using IBM SPSS Statistics for Windows, Version 28.0., and
p < 0.05 was considered statistically significant. The distribution of continuous data
was validated using the Shapiro-Wilk test. The continuous data were presented as the
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mean = standard deviation (SD), or median (minimum-maximum), while the categorical
variables were expressed as 1 (%). For between-group comparisons, parametric indepen-
dent sample t-tests or non-parametric Mann-Whitney U tests were used depending on the
findings of the normality test. Pearson’s chi-square test was performed to compare categor-
ical variables. The multivariate Cox regression model was constructed with the variables
that met the p < 0.25 threshold in the univariate analysis. The variables were selected using
the backward stepwise LR approach, and the findings of the analysis were presented. A
summary was provided for the hazard ratios (HRs) and 95% confidence intervals (95%
CIs). Kaplan-Meier survival analysis, conducted using MedCalc® Statistical Software
version 22.023 (MedCalc Software Ltd., Ostend, Belgium; https:/ /www.medcalc.org; 2024),
was employed to assess the impact of the 8th and 9th edition TNM staging systems on
overall survival.

An a priori power analysis was conducted using G*Power version 3.1 to determine
the required sample size for detecting a significant difference in age between two indepen-
dent groups. The analysis was based on a one-tailed t-test, with an anticipated effect size
(Cohen’s d) of 0.577 (calculated from group means of 65.2 and 60.1 and standard deviations
of 10.0 and 7.5, respectively). The alpha error probability was set at 0.05, and the desired
statistical power was 0.80. The analysis indicated that a total sample size of 76 participants
(38 per group) would be sufficient to detect the expected effect. The resulting noncen-
trality parameter was 2.52, and the critical t-value was 1.665. The actual power achieved
with this configuration was 0.80, confirming the adequacy of the sample size to detect a
medium effect.

3. Results

Out of the 90 included patients, 76 were male (84.4%), and the mean age of the study
group was 64.0 £ 9.6. In the whole group, referred to as “Model 17, it was seen that the
deceased patients were older than the living patients (65.2 & 10.0 vs. 60.1 &= 7.6, p = 0.024,
respectively), while in “Model 2”, the age difference between the two groups was not
statistically significant (64.8 &= 10.3 vs. 59.3 £ 7.9, p = 0.06, respectively). In addition, in
“Model 17, it was seen that the deceased patients had more smoking pack years than the
surviving patients [40 (8-144) vs. 33 (10-70), p = 0.041, respectively]. No differences were
found between deceased and living patients in both models in terms of gender, tumor
PET/CT localization, cancer stages by PET/CT, 8th and 9th EBUS “N” stages, and the
presence of comorbidities such as hypertension, COPD, diabetes mellitus, coronary artery
disease, cerebrovascular disease, asthma, and interstitial lung disease (Table 1). However, in
both models, it was observed that subcarinal lymph nodes were sampled significantly more
in cases with deceased patients than in cases with surviving patients, as shown in Table 1.
The majority of the 90 patients included in this study were at the advanced stage, stage
3 (34 of them were stage 3A, 35 were stage 3B, and 10 were stage 3C). Histopathological
subtypes detected in the study population consisting of NSCLC cases were adenocarcinoma
(n =52, 57.8%), squamous-cell carcinoma (1 = 35, 38.9%), and undifferentiated non-small-
cell carcinoma (1 = 3, 3.3%). The distribution of pathological subtypes according to survival
was similar in both models (Table 1). No difference was found when comparing patients
who died and survived according to the “N” staging confirmed with EBUS using the 8th
and 9th editions of the TNM (Table 1). The median follow-up period was 26 (0-100) months
in all cases and longer for patients who were alive compared to patients who were deceased
in both models, as expected [42 (23-100) vs. 18 (0-74), p = 0.03; 36 (24-100) vs. 20 (1-74),
p < 0.001].
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Table 1. Comparison of living and deceased patients’ characteristics, cancer staging results, and
factors contributing to overall mortality in two different non-metastatic NSCLC patient groups.

All MO Model 1 = All M0 NSCLC Patients Model 2 = T1-2 N1-2-3 M0 NSCLC Patients
NSCLC (n =90) (n =57)
Patients Deceased Alive Val Deceased Alive Val
(1 = 90) (1 = 65) (n = 25) p-vatue (n = 40) (n=17) p-vatue
Age, years 64.0 £ 9.6 65.2 +10.0 60.1 £7.6 0.024 64.8 - 10.3 59.3+7.9 0.06
Gender,
male, 1 (%) 76 (84.4) 56 (86.2) 20 (80) 0.522 32 (80) 13 (76.5) 0.737
Smoking
habits
Current
smoker 49 (54.4) 36 (55.4) 13 (52.0) 20 (50) 9 (52.9)
Ex-smoker 28 (31.1) 20 (30.8) 8 (32.0) 0.949 14 (35) 5 (29.4) 0.912
Never smoked 13 (14.4) 9 (13.8) 4(16.0) 6 (15) 3(17.6)
Smoking
history,
pack-year 40 (8-144) 40 (8-144) 33 (10-70) 0.041 40 (8-144) 40 (15-70) 0.689
med
(min-max)

Presence of
comorbidi- 81 (90) 61 (93.8) 20 (80) 0.109 27 (67.5) 13 (76.5) 0.752
ties, n (%)

Comorbidity,
1 (%)
Hypertension 30 (33.3) 21 (32.3) 9 (36.0) 0.805 13 (32.5) 7 (41.2) 0.557
COPD 22 (24.4) 18 (27.7) 4(16.0) 0.288 10 (25) 3(17.6) 0.734
Diabetes
mellitus 17 (18.9) 13 (20.0) 4 (16.0) 0.771 7 (17.5) 4 (23.5) 0.598
Coronary
artery discase 15 (16.7) 12 (18.5) 3(12) 0.545 5(12.5) 2 (11.8) 0.938
Extrathoracic 6 (6.7) 5(7.7) 1(4.0) 0.529 4(10) 1(5.9) 0.615
malignancy ’ ’ ’ ’ ' ’
Cerebrovascular
disease 3(3.3) 3 (4.6) 0 0.557 2 (5) 0 0.348
Asthma 4(4.4) 4(6.2) 0 0.573 3(7.5) 0 0.542
Interstitial
lung disease 2(2.2) 1(1.5) 14) 0.481 1(2.5) 1(5.9) 0.511
Congestive
heart disease 1(1.1) 1(1.5) 0 0.533 1(2.5) 0 0.511
Arrhythmia 1(1.1) 1(1.5) 0 0.533 1(2.5) 0 0.511
Chronic renal
Jailure 1(1.1) 1(1.5) 0 0.533 1(2.5) 0 0.511
Autoimmune
disease 1(1.1) 1(1.5) 0 0.533 1(2.5) 0 0.511
Tuberculosis 5 (5.6) 4(62) 1(4.0) 0.689 3(7.5) 0 0.547
history . . . . . .
Lung cancer
pathological
classification
n (%)
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Table 1. Cont.

All MO Model 1 = All M0 NSCLC Patients Model 2 = T1-2 N1-2-3 M0 NSCLC Patients
NSCLC (n = 90) (n = 57)
Patients Deceased Alive Value Deceased Alive Value
(n = 90) (1 = 65) (n = 25) P (n = 40) (n=17) P
Adenocarcinoma 52 (57.8) 36 (55.4) 16 (64.0) 27 (67.5) 10 (58.8)
Squamous-cell
carcinoma 35 (38.9) 28 (43.1) 7 (28.0) 12 (30) 5(29.4)
Undifferentiated 0.170 0.353
non-small-cell 3(3.3) 1(1.5) 2 (8.0) 1(2.5) 2(11.8)
carcinoma
PET/CT
tumor
localization
ng%b”e”"’” 32 (35.6) 26 (40.0) 6 (24.0) 18 (45) 4(23.5)
nghlto’;zddle 14 (15.6) 7 (10.8) 7 (28.0) 2(5) 4(23.5)
: 0.295 0.112
ng;;éblgw” 10 (11.1) 7 (10.8) 3 (12.0) 5 (12.5) 3 (17.6)
Left upper lobe 29 (32.2) 21 (32.3) 8 (32.0) 11 (27.5) 6 (35.3)
Left lower lobe 5(5.6) 4(6.2) 1(4.0) 4(10) 0
Mass long axis
(mm) med 30 (12-90) 30 (12-90) 30 (15-70) 0.220 25 (13-48) 23 (15-44) 0.426
(min—-max)
Mass short
axis (mm) med 25 (10-73) 25 (10-73) 25 (12-60) 0.151 23 (10-42) 20 (12-40) 0.238
(min—max)
M“f;;iuv 10.0 10 109 0,405 9.80 7.68 0.005
. (1.81-38.88)  (1.81-38.88)  (3.60-36.30) : (3.40-38.88)  (3.60-15.0) :
(min—max)
PET staging,
8th TNM
edition
1A 1(1.1) 1(1.5) 0 1(2.5) 0
1B 4(4.4) 3 (4.6) 1(4.0) 2(5) 1(5.9)
2B 6 (6.7 5(7.7 14.0 4 (10 1.9
(67) (7.7) (4.0) 0172 (10) (59) 0.684
3A 34 (37.8) 20 (30.8) 14 (56.0) 18 (45) 11 (64.7)
3B 35 (38.9) 26 (40.0) 9 (36.0) 15 (37.5) 4 (23.5)
3C 10 (11.1) 10 (15.4) 0 - -
PET staging,
9th TNM
edition
1A 1(1.1) 1(1.5) 0 1(2.5) 0
1B 4(4.4) 3 (4.6) 1(4.0) 2 (5) 1(5.9)
2A 4(4.4) 4(62) 0 4(10) 0
2B 12 (13.3) 6(9.2) 6 (24.0) 0.110 5 (12.5) 6 (35.3) 0.344
3A 23 (25.6) 14 (21.5) 9 (36.0) 10 (25) 4 (23.5)
3B 36 (40.0) 27 (41.5) 9 (36.0) 18 (45) 6 (35.3)
3C 10 (11.1) 10 (15.4) 0 - -
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Table 1. Cont.

All MO Model 1 = All M0 NSCLC Patients Model 2 = T1-2 N1-2-3 M0 NSCLC Patients
NSCLC (n =90) (n =57)
Patients Deceased Alive Value Deceased Alive Value
(1 = 90) (1 = 65) (n = 25) r (n = 40) (n=17) P
Number of
malignant
lymph nodes
sampled
with EBUS
2R (n=3) 2 (66.7) 1 (100) 1 (50) 0.386 1 (100) 1 (50) 0.386
4R (n = 66) 32 (48.5) 24 (50.0) 8 (44.4) 0.911 13 (44.8) 6 (50) 0.926
4L (n=35) 17 (48.6) 15 (55.6) 2 (25.0) 0.316 10 (55.6) 2(33.3) 0.315
7 (n=82) 29 (35.4) 23 (39.7) 6 (25.0) 0.006 16 (44.4) 4 (25) 0.021
10R (n = 34) 10 (29.4) 9(39.1) 1(9.1) 0.146 7 (43.8) 1(14.3) 0.373
11R (n=49) 15 (30.6) 9 (27.3) 6 (37.5) 0.752 3 (13) 4 (36.4) 0.208
11L (n=62) 14 (22.6) 12 (26.7) 2 (11.8) 0.228 7 (24.1) 2 (15.4) 0.570
Eighth TNM
edition “N”
stage, with
EBUS
NO 32 (35.6) 20 (30.8) 12 (48.0) 13 (32.5) 8 (47.1)
N1 444 3(4.6 14.0 2(5 1(5.9
44 (4.6) *.0) 0.398 ©) (69) 0.686
N2 35 (38.9) 26 (40.0) 9 (36.0) 16 (40) 6 (35.3)
N3 19 (21.1) 16 (24.6) 3(12.0) 9 (22.5) 2 (11.8)
Ninth TNM
edition “N”
stage, with
EBUS
NO 32 (35.6) 20 (30.8) 12 (48.0) 13 (32.5) 8 (47.1)
N1 4(4.4) 3 (4.6) 1(4.0) 2(5) 1(5.9)
N2a 21 (21.0) 16 (24.6) 5 (20.0) 0.549 10 (25.0) 3 (17.6) 0.781
N2b 14 (15.6) 10 (15.4) 4 (16.0) 6 (15.0) 3(17.6)
N3 19 (21.1) 16 (24.6) 3(12.0) 9 (22.5) 2 (11.8)
Follow-up
period, 26 (0-100) 18 (0-74) 42 (23-100) 0.003 20 (1-74) 36 (24-100) <0.001
months

Data are presented as means & SD, median (min-max), and 7 (%).

In the multivariate Cox proportional hazards regression model including age, smoking
habit, and N staging with EBUS, according to the eighth edition of TNM staging, N2 stage
(HR 2.26, 95% CI 1.01-5.05, p = 0.045) and N3 disease (HR 3.31, 95% CI 1.43-7.67, p = 0.005)
were independent predictors of 2-year mortality for all M0 patients (Model 1) (Table 2).
When patients were staged according to the 9th edition TNM system with EBUS, in the
same Cox analysis in non-metastatic patients (Model 1), no significant association was
found between N2a and mortality, while N2b disease increased the 2-year mortality risk by
2.78 times (95% 1.07-7.22, p = 0.035) and N3 disease by 3.31 times (95% 1.43-7.67, p = 0.005)
(Table 2). The Kaplan-Meier survival curves for 2-year mortality according to N stage in
the previous (8th) and most recent TNM editions (9th) are shown in Figure 2.
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Table 2. Independent variables affecting 2-year overall mortality in two models according to the 8th
and 9th TNM editions.

Model 1 Model 2
NSCLC, NSCLC,
All MO Patients T1-2 N1-2-3 MO Patients
HR 95% CI p-Value HR 95% CI p-Value
N staging with EBUS according to
the 8th edition of the TNM
(Ref. NO)
N1 1.94 0.42-9.01 0.395 4.65 0.85-25.50 0.076
N2 2.26 1.01-5.05 0.045 2.59 0.79-8.41 0.113
N3 3.31 1.43-7.67 0.005 6.37 1.94-20.83 0.002
N staging with EBUS according to
the 9th edition of the TNM
(Ref. NO)
N1 1.94 0.42-9.01 0.394 4.65 0.85-25.50 0.076
N2a 1.97 0.80-4.86 0.139 2.51 0.67-9.38 0.169
N2b 2.78 1.07-7.22 0.035 2.67 0.67-10.74 0.163
N3 3.31 1.43-7.67 0.005 6.37 1.94-20.83 0.002

III 2-year all-cause mortality according to TNM 8t b 2-year all-cause mortality according to TNM 9%

p=0.05

p=0.031

All MO Patients
7

Time (months) Time (months)

Non-small Cell Lung Cancer
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Figure 2. Kaplan-Meier survival analyses for 2-year all-cause mortality in patients with NSCLC
according to N staging with EBUS-TBNA based on the 8th and 9th TNM editions. (a,b) For all
MO patients, mean survival times according to the 8th edition of the TNM classification were
20.6 4+ 1.1 months for NO, 19.0 + 3.2 months for N1, 16.6 + 1.5 months for N2, and 16.7 + 1.8
months for N3 (p = 0.031), while the corresponding values in the 9th edition TNM classification were
20.5 £ 1.1 months for NO, 19.0 ++ 3.2 months for N1, 17.7 + 1.8 months for N2a, 15.0 + 12.5 months
for N2b, and 16.7 £ 1.8 months for N3 (p = 0.05). (c,d) For patients with T1-2, N1-2-3, M0 disease,
mean survival times according to the 8th edition of the TNM classification were 22.1 + 0.9 months
for NO, 17.3 £ 3.9 months for N1, 18.8 & 1.6 months for N2, and 16.8 =+ 2.0 months for N3 (p = 0.006),
while the corresponding values in the 9th edition TNM classification were 22.1 £ 0.9 months for NO,
17.3 + 3.9 months for N1, 18.4 + 2.1 months for N2a, 19.3 & 2.4 months for N2b, and 16.8 + 2.0
months for N3 (p = 0.014).
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4. Discussion

In our study, according to the 8th edition TNM staging system, cases of non-metastatic
N2 and N3 disease confirmed with EBUS-TBNA were found to be independent predictors
of mortality. In “N” staging confirmed with EBUS according to the 9th TNM edition, the
N2a stage did not predict mortality, while N2b disease was shown to be an independent
predictor of 2-year mortality, with a 2.78-fold increased risk in all MO patients. However,
the same prediction regarding N2b disease was not found in T1-2 N1-3 patients with no
metastasis. EBUS-verified N3 disease, when evaluated according to both the 8th and 9th
editions, increases the risk of mortality by 3.31 times and 6.37 times in Model 1 and Model
2, respectively.

In a systematic review, the overall mortality rate for lung cancer was found to be
10% (95% CI of 6-16%) [15]. Advanced age, male gender, stage, and the presence of
comorbidities such as hypertension, cardiovascular disease, and diabetes mellitus have
been shown to have a positive effect on mortality in lung cancer [15,16]. In our study group,
no difference was observed in terms of comorbidities in the deceased and surviving groups
in both models, and gender distribution and cancer stages according to PET/CT (for both
the 8th and 9th editions) were similar. This provided a more homogeneous population
for analysis in determining the risk factors affecting mortality. Long-term survival in
NSCLC varies significantly according to the endoscopic “N” stage of the disease. In a
study examining the prognostic impact of endoscopic N staging in over 1000 NSCLC cases,
although patients with endoscopic NO-1/pathological N2-3 disease had worse survival
rates than patients with pathological NO disease, no significant difference was observed
compared with patients with pathological N1 disease [17]. Additionally, EBUS has been
shown to significantly increase the surgery rate in NSCLC patients with stage II-N1 disease,
presumably by reducing the number of patients previously excluded as surgical candidates
using PET scans [18]. In the first multicenter randomized controlled trial investigating the
added value of mediastinoscopy after negative EBUS results (MEDIASTrial), the unforeseen
N2 disease rate was 8.8% in those who underwent immediate resection, which was not
lower than the rate of 7.7% in the mediastinoscopy group. As revealed in previous meta-
analyses, the results of this study showed that EBUS is not inferior to mediastinoscopy even
when determining early-stage cases that are candidates for surgery, and that it is preferable
because of its time-saving nature and lower complication rates [19-21].

In patients with early-stage NSCLC, systematic mediastinal staging with EBUS-TBNA
is known to increase the accuracy of staging. In a meta-analysis, the mean negative
predictive value of EBUS-TBNA in detecting radiologically occult, unsuspected N2/N3
metastases was 91% (82-100%) [22]. However, although only targeted lymph node sam-
pling is usually performed in patients with locally advanced NSCLC, even in these cases,
systemic mediastinal staging has been shown to be superior to PET in determining the
radiotherapy field. In the SEISMIC trial, PET-occult lymph node metastases were detected
in 12% of patients following systematic endoscopic staging [23]. However, in patients
with NSCLC who had an abnormal mediastinum detected with CT or PET/CT, even if
systematic mediastinal staging is not performed, the complete evaluation of all lymph node
stations and sampling from at least three different mediastinal lymph node stations, such
as both lower paratracheal and subcarinal lymph nodes, are among the ESTS recommen-
dations [10]. In our study, all accessible lymph nodes, not just those that were marked as
suspicious using CT and/or PET imaging, were sampled with EBUS, as recommended
in the lung cancer staging guidelines [8,10,24]. Complete systematic mediastinal lymph
node staging, rather than targeted staging, was especially important for detecting multiple
N2 disease, which is one of the significant changes in the new 9th edition of TNM staging.
Changes to the TNM 9th edition classification of lung cancer were considered necessary
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because of the profound difference in survival between N2a and N2b. Analysis has shown
that N2a and N2b clearly define prognostically different tumor groups, with data indicating
a clear and consistent distinction between single and multiple N2 nodal metastases [25].
One study compared the ability of the 8th and 9th editions to discriminate overall survival
and recurrence-free time in over 4000 patients with stage I-III NSCLC who underwent
complete curative surgery and concurrent hilar/mediastinal lymphadenectomy [26]. In the
aforementioned validation study, the survival difference between N1 and N2a was not as
significant as the survival difference between N2a and N2b, suggesting that the number
of lymph node metastases has a significant effect on prognosis, as shown in previous
studies [27,28].

The guidelines prioritize the combination of EBUS/EUS for the mediastinal staging
of NSCLC patients and emphasize the importance of combined endosonography to con-
firm multiple N2 disease in the new staging system. However, EUS-FNA could not be
performed on the patients because it was not available in our center during the study
period. In addition, EUS-B also was not performed due to the training requirement for
EUS-B and the recent resolution of professional disagreements with gastroenterologists.
Only EBUS-TBNA was performed for mediastinal staging in the included cases during
the study period. We believe that it is important to demonstrate that EBUS-TBNA alone
can maintain mortality prediction, even according to the new staging, when conditions
are not suitable for combined endosonography. A meta-analysis has shown that adding
EBUS to EUS increases sensitivity by 22%, but the increase in sensitivity is less when EUS is
added to EBUS (12%) [29]. Therefore, if both endoscopic methods are not available, as was
the case in our center in the recent past, EBUS-TBNA is recommended [10]. Furthermore,
EBUS, which provides access to the hilar lymph nodes, should preferably be used if a single
endoscopic method is available due to the existence of studies indicating the importance of
the presence of N1 accompanying a single N2, which may also cause revisions to staging in
the future [30]. In the aforementioned study, the prognosis for single N2 with N1 involve-
ment was found to be worse than the prognosis for single N2 without N1. We found that
N2b disease was an independent predictor of 2-year mortality, with a 2.78-fold increased
risk in all MO patients according to systematic 9th-edition TNM “N” staging performed
with EBUS alone, without surgical staging or even EUS. In Model 1, which included all
cases without metastasis and consisted of 90 patients, there were 33 patients with a more
advanced T stage compared to Model 2. However, no 2-year mortality predictions for N2b
were observed in Model 2, where T3—4 cases were not included. The reasons for this result
may be that the number of cases was insufficient for analysis and that 10 patients who died
were Stage 3C patients who were not included in Model 2. In addition, different tumor
biology may have been a potential confounder for this result.

We would like to state that during our study, only molecular targeted therapy and
immunotherapy are reimbursed for metastatic patients in our country. For this reason, no
patient received targeted therapy or immunotherapy in our study, in which we included
only non-metastatic cases. It was observed that there was no difference between the
deceased and surviving groups in terms of “N” stages detected with EBUS according to
8th- and 9th-edition staging. For this reason, there may not be a significant difference
in terms of treatments, especially since we compared relatively homogeneous groups in
both models. Excluding metastatic cases and performing mortality analyses in this model
makes our results noteworthy. However, difficulties in accessing medical records and
not including treatment modalities due to missing data are among the most important
limitations of our study. In addition, unlike the previous edition, the 9th edition study also
included survival analyses of patients who underwent resection after induction therapy [8].
This situation led to an inconsistency in the survival analyses of patients who did not
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receive induction therapy. Therefore, the need for a revision with specific survival data for
patients receiving induction therapy has been stated in another article by the corresponding
author of the project study [31]. In addition to its prognostic significance, “N” staging
is also important in deciding suitability for surgery and determining the extent of the
disease. However, a change in classification does not automatically mean a therapeutic
change, and it is important that treatment decisions are made based on evidence through
well-designed clinical studies, as underlined in [31]. Other limitations of our study include
its single-center and retrospective design.

5. Conclusions

This study showed that the importance of systematic mediastinal staging has increased
following the new 9th edition TNM NSCLC staging system, and targeted staging should not
be preferred for the detection of multiple N2 disease. Staging with EBUS-TBNA, without
EUS, still maintains its place in NSCLC. However, it should not be forgotten that although
staging with EBUS-TBNA alone maintains its importance, combined endosonography is
the priority recommendation for staging, especially for the confirmation of multiple N2.
Moreover, and most importantly, this is the first study to show that multiple N2 disease
detected and confirmed with EBUS-TBNA alone, without the addition of EUS or EUS-B, is
a significant predictor of mortality.
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Abbreviations

The following alphabetically listed abbreviations are used in this article:

EBUS Endobronchial ultrasound

EBUS-TBNA  Endobronchial ultrasound-transbronchial needle aspiration

ERS European Respiratory Society

ESGE European Society of Gastrointestinal Endoscopy

ESTS European Society of Thoracic Surgery

EUS Endoscopic (esophageal) ultrasound using a gastrointestinal scope

EUS-B Endoscopic (esophageal) ultrasound using an EBUS scope

EUS-ENA Er}doscopic (esophagea.l) ultr.asound with fine needle aspiration,
with the use of a gastrointestinal scope

HR Hazard ratio

NSCLC Non-small-cell lung cancer

PET/CT Positron emission tomography/computed tomography

ROSE Rapid on-site evaluation

TNM Tumor-node-metastasis
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Abstract: Background/Objectives: Differentiating thoracic malignant tumors, such as
epithelioid malignant pleural mesothelioma (EMPM) and non-small-cell lung carcinoma
(NSCLC), primarily comprising lung adenocarcinoma (LAC) and lung squamous cell carci-
noma (LSCC), remains a challenge in routine pathological diagnosis. This study aimed to
evaluate whether podoplanin (PDPN) immunohistochemistry combined with scanning
electron microscopy (SEM) using the NanoSuit-correlative light and electron microscopy
(CLEM) methods could serve as a reliable tool for distinguishing these thoracic malignan-
cies. Methods/Results: Initially, PDPN expression was assessed by immunohistochemical
analysis in 11 EMPM, 100 LAC, and 23 LSCC cases. PDPN positivity was predominantly
observed in the cell membrane and was significantly more frequent in EMPM (100%) than
in LAC (2%; p < 0.0001) or LSCC (43.5%; p = 0.0018). Subsequently, field emission-SEM
(FE-SEM) observations of PDPN-positive sites on immunohistochemical slides, conducted
using the NanoSuit-CLEM method, revealed distinctive ultrastructural features. EMPM
exhibited densely packed, elongated microvilli, whereas such structures were absent in
LAC and LSCC. Furthermore, analysis of thick-cut sections (20 um) demonstrated exten-
sive microvilli coverage characteristic of EMPM. Conclusions: These findings suggest
that the combined approach of PDPN immunohistochemistry and FE-SEM observation of
PDPN-positive sites, using the NanoSuit-CLEM method, constitutes an effective diagnostic
strategy for enhancing the accuracy of distinguishing EMPM from NSCLCs.

Keywords: epithelioid malignant pleural mesothelioma (EMPM); lung adenocarcinoma
(LAC); lung squamous cell carcinoma (LSCC); microvilli; NanoSuit-correlative light and
electron microscopy (CLEM) method; non-small-cell lung carcinoma (NSCLC); podoplanin
(PDPN); field emission—scanning electron microscope (FE-SEM)
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1. Introduction

Thoracic malignant tumors, including epithelioid malignant pleural mesothelioma
(EMPM) and non-small cell lung carcinoma (NSCLC), primarily comprising lung adenocar-
cinoma (LAC) and lung squamous cell carcinoma (LSCC), present significant diagnostic
challenges owing to their overlapping clinical and histopathological features in certain
clinical contexts [1-3]. Lung cancer remains the leading cause of cancer-related mortality
worldwide, and NSCLC accounts for approximately 85% of all cases [4-7]. Although
relatively uncommon, EMPM is a highly aggressive malignancy that is primarily associated
with asbestos exposure [1,4]. However, non-asbestos etiological factors, including exposure
to naturally occurring mineral fibers such as erionite and previous therapeutic radiation,
have been implicated in its pathogenesis [8]. EMPM is characterized by rapid disease
progression, limited treatment options, and poor prognosis, underscoring the need for early
detection and effective therapeutic strategies [1-3]. Accurate differentiation among these
tumors is essential because their respective treatment strategies and prognoses differ con-
siderably. Podoplanin (PDPN), a transmembrane glycoprotein, has emerged as a valuable
biomarker for distinguishing EMPM from NSCLCs [9-11]. According to recent guidelines
for the pathologic diagnosis of mesothelioma [9], PDPN is expressed in approximately 93%
of epithelioid mesotheliomas, but in only approximately 3% of LAC cases. This differential
expression permits employing PDPN immunohistochemistry for diagnostic pathology.
However, previous studies have reported variations in PDPN positivity. Amatya et al. [11]
observed a high positivity rate of 7% in LAC, whereas PDPN expression in LSCC ranged
from 15 to 66% [12-14]. These findings indicated that PDPN immunohistochemistry alone
may not reliably differentiate between EMPM and NSCLCs. Consequently, the current
diagnostic consensus for EMPM relies on the use of multiple antibodies in immunohisto-
chemistry, which increases diagnostic costs, demands more resources for slide preparation,
and lengthens the time required for diagnosis.

Advancements in electron microscopy have significantly enhanced the ability to
visualize biological specimens at nanometer-scale resolution [15]. However, conventional
sample preparation techniques for scanning electron microscopy (SEM) involve chemical
fixation, dehydration, and metal coating, which can introduce structural artifacts and
compromise the hydration state of biological samples. These limitations hinder the accurate
representation of native biological structures. To address these challenges, the NanoSuit
method was developed as a biomimetic technology that enables high-resolution imaging
of biological specimens, such as Drosophila larvae, using field emission—-scanning electron
microscopy (FE-SEM) without the need for conventional dehydration or fixation [16].

This technique involves the formation of an ultrathin polymer layer on the surface
of a specimen to preserve its hydration state and structural integrity, thereby mitigating
the key limitations associated with traditional SEM sample preparation methods. The
NanoSuit approach has proven to be highly advantageous in biomedical and biological
research because it facilitates the observation of hydrated biological specimens with mini-
mal artifacts [17]. A key advantage of this method is its ability to suppress the charging
effects caused by electron beam irradiation, while maintaining the natural morphology
of biological samples [17]. This enables the high-resolution imaging of cells, tissues, and
microorganisms with improved structural fidelity. Moreover, integrating the NanoSuit
technique with correlative light and electron microscopy (CLEM) provides a powerful ap-
proach for correlating optical light microscopy with electron microscopy images, allowing
comprehensive structural and compositional analyses of biomedical specimens [18].
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The integration of NanoSuit technology with CLEM, referred to as NanoSuit-CLEM,
enhances the precision of SEM imaging by incorporating immunohistochemical labeling
techniques. The combination of osmium or gold chloride with 3,3’-diaminobenzidine
(DAB) staining increases contrast in backscattered electron (BSE) mode, enabling selective
visualization of specific cellular components [17,18]. This method is particularly beneficial
for analyzing formalin-fixed paraffin-embedded (FFPE) tissue specimens and facilitating
the precise correlation of pathological lesions between different imaging modalities. By
combining light microscopy and SEM images, NanoSuit-CLEM can be a powerful tool for
detailed histopathological analysis. One of the critical challenges in SEM-based pathol-
ogy is the difficulty in correlating grayscale SEM images with light microscopy-based
identification of pathological lesions. To address this issue, NanoSuit-CLEM incorporates
fiducial marking techniques [18]. In this process, the target regions are first identified
using light microscopy, and digital images are acquired. After removing the cover glass,
a thin film of NanoSuit solution is applied to the specimen surface using a spin coater.
An additional NanoSuit solution is placed around the target area to serve as a fiducial
marker, improving positional accuracy during SEM observation. Unlike traditional CLEM
approaches that require expensive custom sample holders and specialized imaging sys-
tems, this technique is cost-effective and minimizes artifacts. Furthermore, the NanoSuit
membrane was removed after SEM imaging, allowing subsequent hematoxylin and eosin
(H&E) staining for re-evaluation of the same tissue section. This feature offers the unique
advantage of enabling sequential multimodal imaging, thereby enhancing the reliability
of histopathological diagnoses. The NanoSuit-CLEM method has been used to observe
various ultrastructures, including primary cilia in cancer cells, human papillomavirus in the
mesopharynx, and lanthanum phosphate deposition in the gastrointestinal mucosa [19-22].
Its greatest advantage lies in its ability to perform SEM observations on FFPE specimens
while correlating the findings with corresponding H&E-stained images or immunohisto-
chemical images [18]. This versatility enables a wide range of applications and offers the
potential for new discoveries.

In this study, we hypothesized that the ultrastructural differences in the immuno-
histochemically positive region for PDPN between EMPM and NSCLCs facilitate their
differential diagnosis. To test this hypothesis, we performed SEM observations of PDPN-
positive sites in these thoracic malignant tumors using the NanoSuit-CLEM method to
develop a simple and practical approach for routine pathological diagnosis.

2. Materials and Methods
2.1. Case Collection

FFPE tissue blocks were obtained from 11 primary EMPM (mean age + standard
deviation: 59.2 & 10.6 years; gender distribution: male: female = 9:2), 100 primary
LAC (mean age + standard deviation: 70.3 4= 7.65 years; gender distribution: male:
female = 54:46; pathological tumor stage [pT]: pT1:pT2—4 = 60:40; pathological node stage
[pN]: pNO:pN1-2 = 76:15), and 23 primary LSCC cases (mean age & standard deviation:
71.9 £ 5.37 years; gender distribution: male: female = 20:3; pT: pT1:pT2—4 = 6:17; pN:
pNO:pN1-2 = 19:3) at Hamamatsu University Hospital. Detailed case information is
provided in Supplementary Tables S1-S3. For the pathological diagnosis of EMPM,
immunohistochemical slides with several antibodies were used in addition to H&E-
stained specimens (representative images are provided in Supplementary Figure S1).
Thoracic malignant tumor samples were used for immunohistochemical analyses. The
study protocol was reviewed and approved by the Institutional Review Board of the
Hamamatsu University School of Medicine [approval numbers: 15-067 (17 July 2015) and
23-348 (27 February 2024)].
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2.2. Immunohistochemical Analysis

Immunohistochemical staining was performed on the FFPE tissue sections using an
automated system (Autostainer; DAKO, Carpinteria, CA, USA) to ensure standardized
and reproducible staining conditions. Initially, FFPE sections were deparaffinized in
xylene, rehydrated through a graded ethanol series, and rinsed in distilled water. As
antigen retrieval was not required for the mouse anti-PDPN monoclonal antibody (clone
D2-40, DAKO), the sections were directly treated with a hydrogen peroxide solution
to block endogenous peroxidase activity, thereby minimizing nonspecific background
staining. Subsequently, the sections were incubated with the primary antibody at a dilution
of 1:200 under optimized conditions. Following primary antibody incubation, sections
were rinsed with buffer and treated with a horseradish peroxidase-conjugated polymer
detection system (Histofine Simple Stain MAX PO; Nichirei Biosciences, Tokyo, Japan)
to facilitate signal amplification. For visualization, the sections were incubated with
DAB as a chromogenic substrate, enabling the detection of immunoreactivity. After DAB
development, the slides were counterstained with hematoxylin, dehydrated using graded
ethanol and xylene, and coverslipped for microscopic examination. Positive and negative
controls were included in each staining batch to ensure the specificity and reliability of
the staining procedure. Immunostaining and H&E staining were performed using a Leica
DMD108 digital microimaging system (Leica Microsystems, Wetzlar, Germany).

In this study, tumors were classified as PDPN-positive if more than 3% of the tumor
cells were positive under conventional light microscopy. Tumors that did not meet this
threshold were classified as PDPN-negative. Although 3% is a relatively low cut-off
value, this threshold was adopted considering the limited nature of biopsy samples, which
often contain only a small portion of the tumor. Even when the overall expression of the
marker is low, there remains a possibility that a few positive cells may be present within
the sampled area by chance. Therefore, this cut-off was established to account for such
sampling variability. Although this specific cut-off is not established for PDPN, similarly
low thresholds have occasionally been applied in the immunohistochemical evaluation of
other biomarkers in the literature to accommodate sampling limitations and heterogeneous
expression patterns [23-25].

2.3. FE-SEM Analysis of PDPN-Positive Site Using the NanoSuit-CLEM Method

Sections prepared for PDPN immunohistochemistry were also subjected to FE-SEM
observations using the NanoSuit method [16-19]. A schematic overview of the procedure
is presented in Figure 1. After acquiring the digital image data, a tissue section containing
the region of interest was marked on both the front of the coverslip and the back of the
microscope slide using a water- and organic solvent-resistant pen. The mark on the back
of the slide served as a reference point for subsequent markings with the surface shield
enhancer (SSE) solution. The diaphane and coverslip were subsequently removed from the
slide. Following the enhancement of DAB signal using osmium, a diluted SSE solution was
applied to the surface of the tissue section, covering the entire slide. The sample was left to
stand for 1 min, after which excess SSE solution was removed via spin coating (2000 rpm,
15 s). SSE stock solution was prepared by dissolving sucrose, fructose, and sodium chloride
in distilled water, followed by the addition of citric acid and sodium glutamate (pH 7.4).
The resulting aqueous solution was then mixed with glycerin in a 1:2 ratio and subsequently
diluted 20-fold for use. An on-demand droplet spotter (Hamamatsu Nanotechnology Co.,
Hamamatsu, Japan) was used to mark the designated pathological site precisely. This
system can dispense minute volumes (pL—fL) of solution and is compatible with high-
viscosity liquids such as SSE [18]. Upon the application of a pulse voltage between the
liquid and substrate, a jet was ejected from the apex of the glass capillary to form a droplet.
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The SSE stock solution was applied to minute droplets at multiple precise locations using a
computer-controlled droplet spotter system, targeting the black mark on the slide.

PDPN immunohistochemical staining

\

Observation under light microscopy

‘l’r—}

Removal of the coverslip
DAB signal enhancement using osmium

Application of SSE solution
Spin coating
Marking using a droplet spotter

FE-SEM observation in BSE mode

Figure 1. Schematic overview of the FE-SEM analysis of a PDPN-positive site using the NanoSuit-
CLEM method. Detailed procedures are described in the main text.

Following rehydration, the sections were directly introduced into the FE-SEM system
(5-4800; HITACHLI, Tokyo, Japan), where NanoSuits were formed in situ under electron
beam irradiation. FE-SEM observations using the NanoSuit-CLEM method were conducted
using a BSE detector equipped with an yttrium aluminum garnet (YAG) crystal (YAG-
BSE) detector. This approach provides a stable, conductive, and artifact-free imaging
environment, ensuring that high-resolution electron microscopy is suitable for detailed
ultrastructural analyses.

2.4. Statistical Analysis

Statistical analyses were performed using Fisher’s exact test. GraphPad QuickCalcs
(GraphPad Software Inc., San Diego, CA, USA) was used for the statistical analyses. p-
values of less than 0.05 were considered statistically significant.

3. Results
3.1. Differences in PDPN Immunostaining Positivity Among Thoracic Malignant Tumors

Immunostaining for PDPN is a well-established marker for differentiating EMPM
from NSCLCs. In this study, we analyzed the PDPN immunostaining profiles of malignant
thoracic tumors diagnosed at our institution, including EMPM (n = 11), LAC (n = 100),
and LSCC (n = 23). Tumor cell positivity for PDPN immunoreactivity was significantly
more frequent in EMPM (11/11, 100%) than in LAC (2/100, 2%; p < 0.0001) or LSCC (10/23,
43.5%; p = 0.0018) (Figure 2a,b: representative immunohistochemical results; Figure 2c:
bar graph). No significant associations were identified between PDPN immunoreactivity
and clinicopathological factors in LAC and LSCC, as detailed in Supplementary Tables
S4 and S5, respectively. In the analyzed specimens, membranous PDPN staining was
observed across all three tumor types; however, the proportion of stained areas differed
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between EMPM and NSCLCs. Specifically, EMPM showed a relatively diffuse staining
pattern, whereas LAC and LSCC showed focal staining. These findings are consistent
with those of a previous study [10]. Furthermore, as is widely recognized [26], positive
PDPN signals were identified in the stromal lymphatic vessels of all three tumor types
(Supplementary Figure S2).

a

EMPM

LAC

LscC

C P =0.0018
P <0.0001

80
60
40

0

EMPM LAC LscC
(n=11) (n=100) (n=23)

PDPN-positive
tumors (%)

Figure 2. PDPN immunohistochemical status in thoracic malignant tumors. (a) Representative PDPN
immunohistochemical staining images of four EMPM cases, demonstrating tubulopapillary (top
left), trabecular (top right), deciduoid (bottom left), and acinar (bottom right) proliferation patterns.
Insets in the upper left corner of each panel show corresponding H&E-stained images. (b) PDPN
immunohistochemical staining images of two LAC and two LSCC cases. The left panels represent
PDPN-negative cases, while the right panels represent PDPN-positive cases. Insets in the upper left
corner of each panel show corresponding Hé&E-stained images. (c) Proportion of PDPN-positive
tumors among EMPM, LAC, and LSCC cases. Statistical analysis was conducted using Fisher’s
exact test. Black arrowheads indicate PDPN-positive tumor cells in immunohistochemically stained
images, and red and blue arrowheads denote the architectural patterns of tumor cell proliferation in
the immunohistochemical and H&E-stained images, respectively.

Our observation of cell membrane-associated PDPN distribution, which is common
across the three tumor types, along with the difference in PDPN positivity rates and
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areas between EMPM and NSCLCs, led us to hypothesize that structural differences at
PDPN-positive sites may exist between these tumor types. Such structural variations could
further enhance the diagnostic utility of PDPN immunostaining in distinguishing EMPM
from NSCLCs.

3.2. FE-SEM Observation of PDPN-Positive Sites in Thoracic Malignant Tumors Using the
NanoSuit-CLEM Method

We subsequently investigated the structural differences between EMPM and NSCLCs.
For this, we used the NanoSuit-CLEM method for electron microscopic observation of
membranous PDPN staining sites. DAB, commonly used in conventional immunohis-
tochemical staining and optical microscopy, has an affinity for osmium, a component of
electron microscopy. Consequently, the DAB deposition sites identified by optical mi-
croscopy correspond to regions of high electron reflection under an electron microscope.
We performed PDPN immunostaining in EMPM and NSCLC samples, followed by osmium
staining and FE-SEM observations using the NanoSuit-CLEM method. Paired images of
PDPN immunostaining and FE-SEM with a YAG-BSE detector were successfully obtained
(representative images are shown in Figure 3a; Case 1 of EMPM). Using this technique,
high electron reflection sites in the YAG-BSE images, corresponding to the DAB deposition
sites, were observed in the three EMPM cases (Cases 1-3) (Figure 3b). Under magnification,
these regions revealed densely packed, thick, and elongated villous structures, indicating
well-developed microvilli (Figure 3b, bottom row).

4  PDPN immunostain FE-SEM

EMPM: Case 1

=3

Figure 3. FE-SEM observation of immunohistochemical PDPN-positive sites in three cases of EMPM
using the NanoSuit-CLEM method. (a) Representative paired images of PDPN immunohistochem-
ical staining (left) and FE-SEM imaging (right) obtained using a YAG-BSE detector via the CLEM
technique in Case 1 of EMPM. Briefly, PDPN-stained immunohistochemical slides—with coverslips
removed—are treated with SSE solution following DAB enhancement with osmium. After region
marking using a droplet spotter, the slides are directly introduced into the FE-SEM system, where
NanoSuit formation is induced by electron beam irradiation. FE-SEM imaging is performed in
the BSE mode. Red arrowheads indicate the PDPN-positive, exposed surface of mesothelial cells
surrounding fibrovascular connective tissue, which is denoted by blue circles. (b) FE-SEM images
showing PDPN-immunopositive sites in Cases 1-3 of EMPM. The regions enclosed by orange circles
in the upper panels are shown at higher magnification in the lower panels. Red arrowheads highlight
regions where the surface of tumor cells is exposed to the extracellular space.
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In contrast, a similar analysis of LAC and LSCC revealed poorly nourished microvilli
in DAB deposition areas in both LAC and LSCC in the YAG-BSE mode (Figure 4). These
findings indicate that PDPN immunostaining effectively highlights well-developed mi-
crovillus structures in EMPM, whereas such structures were not observed in LAC or LSCC.
These findings suggest that PDPN immunohistochemistry is effective for distinguishing
between EMPM and NSCLC. Moreover, when tumor cells are PDPN-positive, observ-
ing the corresponding site on the immunohistochemical slide using FE-SEM with the

NanoSuit-CLEM method further enhances the accuracy of the differential diagnosis.

LAC LSCC

N

immunosta

PDPN

E-SEM

F

Figure 4. FE-SEM observation of immunohistochemical PDPN-positive sites in LAC and LSCC using
the NanoSuit-CLEM method. The upper panels show PDPN immunohistochemical staining, while
the lower panels present FE-SEM images captured using a YAG-BSE detector for a case of LAC and
a case of LSCC. The areas enclosed by orange circles in the upper panels are presented as higher-
magnification FE-SEM images in the corresponding lower panels. Red and blue arrowheads in the
immunohistochemical images indicate PDPN-positive and PDPN-negative tumor cells, respectively.
Red arrowheads in the FE-SEM images highlight regions where the surface of tumor cells is exposed
to the extracellular space.

3.3. FE-SEM Using the NanoSuit-CLEM Method for the Detailed Characterization of Surface
Structures in Thick-Cut Sections of EMPM

To emphasize cell surface morphology rather than thin cross-sectional views, we
prepared thick-cut sections (20 pm) of EMPM. Subsequent FE-SEM observations of PDPN-
positive sites in the YAG-BSE mode, employing the NanoSuit-CLEM method, revealed
that the entire surface of individual EMPM cells was covered with dense, elongated mi-
crovillar structures (Figure 5). In contrast, such microvillar structures were absent on the
surface of tumor cells in thick-cut sections of LSCC, where the surface appeared rugged
and lacked organized and elongated projections (Figure 5). These findings indicate that
the NanoSuit-CLEM method, in conjunction with FE-SEM analysis of thick-cut sections,
facilitates detailed characterization of the fine surface morphology of EMPM cells.
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EMPM

Figure 5. FE-SEM analysis of thick-cut section samples from EMPM and LSCC using the NanoSuit-
CLEM method. FE-SEM images of a tumor cell from EMPM and a tumor cell from LSCC are obtained
using a YAG-BSE detector. Red arrowheads indicate regions where the surface of tumor cells is
exposed to the extracellular space.

3.4. Proposed Workflow for Differential Diagnosis of Thoracic Malignant Tumors

Based on our results, we prepared a workflow for the differential diagnosis of malig-
nant thoracic tumors using PDPN immunohistochemistry and subsequent FE-SEM analysis
of PDPN-positive sites using the NanoSuit-CLEM method (Figure 6). In this workflow,
PDPN immunohistochemistry alone, rather than a multi-antibody panel, served as the
initial diagnostic step for epithelioid-type thoracic malignant tumors located in the pleural
region. Upon detection of PDPN positivity on the tumor cell membrane, the slide was
directly subjected to FE-SEM analysis using the NanoSuit-CLEM method. This process
involved the removal of the coverslip, DAB enhancement with osmium, and coating of
the immunostained tissue with SSE solution. The presence of well-developed microvilli
at immunohistochemical PDPN-rich regions confirmed the mesothelial lineage, thereby
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leading to a diagnosis of EMPM. Conversely, the absence of these structures suggested
the presence of NSCLCs. In patients with negative PDPN immunohistochemistry results,
conventional immunohistochemical panels, as recommended by established guidelines [9],
should be used. The NanoSuit-CLEM method facilitates rapid FE-SEM analysis of the same
immunohistochemical slide and allows reapplication of the cover glass post-analysis for
archival purposes. Therefore, this approach offers significant advantages over the current
multi-antibody immunohistochemistry systems.

PDPN-

negative Immunohistochemistry
with multiple antibodies

PDPN immunohistochemistry
for epithelioid-type thoracic
malignant tumors

Conventional antibody panel
@ Broad-spectrum cytokeratin
® Multiple mesothelial markers
® Multiple epithelial markers

PDPN-
positive

® Removal of the coverslip
® DAB enhancement with osmium
@ Coating the tissue with SSE solution

l Advantages

FE-SEM observation on the
exact same site observed on
the immunohistochemically
stained slide

The capability to perform FE-
SEM analysis quickly and
with ease

FE-SEM analysis of
PDPN-positive sites
using the NanoSuit-
CLEM method

Well-developed microvilli

+) =)
Y Y
EMPM NSCLC

Figure 6. Proposed workflow for the differential diagnosis of thoracic malignant tumors using
PDPN immunohistochemistry and subsequent FE-SEM analysis of PDPN-positive sites via the
NanoSuit-CLEM method.

4. Discussion

In this study, the immunohistochemical analysis of PDPN expression in 11 cases of
EMPM, 100 cases of LAC, and 23 cases of LSCC revealed significant differences in PDPN
positivity among these tumor types. PDPN positivity in the tumor cell membranes was
observed in 100%, 2%, and 43.5% of EMPM, LAC, and LSCC cases, respectively. Subse-
quent FE-SEM observations of PDPN-positive sites using the NanoSuit-CLEM method
demonstrated densely packed, elongated microvilli in EMPM, whereas such structures
were absent in NSCLCs. In addition, analysis of thicker sections revealed extensive mi-
crovilli coverage in the EMPM. These findings suggest that PDPN immunohistochemistry
coupled with FE-SEM using the NanoSuit-CLEM method provides a practical approach for
distinguishing EMPM from NSCLCs. This study is the first to demonstrate the presence of
well-developed microvilli at membranous PDPN-stained sites in EMPM of FFPE sections
and establish their utility in the pathological differential diagnosis of thoracic malignant
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tumors. Furthermore, it serves as a compelling example of how previously recognized ul-
trastructural findings, which were historically difficult to integrate into routine diagnostics
owing to the labor-intensive nature of traditional techniques, can now be readily applied in
contemporary pathological practice owing to recent methodological advancements.

Mesotheliomas, including EMPM, are rare tumors that present significant diagnostic
challenges. The primary differential diagnosis for EMPM often includes NSCLCs, and
diagnostic workflows typically rely on panels of mesothelial and epithelial immunohisto-
chemical markers to establish the mesothelial lineage [9]. The most widely used mesothelial
markers include calretinin, PDPN, WT1, and CK5/6, all of which demonstrate more than
80% sensitivity for EMPM [3,9,27]. However, none of these markers are entirely specific
to the mesothelial origin, as they can also show positivity in subsets of carcinomas. This
lack of perfect sensitivity and specificity extends to newly identified immunohistochemical
markers [28,29]. Consequently, current guidelines recommend a first-line immunohisto-
chemical panel comprising broad-spectrum cytokeratin, along with at least two mesothelial
and two epithelial markers [9]. In this study, we demonstrated the utility of PDPN im-
munohistochemistry and subsequent FE-SEM analysis of PDPN-positive sites using the
NanoSuit-CLEM method. Based on our findings, we propose a simplified diagnostic
workflow in which PDPN immunohistochemistry serves as the initial diagnostic test for
epithelioid-type malignant thoracic tumors located in the pleural region (Figure 6). If PDPN
positivity is detected on the tumor cell membrane, the slide can be directly processed for
FE-SEM analysis using the NanoSuit-CLEM method. The presence of well-developed
microvilli confirms a mesothelial lineage, supporting the diagnosis of EMPM, whereas
their absence suggests NSCLCs. For cases in which PDPN is negative on the initial im-
munohistochemical analysis, conventional immunohistochemical panels, as recommended
by existing guidelines [9], should be utilized. The NanoSuit-CLEM method facilitates
rapid SEM analysis of the same immunohistochemical slide, offering significant practical
advantages, including streamlined diagnostic workflows and reduced reliance on extensive
antibody panels.

The ultrastructural characteristics of mesothelioma are well documented, with the pres-
ence of well-developed microvilli on the cell membranes of EMPM, which serve as a distin-
guishing feature that is absent in LAC [30-32]. PDPN, a type I transmembrane glycoprotein
with an extracellular domain, a transmembrane region, and a short cytoplasmic tail, is concen-
trated in plasma membrane extensions, such as microvilli [33]. Consequently, SEM observation
of membranous PDPN-rich sites in the EMPM highlights the presence of microvilli. In contrast,
PDPN expression in NSCLCs is likely independent of microvilli, as it is localized to irregular
plasma membrane structures other than microvilli. Our study successfully demonstrates
that the presence or absence of microvilli in PDPN-rich regions facilitates the differential
diagnosis of EMPM and NSCLCs. Furthermore, although microvilli in mesotheliomas have
traditionally been ultrastructurally observed in samples fixed using conventional methods
(e.g., glutaraldehyde fixation) [30-32], their preservation in FFPE sections has not been previ-
ously established. Using the NanoSuit-CLEM method, we demonstrated that microvilli were
preserved in mesothelioma cells within FFPE sections, making this approach highly valuable
for the differential diagnosis of thoracic malignancies.

An approach combining the NanoSuit-CLEM method with energy-dispersive X-ray
spectroscopy (EDS) was recently developed [17]. This technique enables the elemental
analysis of FFPE tissue specimens, facilitates the identification of metal deposits, and
contributes to advancements in medical diagnostics. For instance, lanthanum phosphate
deposits in the gastrointestinal tract can be rapidly detected in patients undergoing lan-
thanum carbonate treatment, facilitating pathological diagnosis [19]. Additionally, this
approach provided insights into gastric black spots observed in patients with a history
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of Helicobacter pylori (H. pylori) eradication therapy [34]. In contrast to individuals with
current H. pylori infection who rarely exhibit black spots, those with a history of eradication
therapy frequently present with these lesions. Elemental analysis of the gastric black spots
using this method revealed that iron was the primary component. The applicability of the
NanoSuit-CLEM combined with SEM-EDS extends beyond the gastrointestinal tract and
is promising for use in other organs. For instance, exogenous substances are constantly
inhaled into the lungs, and elemental analysis of FFPE lung specimens may help elucidate
previously unidentified aspects of pulmonary pathology [35-38]. Moreover, this method
could potentially contribute to differentiating EMPM from NSCLC using an alternative
approach to our proposed workflow (Figure 6), further enhancing its diagnostic utility in
pulmonary pathology.

A limitation of the present study is the relatively small number of EMPM cases
(n =11). Although clear differences in PDPN positivity and the ultrastructural appearance
of microvilli were demonstrated in comparison with LAC and LSCC, further validation
is required. A future multi-institutional study involving a larger cohort of EMPM cases
and the application of FE-SEM using the NanoSuit-CLEM method would enable a concrete
conclusion regarding the utility of this approach in distinguishing EMPM from NSCLCs.

Advances in electron microscopy technology have led to the development of desktop
and tabletop electron microscopes, as well as high-performance instruments [39,40]. As
demonstrated in this study, SEM analysis using the NanoSuit-CLEM method on conven-
tional pathological slides, including those stained with H&E, special stains, and immuno-
histochemistry, offers significant potential in clinical pathology. The combination of such
accessible electron microscopy technologies with the NanoSuit-CLEM method could greatly
expand the use of electron microscopy in routine pathological diagnostics.

5. Conclusions

A combined application of PDPN immunohistochemistry and FE-SEM using the
NanoSuit-CLEM method provides an effective approach for distinguishing EMPM from
NSCLCs. Consistent PDPN positivity in the EMPM and the presence of densely packed
elongated microvilli at PDPN-positive sites are valuable diagnostic markers. This method
bridges the gap between conventional immunohistochemistry and ultrastructural pathol-
ogy, enabling a more precise tumor classification.

Supplementary Materials: The following is available online at https:/ /www.mdpi.com/article/10.3
390/diagnostics15101298/s1, Figure S1: Representative immunohistochemical images of an EMPM
case, Figure S2: Representative immunohistochemical image showing lymphatic vessel detection in a
thoracic malignant tumor using PDPN immunohistochemistry, Figure S3: Original data, Table S1:
Age and sex distribution of patients with EMPM, Table S2: Clinicopathological characteristics of
patients with LAC, Table S3: Clinicopathological characteristics of patients with LSCC, Table S4:
Clinicopathological factors in 100 LAC cases stratified by PDPN immunostaining status, Table S5:
Clinicopathological factors in 23 LSCC cases stratified by PDPN immunostaining status.

Author Contributions: Conceptualization, K.S. (Kazuya Shinmura); methodology, 1.O., H.K. (Hideya
Kawasaki) and K.S. (Kazuya Shinmura); formal analysis, K.S. (Kazuya Shinmura); investigation, S.-
y.K., Y.S. (Yuri Sakano), I.O., HK. (Hisami Kato), RI, HW.,, RM,, K.Y, H.Y,, Y.S. (Yasuhiro Sakai), H.K.
(Hideya Kawasaki) and K.S. (Kazuya Shinmura); resources, Y.I., Y.T., K.S. (Keigo Sekihara) and K.F;
writing—original draft preparation, S.-y.K. and K.S. (Kazuya Shinmura); writing—review and editing,
S.-yK., Y.S. (Yuri Sakano), 1.O., HK. (Hisami Kato), R.I., HW.,, RM., K.Y., H.Y., Y.S. (Yasuhiro Sakai),
YI, Y.T, K.S. (Keigo Sekihara), K.E, Y.O., HK. (Hideya Kawasaki) and K.S. (Kazuya Shinmura);
supervision, Y.O., HK. (Hideya Kawasaki) and K.S. (Kazuya Shinmura); funding acquisition, H.K.
(Hideya Kawasaki) and K.S. (Kazuya Shinmura). All authors have read and agreed to the published
version of the manuscript.

60



Diagnostics 2025, 15, 1298

Funding: This work was supported in part by a Grant-in-Aid from the Japan Society for the Promotion
of Science (20K07445 to K.S. and 24K02249 to H.K. and K.S.).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board of Hamamatsu University
School of Medicine [approval numbers: 15-067 (17 July 2015) and 23-348 (27 February 2024)].

Informed Consent Statement: Patient consent was waived due to the retrospective nature of the
study, use of anonymized samples from pathologic archives, and implementation of an opt-out
procedure through a public information notice.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We thank Takaharu Kamo (Hamamatsu University School of Medicine) for
his technical assistance. We also thank the Advanced Research Facilities and Services, Hamamatsu
University School of Medicine for allowing the use of their equipment.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

BSE Backscattered electron

CLEM Correlative light and electron microscopy
DAB 3,3/-diaminobenzidine tetrahydrochloride
EDS Energy-dispersive X-ray spectroscopy

EMPM  Epithelioid malignant pleural mesothelioma
FE-SEM  Field emission-scanning electron microscopy
FFPE Formalin-fixed paraffin-embedded

H&E Hematoxylin and eosin

H. pylori  Helicobacter pylori

LAC Lung adenocarcinoma

LSCC Lung squamous cell carcinoma
PDPN Podoplanin

SSE Surface shield enhancer

YAG Yttrium aluminum garnet
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Abstract: Background/Objectives: Even today, interstitial lung disease (ILD) is diagnosed
by chest high-resolution computed tomography (lung HR-CT). Large amounts of data
are available about the usefulness of transthoracic lung ultrasound (LUS) in ILD. This
study aimed to evaluate the transthoracic LUS capacity to discriminate different ILD
patterns in systemic sclerosis (SSc) patients, such as usual interstitial pneumonia (UIP),
non-specific interstitial pneumonia (NSIP) with ground glass opacification/opacity (GGO),
and NSIP with GGO and reticulations, as well as the possibility of identifying progressive
fibrosing ILD. Methods: We enrolled SSc-patients attending the outpatient Clinic of the
Rheumatology Unit of Policlinico of Foggia and the Rheumatology Unit of Policlinico
of Bari who satisfied these inclusion criteria: age older than 18 years; the satisfaction of
ACR/EULAR 2013 classification criteria for SSc; chest HR-CT scan within three months
before or three months after transthoracic LUS evaluation; and availability of recent and
complete pulmonary function test. The exclusion criteria were as follows: history or
recent reactivation of chronic obstructive pulmonary disease, lung cancer, lung infection,
heart failure, pulmonary oedema, pulmonary arterial hypertension, acute respiratory
distress syndrome and diffuse alveolar haemorrhage and thoracic surgery. All enrolled
SSc-patients underwent transthoracic LUS, performed by an experienced sonographer.
The ILD diagnosis and the respective patterns were assessed by chest HR-CT, which still
represents the best diagnostic tool. Results: ILD was observed in 99 (63.5%) patients. Of
these, 25% had the UIP pattern and 75% the NSIP pattern (46 with GGO, 28 with GGO
and reticulations). By receiver operating characteristic (ROC) curve analysis, higher values
of accuracy, sensitivity, specificity, and negative clinical utility index (CUI) were found
for pleural line irregularity (0.84 (95% CI: 0.75-0.91), 96%, and 73.6%, p = 0.0001; 0.72),
and pleural line thickness (0.84 (95% CI: 0.74-0.91), 72%, and 96.4%, p = 0.0001; 0.85)
for detecting the UIP pattern. The best performance among transthoracic LUS signs for
NSIP with the GGO pattern was observed for B-lines (accuracy: 0.88 (95% CI: 0.80-0.93),
sensitivity: 93.4% and specificity: 82.4, p = 0.0001; CUI+: 0.75, CUI—: 0.77). LUS signs
with higher accuracy, sensitivity, and specificity for NSIP with GGO and reticulations were
pleural line irregularity (0.89 (95% CI: 0.80-0.95), 96.4%, and 82.4%, p = 0.0001) with CUI—:
0.72, and B-lines (0.89 (95% CI: 0.80-0.95), 96.4%, 82.4%, p = 0.0001), with CUI+: 0.80 and
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CUI-: 0.70. Furthermore, a total number of B-lines > 10 maximises LUS performance
with 92.3% sensitivity, and an accuracy of 0.83 (p = 0.0001) for detecting the NSIP pattern,
particularly GGO. A sample-restricted analysis (66 SSc patients) evidenced the presence
of progressive fibrosing ILD in 77% of these patients. By binary regression analysis, the
unique LUS sign associated with progressive fibrosing ILD was the presence of pleural line
irregularity (OR: 3.6; 95% CI 1.08-11.9; p = 0.036). Conclusions: Our study demonstrated
that transthoracic LUS presented a high capacity to discriminate the different patterns
of SSc-ILD. Therefore, the hypothesis that transthoracic LUS is an effective screening
method for the evaluation of the presence of SSc-ILD and establishing the correct timing of
chest HR-CT, in order to avoid patients receiving excessive exposure to ionising radiation,
is supported.

Keywords: interstitial lung disease; usual interstitial pneumonia; non-specific interstitial
pneumonia; lung ultrasound (LUS); B-lines

1. Introduction

Interstitial lung disease (ILD) is one of the most frequent clinical features in systemic
sclerosis (SSc), estimated in 53% of patients with SSc with a diffuse cutaneous subset and
in 35% of patients with a limited cutaneous subset [1]. Together with pulmonary arterial
hypertension, despite advances in therapeutic management, it currently represents the
most frequent cause of death in patients with SSc (ranging between 17% and 35%) [2-6].

The American College of Rheumatology (ACR) and the American College of Chest
Physicians (CHEST) Guideline have recently confirmed that the best instrumental method
for diagnosing and following ILD in rheumatic disorders, including SSc, is chest high-
resolution computed tomography (chest HR-CT) [7], due to its capacity to recognise SSc
pulmonary disease [8,9] and to assess the ILD extension [10-12]. Given the subclinical
onset and the need to diagnose SSc-ILD as early as possible [13], in order to try to slow
down its progression through pharmacological therapy [14], a pulmonary function test
(PFT) every 3—-6 months in the first year of diagnosis, and then less frequently once stable,
and lung HR-CT, when necessary on the base of reported symptoms, clinical examination,
and PFT, are recommended to be performed, especially for the population considered to
be at the highest risk (anti-Scl-70 positivity, antinuclear antibody with nucleolar pattern,
diffuse cutaneous subtype, male sex, African American race, early disease (first 5-7 y after
onset), and elevated acute phase reactants) [7].

The most frequent (70-78%) lung CT pattern of ILD in SSc, above all in early phases of
the disease, is non-specific interstitial pneumonia (NSIP) characterised by the presence of
ground glass opacities (GGO) and reticulations, and less commonly (10-13.8%) by usual in-
terstitial pneumonia (UIP), identified by honeycombing and traction bronchiectasis [15,16].

In the last decade, however, the issues of high cost and the risk related to excessive
exposure to ionising radiation, which every CT scan induces, as well as the increased risk
of developing neoplasms (especially breast carcinomas) in patients with SSc [17], have
induced the scientific community to search for new instrumental methods that are less
harmful to the patient. Among these, transthoracic lung ultrasound (LUS) has assumed
considerable importance, due to preliminary data supporting a positive association between
LUS signs and CT findings [18-26], but no study has ever compared specific tomographic
patterns of ILD with particular signs of transthoracic LUS in SSc patients.

This study aimed to evaluate the LUS capacity to discriminate different ILD patterns,
such as UIP, NSIP with GGO, and NSIP with GGO and reticulations, in SSc patients.
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Furthermore, we wanted to evaluate the presence of any characteristic LUS signs to identify
progressive fibrosing ILD.

2. Materials and Methods

We performed a cross-sectional study, conducted from January 2023 to November
2024. The enrolled patients were followed at the outpatient clinic of the Rheumatology Unit
of Policlinico of Foggia and the Rheumatology Unit of Policlinico of Bari. All the patients
satisfied the ACR/EULAR 2013 classification criteria for SSc [27]. The clinical examination
at enrolled visit included age, disease history, medications, visceral involvement, and
laboratory test for reactants of the acute phase of inflammation (erythrocyte sedimentation
rate, C-reactive protein), antinuclear antibodies (assessed by immunofluorescence) and
extractable nuclear antigens antibodies (evaluated by immunoblotting), the presence of
ILD and its pattern at chest HR-CT, the respiratory capacity by pulmonary function test,
evaluation of the presence of main LUS signs of ILD, and the assessment of nailfold
capillaroscopy patterns. The extent and severity of skin thickening were evaluated by the
modified Rodnan skin score.

The inclusion criteria were as follows: age older than 18 years, the satisfaction of
ACR/EULAR 2013 classification criteria for SSC [27]; chest HR-CT scan within three
months before or three months after transthoracic LUS evaluation; and availability of recent
and complete pulmonary function test.

The exclusion criteria were as follows: history or recent reactivation of chronic ob-
structive pulmonary disease, lung cancer, lung infection, heart failure, pulmonary oedema,
pulmonary arterial hypertension, acute respiratory distress syndrome, and diffuse alveolar
haemorrhage and thoracic surgery.

2.1. Chest High-Resolution Computed Tomography

Chest HR-TC evaluation was performed with a high-resolution spiral technique
at the patients’ reference centres, using a multi-detector CT scanner with 64 channels
(Toshiba, Tokyo, Japan). The standard parameters for CT acquisition were as follows: tube
voltage, 120 kVp; tube current, standard (reference mAs, 60-120); slice thickness, 0.5 mm;
and reconstruction interval, 0.5-1.0 mm. All chest HR-CT images were captured at full
inspiration, with the patient in the supine position and without contrast medium. Each
exam, recorded in digital format, was acquired and subsequently examined by the same
operator. The lung field was divided into three segments (basal, middle and apical), which
did not correspond to the lung lobes. The inferior angle of the scapula was considered
a landmark for the subdivision between basal and middle segments, while the middle
and apical segments were divided to be constituted by the same number of intercostal
spaces. The segmentation was used to standardize the subdivision of transthoracic LUS
areas and tomographic lung segments. For each lung field, the examiner assessed the
presence of characteristic lesions (covering at least 20% of the segment area) for NSIP with
GGO only, NSIP with GGO and reticulations, and UIP [28]. In patients with ILD, the lung
segments characterised by the presence of lesions were considered and compared with the
transthoracic LUS findings.

The presence of progressive fibrosing ILD was defined, as suggested by Raghu G et al. [29],
by worsening of respiratory symptoms, the evidence of radiographic progression, and/or
absolute changes in forced vital capacity (FVC) or diffusing capacity of the lung for carbon
monoxide (DLCO) at the enrolled visit compared to those performed by the patient in the
previous year (only in patients who had such data available).
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2.2. Transthoracic Lung Ultrasound

Transthoracic lung ultrasound (LUS) was assessed according to the principal recom-
mendation [30], evaluating all scanning lung fields on the anterolateral (28 sites) and the
posterior thorax (30 sites). All transthoracic LUS were performed by a blinded certified
operator at the University Hospital of Foggia. The examination was conducted with the
patient sitting and their hands resting on their knees for posterior scanning, while the
patient adopted a supine position for anterolateral acquisitions. The transthoracic LUS was
performed, by an expert sonographer, with a Philips Epiq 7 ultrasound system (Philips
Ultrasound; Bothell, WA, USA), using a convex probe (3.5-5 MHz) or a linear transducer
(8.0-12.0 MHz), where appropriate, to improve the identification of pleural alterations.

In each intercostal space examined, the following ultrasonographic characteristics of
the pleural line were evaluated:

- Thickness of the pleural line, abnormal if >2.8 mm (Figure 1a,b) [31];

- Irregularities of the pleural line, abnormal if extended more than 3 mm (Figure 1ab) [31,32];

- Mobility of the pleural line, in particular, the presence of sliding signs;

- The presence and total number of B-lines (abnormal in the presence of 3 or more
B-lines in at least two consecutive scans or the presence of at least 5 B-lines in the
entire intercostal space examined) (Figure 1c) [31,33]. The total number of B-lines was
given by the sum of all the B-lines found in the different fields examined;

- The presence of at least one subpleural cyst (Figure 1d), defined as hypo-echoic lesions
that interrupt the pleural line;

- The presence of the pleural effusion.

Figure 1. Echograms: signs detected by transthoracic lung ultrasound (linear probe between 7
and 10 MHz); (a) thickening (yellow asterisk) and irregularity (yellow arrow) of the pleural line;
(b) thickening (yellow asterisk) and irregularity (yellow arrow) of the pleural line; (c) B-lines (green
arrowheads); (d) subpleural cysts (blue rhombus).

2.3. Pulmonary Function Test

Forced expiratory volume in 1 s (FEV1) and FVC were measured with standard
spirometry Sensormedics (Milano, Italia). The PFT was conducted with three inspiratory
and expiratory manoeuvres and was considered reliable when the values obtained were
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repeatable. The values were expressed as the percentage of predicted, using the Quanjer
and Stocks equations.

DLCO was assessed with the “single breath” technique and adjusted for haemoglobin
and carbon monoxide (CO) levels. The results were recorded as percentages of
predicted values.

2.4. Statistical Analysis

The results were expressed as means (m) £ standard deviation (sd); categorical
variables were expressed as numbers (percentage). The normality of the distribution of the
study variables was verified with the Kolmogorov-Smirnov test.

Statistical differences between the two groups were analyzed with the t-student test for
unpaired data. Multiple comparisons of continuous variables were analyzed with analysis
of variance (ANOVA) followed by the Bonferroni test.

Pearson x2 and Fisher’s exact test, followed by Z-test, were used to compare categori-
cal variables and percentages. Pearson Correlation was used to evaluate the correlation
between the number of B-lines and the Warrick score.

The ROC curve was used to compare the diagnostic performance of each transthoracic
LUS sign with chest HR-CT patterns of ILD as NSIP with GGO, NSIP with GGO and
reticulations, and UIP, assessing the area under the curve (AUC). The AUC values of
0.50-0.59, 0.60-0.69, 0.70-0.79, and >0.80 were defined as none, poor, acceptable, and
excellent accuracy, respectively [34].

The optimal cutoff for the number of B-lines in the patterns NSIP with GGO, and
NSIP with GGO and reticulations, corresponding to the maximum sum of sensitivity and
specificity, were computed by ROC curve.

Positive and negative clinical utility index (CUI) values were calculated as the product
between sensitivity and positive predictive value (PPV), and the product between specificity
and negative predictive value (NPV), respectively. Grading was performed using the
categories excellent utility > 0.81, good utility > 0.64 and fair utility > 0.49 and poor
utility < 0.49, as suggested by Mitchell [35].

Binary logistic regression was used to evaluate transthoracic LUS signs (independent
variables) that were associated with progressive fibrosing ILD (dependent variable).

Statistical significance was defined as a value of p < 0.05.

Statistical analysis was performed with IBM SPSS Statistics 26.

2.5. Ethics Approval

Our study was approved by the local Ethics Committee (115/C.E—21 September 2021).
All participants gave their informed consent to participate in this study.

3. Results

One hundred fifty-six patients were consecutively recruited for this study. All patients
had SSc (mean age 59.0 + 12.4 years; and mean disease duration 32 £ 10.8 years) and
satisfied the inclusion criteria. ILD at chest HR-CT was detected in 99 (63.5%) studied
patients, of whom 25 (25%) had the UIP pattern, and 74 (75%) the NSIP pattern (46 with
GGO alone, and 28 with GGO and reticulations).

A comparison of the main demographic and clinical characteristics of the study groups
is shown in Table 1. A higher presence of anti-Scl-70 antibodies was found in patients
with ILD (any CT patterns) compared with No-ILD patients. Lower values of FVC in
pulmonary function tests were detected in the UIP (84.8 + 18.3), and NSIP with GGO and
reticulations (84 & 19.4) groups. Regarding other specific CT lung abnormalities, a higher
rate of micro-nodules was found in the NSIP with GGO group (56.5%). More extensive and
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severe ILD, as assessed by the Warrick score, was recognised in the UIP (10.2 = 4) and NSIP
with GGO and reticulations (10.8 £ 1.7) groups (Table 1). A positive correlation between
the Warrick score and the number of B-lines was found (r?: 0.59; p = 0.0001).

Table 1. Comparison among study groups of the main demographic, clinical and instrumental

characteristics.

No-ILD UIP NSIP with GGO E\?llge:’:’iict:lﬁi?n?s p-Value
n (%) 57 (36.5) 25 (16) 46 (29.5) 28 (18)
F/Mn (%) 55(96)/2 (3) 23(92)/2 (8) 43 (93)/3 (6) 27 (96)/1 (4) 0.788
Age (years) (m =+ sd) 57.5 + 14.4 60.4 + 11.0 582 4+ 11.5 62.2 4+ 10.1 0.370
Disease duration (years) (m =+ sd) 9.7+ 69 109 £5.9 74+59 7877 0.479
BMI (m =+ sd) 259 +4.1 252 +6.1 252 +43 26.1 +4.5 0.170
ESR (mm/h) (n.r. 0-30) (m =+ sd) 19.3 +£14.8 17.6 + 14 17.7 £13.1 245+ 14.4 0.242
CRP (mg/L) (n.r. 0-10) (m =+ sd) 48 +48 50+ 1.1 75+13 9.6 +1.8 0.238
ENA
Anti CENP-B positivity # (%) 42 (74) 3(12) 6(13) 6(23) 0.0001 "
Anti Scl-70 positivity 1 (%) 10 (17.5) 19 (76) 36 (78) 17 (65) 0.0001 "
Nailfold Videocapillaroscopy
Early scleroderma pattern n (%) 16 (32) 4 (20) 16 (40) 4(17) 0.440
Active scleroderma pattern n (%) 24 (45) 8 (40) 15 (37) 12 (52) 0.786
Late scleroderma pattern n (%) 13 (24) 8 (40) 9 (22.5) 7 (30) 0.443
Cutaneous subsets
Limited 1 (%) 49 (86) 20 (80) 34 (74) 25 (89) 0.292
Diffuse 1 (%) 8 (14) 5 (20) 12 (26) 3(11) 0.296
Presence of LUS abnormalities
Sliding sign n (%) 0(0) 5 (20) 2(4) 5(18.5) 0.002 8
Pleural line irregularity n (%) 15 (26) 24 (96) 35 (76) 27 (96) 0.0001 "
Pleural thickness 1 (%) 2 (3.5) 18 (72) 16 (36) 18 (64) 0.0001 ©
B-lines 1 (%) 10 (17.5) 14 (56) 43 (93.5) 27 (96) 0.0001 #
B-lines number (m =+ sd) 35+ 16.1 29.0 £ 10.2 69.5 +10.7 56.6 = 11.8 0.0001 #
Subpleural cystis 1 (%) 5(9) 14 (58) 10 (24) 13 (48) 0.0001 @
Pleural effusion n (%) 2 (3.5) 4 (16) 2 (4) 4(14) 0.103
PFT
FVC% (m =+ sd) 108.1 + 144 84.8 +18.3 99.5 +15.4 84 £19.4 0.0001 &
FEV1% (m =+ sd) 100.8 £ 22.2 89.5 +26.1 90.9 + 18.3 80.6 = 19.6 0.010 %
DLCO% (m =+ sd) 771 +£16.9 772 £17 77.7 £ 18 69.1 +18.5 0.627
TLC% (m =+ sd) 101.6 £+ 12.9 752 +11 929 +16.2 91.8 £33 0.059
RV% (m =+ sd) 105.8 +24.9 75.6 +13.3 94.8 +19.0 932+ 15.7 0.171
6MWT (meter) (m =+ sd) 4759 + 140.8 390.8 + 132.6 440.3 +102.3 366.1 + 156.7 0.109

Other lung CT abnormalities
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Table 1. Cont.

No-ILD uIP NSIP with GGO ~ oIF with GGO p-Value

and Reticulations
Micro nodules 71 (%) 6 (13) 8 (32) 26 (56.5) 9 (32) 0.0001 *
Warrick Score 71 (%) 0.0 + 0.0 102 + 4.0 8+34 1084+ 17 0.0001 $

6MWT: 6 min walking test; BMI: body mass index; CRP: C-reactive proteins; CT: computed tomography; DLCO:
diffusing capacity of the lungs for carbon monoxide; ENA: extractable nuclear antigen; ESR: erythrocyte sedi-
mentation rate; F: female; FEV1: forced expiratory volume in the first second; FVC: forced vital capacity; GGO:
ground glass; ILD: interstitial lung disease; LUS: lung ultrasound; M: male; n.r.: normal range; NSIP: non-specific
interstitial pneumonia; PFT: pulmonary function tests; RV: residual volume; TLC: total lung capacity; UIP: usual
interstitial pneumonia. * NSIP with GGO vs. UIP p < 0.05; NSIP with GGO vs. No-ILD p < 0.05; NSIP with GGO
and reticulations vs. No-ILD p < 0.05; UIP vs. No-ILD p < 0.05. § UIP vs. No-ILD p < 0.05; NSIP with GGO and
reticulations vs. No-ILD p < 0.05. " NSIP with GGO vs. No-ILD p < 0.05; UIP vs. No-ILD p < 0.05; NSIP with
GGO and reticulations vs. No-ILD p < 0.05. ” No-ILD vs. NSIP with GGO p < 0.05; No-ILD vs. UIP p < 0.05;
No-ILD vs. NSIP with GGO and reticulations p < 0.05. © UIP vs. NSIP with GGO p < 0.05; NSIP with GGO vs.
No-ILD p < 0.05; NSIP with GGO and reticulations vs. No-ILD p < 0.05; UIP vs. No-ILD p < 0.05. # UIP vs.
No-ILD p < 0.05; NSIP with GGO vs. No-ILD p < 0.05; NSIP with GGO and reticulations vs. No-ILD p < 0.05;
NSIP with GGO vs. UIP p < 0.05; NSIP with GGO and reticulations vs. UIP p < 0.05. @ UIP vs. No-ILD p < 0.05;
UIP vs. NSIP with GGO p < 0.05; NSIP with GGO and reticulations vs. No-ILD p < 0.05. & UIP vs. No-ILD
p < 0.05; NSIP with GGO vs. No-ILD p < 0.05; NSIP with GGO and reticulations vs. No-ILD p < 0.05; UIP vs.
NSIP with GGO p < 0.05; NSIP with GGO and reticulations vs. GGO p < 0.05. $ UIP vs. No-ILD p < 0.05; NSIP
with GGO vs. No-ILD p < 0.05; NSIP with GGO and reticulations vs. No-ILD p < 0.05; NSIP with GGO vs. NSIP
with GGO and reticulations p < 0.05.

3.1. LUS Signs and UIP Chest CT Pattern

Regarding UIP at chest CT, the rate of presence of pleural line irregularity (96% vs. 26%),
sliding sign (20% vs. 0%), pleural line thickness (72% vs. 3.5%), B-lines (56% vs. 17.5%),
and subpleural cysts (58% vs. 9%) were higher compared to the No-ILD group of patients
(Table 1). Furthermore, the frequency of the presence of pleural thickness was higher in the
UIP pattern than in NSIP with GGO (72% vs. 36%) (Table 1).

In the ROC curve analysis of the UIP pattern, better performance was found in terms
of sensitivity and sensibility, with excellent accuracy and CUI positive and negative values,
for pleural line irregularity (with a higher negative predictive value), and pleural line
thickness (Table 2, Figure 2a). Poor CUI positive values were found for B-lines and pleural
effusion. The subpleural cyst assessment had good accuracy, specificity and CUI negative
values, but a low value of sensitivity (Table 2).

a b

Sensitivity
Sensitivity

00
00 02 04 06 08 10 00 02 04 06 08 10

1 - Specificity 1 - Specificity

Sliding sign
~— Pleural line irregularity
Pleural thickness
B-lines
04 Subleural cyst
Pleural effusion

Sensitivity

00 02 04 06 08 10

1 - Specificity

Figure 2. Graphical representation of ROC curve analysis of different transthoracic LUS signs for
detecting (a) UIP CT ILD pattern; (b) NSIP with GGO CT ILD pattern; (c) NSIP with GGO and
reticulations CT ILD pattern.
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Table 2. ROC curve analysis. Sensitivity, specificity, accuracy, positive predictive value, negative

predictive value, and clinical utility index values (positive and negative) of different lung ultra-
sound signs for detecting specific ILD CT lung patterns (UIP, NSIP with GGO, NSIP with GGO

and reticulations).

uIp

Sliding sign 20(68-100)  100(93-100) 100 74 02 074  060(048-070) 001
Pleural line irregularity 96 (79.6-99.6) ( 60.;3:86 4.5) 61.5 97.7 0.591 0.72 (0_%%%?91) <0.0001
Pleural thickness 72506879 61010 90 887 o648 0856 (oSR <o0001
B-lines 56 (34.9-75.6) (70.?2_';1. 3 583 81 0327 0.668 o géﬁ_%ég) 0.007
Subpleural cystis o 6_56%;7.9) (80.971_'927.1) 737 825 0413 0753 (O.gﬁ?&) <0.0001
Pleural effusion 16 ((4.5-36.1) (87.996_';11. o 667 24 0107 068 deogy 010
NSIP with GGO

Sliding sign 05148  ©asi 100 S64 0043 0564 (R 0.152
Pleural line irregularity ( 61;6_’57. &) ( 60.23—'86 4.5) 71.2 82.4 0.572 0.607 . 6;]4?%?829) <0.0001
Pleural thickness o '3;5_'551.2) (87.99%19. o 589 647 0309 064 ;]66_%975) <0.0001
B-lines 21968  (oreis 518 94 0758 0775  0.88(080-093)  <0.0001
Subpleural cystis (12.21?:'319. 5) (80.971—.927.1) 66.6 59.1 0.145 0.539 (0_2,).5_327) 0.0494
Pleural effusion 4400079 N0 39 43 oo o0z (B 0813
NSIP with GGO and reticulations

Sliding sign 6l ase 100 713 0179 0713 0593(047-07) 0015
Pleural line irregularity (81.976_';19.9) ( 60.;3:86 45) 64.3 97.7 0.620 0.720 (0.%?%?91) <0.0001
Pleural thickness u o " (87.996_';19‘ 6 90 846 0579 0816 (o.?fi%%ss) <0.0001
B-lines G179  (01913) 73 79 0704 0807 oo <0000
Subpleural cystis 087D Gorery 72 76 o3 o708 (ST o000
Pleural effusion 14.2 (4-32.7) (87.99%9. 6 66.7 69.6 0095 0672 (0.245—%%6 o 0.132

CT: computed tomography; CUI: clinical utility index; GGO: ground glass; ILD: interstitial lung disease; transtho-
racic LUS: lung ultrasound; NSIP: non-specific interstitial pneumonia; NPV: negative predictive value; PPV:
positive predictive value; UIP: usual interstitial pneumonia.

3.2. LUS Signs and NSIP with Ground Glass Lung CT Pattern

Concerning the NSIP with GGO pattern, the transthoracic LUS signs observed with
higher frequency were pleural line irregularity (76% vs. 26%) (but significantly lesser than
for the UIP pattern), B-lines (93.5% vs. 17.5%), compared with the No-ILD patients. In par-
ticular, there was a significant difference in the rate of the presence of B-lines (93.5% vs. 56%)
and the total number of B-lines (69.5 + 10.7 vs. 29 £ 10.2; p = 0.0001) between the NSIP
with GGO pattern and the UIP pattern (Table 1).
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By ROC curve analysis, the best performance among transthoracic LUS signs for
the NSIP with GGO pattern was observed just for B-lines, with excellent accuracy, good
CUI positive and negative values, high sensitivity, and a high negative predictive value
(Table 2, Figure 2b). Regarding the cut-off of total B-line numbers useful for discriminating
the presence of NSIP with GGO pattern, a total number of B-lines > 10 maximises the
transthoracic LUS performance, with 92.8% sensitivity, 96.4% specificity, and an accuracy of
0.945 (p = 0.0001). Low values of sensitivity, negative predictive value, and acceptable and
poor accuracy were found for pleural thickness and pleural line irregularities, respectively
(Table 2).

3.2.1. Transthoracic LUS Signs and NSIP with Ground Glass and Reticulations Chest
CT Pattern

The NSIP with GGO and reticulations pattern was detected in 28 patients. The
principal transthoracic LUS signs assessed with a higher rate in patients with this pattern
compared to No-ILD SSc patients were sliding sign (18.5% vs. 0%), pleural line irregularity
(96% vs. 26%), pleural line thickness (64% vs. 3.5), B-lines (96% vs. 17.5%), and subpleural
cysts (48% vs. 9%). In particular, the presence of B-lines and the number of B-lines were
found to be statistically significant between the NSIP with GGO and reticulations group
and UIP group, with values of 96% vs. 56%, and 56.6 = 11.8 vs. 29 £ 10.2, respectively
(Table 1).

By ROC curve analysis, the transthoracic LUS signs with higher accuracy, sensitivity,
specificity and CUI for NSIP with GGO and reticulations were firstly B-lines, followed by
pleural thickness and pleural irregularity, which presented excellent and good CUI negative
values, respectively. Concerning the cut-off number of B-lines, the presence of >10 B-lines
maintains good sensitivity (91.3%) for the NSIP pattern with GGO and reticulations, but
loses some points in terms of specificity (96.4%) and accuracy (0.934; p = 0.0001) compared
to the NSIP pattern with GGO.

The true positive, false positive, true negative and false negative of transthoracic LUS
signs for each tomographic ILD pattern are reported in Supplementary Table S1.

3.2.2. Transthoracic LUS Signs and NSIP with Ground Glass and Reticulations Lung
CT Pattern

In 66 patients, it was possible to perform a comparative evaluation to establish the
presence of progressive fibrosing ILD, and 77% of these patients presented the criteria
for progressive fibrosing ILD. A higher rate of pleural line irregularities was found in the
group of patients with progressive fibrosing ILD compared to those with ILD (71% vs. 40%,
p = 0.033). No other significant differences in transthoracic LUS signs were found between
the group of patients with ILD and those with progressive fibrosing ILD. A comparison of
the principal clinical and instrumental characteristics between the patients with progressive
fibrosing ILD and those with non-progressive ILD are shown in Table 3.

Table 3. Comparison between progressive ILD and non-progressive ILD of the main demographic
and instrumental characteristics.

Progressive ILD Non-Progressive ILD p-Value
n 51 15
F/M n (%) 47 (92)/4 (8) 15 (100)/0 (0) 0.347
Age (years) (m =+ sd) 60.1 +124 59.9 +10.2 0.936
Disease duration (years) (m =+ sd) 133 £5.8 92+4.1 0.013
Presence of LUS abnormalities
Sliding sign n (%) 4(8) 0(0) 0.279
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Table 3. Cont.

Progressive ILD Non-Progressive ILD p-Value

Pleural line irregularity n (%) 36 (71) 6 (40) 0.033
Pleural thickness n (%) 19 (37) 5(33) 0.781
B-lines 1 (%) 37(72) 8 (53) 0.160
B-lines number (m =+ sd) 75.3 + 31.6 48.7 + 33.7 0.207
Subpleural cystis 1 (%) 11 (21) 4 (26) 0.679
Pleural effusion n (%) 2 (4) 0(0) 0.436
PFT

FVC% (m =+ sd) 87.2+£17.6 101.8 +19.7 0.008
FEV1 (m =+ sd) 86.3 £ 16 91.6 £ 18.7 0.051
DLCO% (m =+ sd) 61.5+17.8 76.7 £ 16 0.006
TLC% (m = sd) 80.4 £ 16.6 101.1 +£23.7 0.004
RV% (m =+ sd) 80.6 £22.3 116.6 + 48.2 0.002
6MWT (meter) (m = sd) 446.0 £82.3 590.8 £96.3 0.086
Chest HR-TC

uIp 6(12) 1(7) 0.853
NSIP with GGO 20 (39) 5(33) 0.849
NSIP with GGO and reticulation 7 (14) 2 (13) 0.592

6MWT: 6 min walking test; CT: computed tomography; DLCO: diffusing capacity of the lungs for carbon
monoxide; F: female; FEV1: forced expiratory volume in the first second; FVC: forced vital capacity; GGO: ground
glass; ILD: interstitial lung disease; LUS: lung ultrasound; M: male; NSIP: non-specific interstitial pneumonia;
PFT: pulmonary function tests; RV: residual volume; TLC: total lung capacity; UIP: usual interstitial pneumonia.

By binary regression analysis, the unique transthoracic LUS sign associated signifi-
cantly with progressive fibrosing ILD was the presence of pleural line irregularity (OR:
3.6; 95% CI1 1.08-11.9; p = 0.036). No significance was observed regarding the presence or
absence of B-lines and their number.

4. Discussion

This study evidenced principally that the presence of B-lines at transthoracic LUS
characterised the chest HR-CT pattern of NSIP with GGO with excellent accuracy (0.88),
sensitivity (93.4%) and negative predictive value (94%), as well as a good CUI negative
value (0.775) and good CUI positive value (0.758), with a sensitivity of 82.4%. Furthermore,
the best indicators of the UIP tomographic pattern were the presence of pleural line
thickness (excellent accuracy (0.842) and CUI negative value (0.856), and good CUI positive
value (0.648)), and the presence of pleural line irregularities (good accuracy (0.848) and CUI
negative value (0.72)). NSIP with GGO and reticulations was characterised in transthoracic
LUS principally by B-lines (with good (>0.64) CUI positive and negative values, excellent
accuracy (0.894), sensitivity (96.4%), and a high (97.9%) negative predictive value), and by
pleural line irregularities (good CUI negative value (0.816), excellent accuracy (0.851), and
a high (96.4%) sensitivity). Pleural line thickness presented, for NSIP with the GGO and
reticulations pattern, high specificity (96.4%), accuracy (0.804), a positive predictive value
(90%) and an excellent (0.816) CUI negative value.

A large number of studies are available on the use of transthoracic LUS in ILD,
although a consensus has never been reached on its real clinical value, the coding and
scoring system [14]. In SSc, due to the characteristic and orderly progressive involvement of
the lung parenchyma, starting from the subpleural basal-posterior lung interstitium, which
is easily viewable by LUS [36], the ultrasound examination, in particular the detection
of pleural thickness, has been previously proposed as a timely guide for the execution
of chest HR-CT [33,37-39]. Our study adds to the other published works, introducing

73



Diagnostics 2025, 15, 488

considerations regarding how LUS can differentiate specific lung HR-CT patterns such
as NSIP and UIP. Indeed, the present study highlights that transthoracic LUS is a highly
sensitive and specific technique in evaluating the presence of typical SSc-ILD tomographic
patterns and is also accurate in discriminating its different and characteristic phases. The
finding of B-lines on LUS was found to be significantly associated with the presence of
active inflammatory phases of SSc-ILD, characterised by GGO, as observed in the NSIP
pattern [40-43]. Irregularities of the pleural line and the thickness of the pleural line
are, instead, significantly associated with the presence of honeycombing and traction
bronchiectasis, as in the UIP pattern, and therefore, of the fibrosis phase. Therefore,
principally, the presence or the absence of B-lines significantly differentiates the NSIP
pattern from the UIP pattern.

The presence of transthoracic LUS signs, such as the presence of irregularities of
the pleural line, thickness of the pleural line, the presence of subpleural cysts, reduced
mobility of the pleural line and the presence of B-lines, in patients with pulmonary fibrosis
was first described in 1997 [44]. Other studies have evaluated the presence of these same
transthoracic LUS signs in ILD secondary to sarcoidosis, rheumatoid arthritis, SSc, mixed
connective tissue disease, Sjogren’s syndrome and primary biliary cirrhosis, demonstrating
their presence also in these secondary forms of ILD [31], and highlighting, in particular, that
the presence of B-lines distributed throughout the lung area is associated with more severe
pulmonary fibrosis [45]. Concerning the transthoracic LUS evaluation of ILD in connective
tissue diseases, in previous studies, it has been observed that a greater number of B-lines
could identify SSc-ILD [31,45,46]; and, in particular, that the number of B-lines correlates
with the tomographic Warrick score, an index of severity of SSc-ILD [19]. Furthermore, the
high sensitivity of B-lines in evaluating the presence of SSc-ILD has been described both in
patients with a diagnosis of very early SSc [47] and those with a diagnosis of SSc [33].

The high frequency and sensitivity found in the present study between the presence
of B-lines and the tomographic pattern of NSIP with GGO, characteristic of active inflam-
matory processes [48], could be attributed to the presence of inflammatory infiltrate that
would result in variation in the acoustic impedance of the lung parenchyma, creating the
air-water interface necessary for the generation of B-lines, as demonstrated in previous
studies [49-51].

Concerning the cut-off of B-lines, the limit of >10 B-lines found to be effective for
recognising ILD confirms what was previously found for ILD-SSc [52,53]. However, in our
study, we found a high sensitivity for the NSIP pattern, especially for the GGO-only pattern,
but also for the GGO and reticulations pattern. These findings have not been specifically
evaluated in previous studies. However, few data support the presence of B-lines in both
GGO and honeycombing patterns [14,37]. Still, no study has ever investigated the possible
association between specific chest HR-CT patterns, such as UIP and NSIP, and transthoracic
LUS signs. These results could indicate a greater sensitivity for the more inflammatory
phases, which would result from the presence of a greater inflammatory infiltrate with a
subsequent increase in acoustic impedance.

In a previous study, a low specificity (55%) of B-lines was highlighted for SSc-ILD,
despite a high sensitivity (100%); this finding was attributed to the probable presence of
pulmonary oedema [31]. Our study improved the previous data with higher sensitivity
(93.4% and 96.4%), and higher specificity (82.4% and 82.4%) for both NSIP with GGO
and NSIP with GGO and reticulations, respectively, with good positive and negative
CUI values.

Regarding the tomographic pattern of UIP, a high sensitivity of transthoracic LUS
signs was observed, such as the thickness of the pleural line, the presence of irregularities
of the pleural line and the presence of subpleural cysts. This finding could be due to the
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presence of structural subversion of the lung parenchyma (complete loss of the typical aci-
nar structure of the lung) observed in cases of stabilized pulmonary fibrosis, characterised
tomographically by the presence of honeycombing [54].

No data are available on the use of transthoracic LUS in progressive fibrosing ILD;
for the first time in this study, we observed a strict association between this ILD pattern
and the presence of pleural line irregularities. Probably, the subversion of the parenchymal
structure could explain the irregularities of the pleural line visible with transthoracic LUS.
Observational studies with larger patient samples would serve to confirm this finding.

In the group of patients enrolled in this study, the percentage of SSc-ILD (63%) is
in line with values reported in other studies [1,55]; and the ENA specificity found most
frequently in these patients is anti-Scl-70, as observed previously [56].

Therefore, transthoracic LUS, due to its versatility, ease of handling and low mainte-
nance costs, could assume considerable clinical importance for evaluating SSc-ILD. Fur-
thermore, the ease of interpretation of transthoracic LUS images and the rapid execution
times (minimum duration < 10 min [33] and maximum 23 min [53]) make transthoracic
LUS an efficient instrumental method from a clinical point of view.

The accuracy and completeness of the information provided by the tomographic
images, currently not obtainable by other methods, still make the chest HR-CT the better
instrumental technique for diagnosing SSc-ILD. Although transthoracic LUS will probably
not replace the chest HR-CT for the diagnosis of SSc-ILD, at least in the short term, it could
be considered a guide to establish the most appropriate timing to perform the chest HR-CT,
minimising the risk of exposure to ionising radiation [33]. In recent decades, this latter
risk and the need to contain the costs related to the diagnosis and clinical management
of patients has led the scientific community to identify new imaging techniques and new
predictors of disease [18-26,57-62]. A transthoracic LUS score with a weighted score
for each transthoracic LUS sign would be desirable to improve the diagnostic ability of
transthoracic LUS for different HR-CT patterns of ILD. The clinical utility of recognizing
the different patterns of ILD-SSc early, and without excessive exposure to ionising radiation,
could have important implications in the therapeutic management of patients with SSc.
With the advent of artificial intelligence software, it will probably be possible to design
multifactorial scores that will meet the needs of clinicians.

Furthermore, considering the good sensitivity values, negative predictive value and
negative CUI of the B-lines (for both NSIP patterns) and of the pleural line irregularities
(for the UIP and NSIP patterns with GGO and cross-linking), our results strengthen the
data on LUS as a promising screening technique for ILD in SSc and as a potential diagnostic
tool, significantly impacting the clinical management of SSc patients [63].

There are some limitations to our study. Firstly, the distance between two consecutive
B-lines was not reported. This parameter has been shown to correlate with the Warrick score
in patients diagnosed with pulmonary fibrosis [64], but its evaluation was not considered
useful for the purposes of our study. It would have been, furthermore, interesting to
compare the ultrasound data of patients with SSc-ILD with the data of healthy subjects
and other groups of patients with pathologies complicated with ILD. However, in other
studies conducted on this topic, the same transthoracic LUS signs highlighted in this study
were also found for other forms of ILD [31,42,65]. We did not use the scoring system of
transthoracic LUS, as it has not yet been validated. Regarding progressive fibrosing ILD, it
would have been useful to evaluate the transthoracic LUS in an observational study at two
time points in conjunction with the lung HR-CT. Instead, we only have one transthoracic
LUS detection in conjunction with the last lung HR-CT performed.

Considering the generalizability of our results, it is important to underline that
transthoracic LUS could represent a screening technique, and probably in the future a
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valid diagnostic tool, for ILD characterised by lesions located in subpleural areas. However,
it would be less reliable in ILD characterised by lesions localised along the peribronchiolar,
peribronchio—vascular and perilymphatic regions, as in sarcoidosis, bronchiolitis-associated
interstitial lung disease, and lymphoid interstitial pneumonia.

5. Conclusions

The present study, comparing two instrumental methods (transthoracic LUS and lung
HR-CT) demonstrates that there is a good association between these two methods in evalu-
ating the presence of specific patterns of ILD. In particular, transthoracic LUS has shown
high sensitivity in distinguishing different tomographic ILD patterns, such as UIP with
pleural line irregularities, pleural line thickness and the presence of subpleural cells; NSIP
with GGO, characterised by B-lines; and NSIP with GGO and reticulations, characterised
by pleural thickness, pleural irregularities and B-lines. Therefore, the hypothesis that
transthoracic LUS is an effective screening method for the evaluation of the presence of
SSc-ILD and can be used to establish, therefore, the correct timing of a chest HR-CT, in
order to avoid patients from excessive exposure to ionising radiation, is supported. Our
results also could open new avenues to the possibility of using LUS as a future recognised
diagnostic technique in ILD-SSc. Observational studies should be performed to support
our results and confirm LUS findings to further characterise the pattern of progressive
fibrosing ILD.
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The following abbreviations are used in this manuscript:

BMI body mass index

CRP C-reactive proteins

ESR erythrocyte sedimentation rate
GGO ground glass opacities

LUS lung ultrasound

ILD interstitial lung disease

Lung HR-CT  chest high-resolution computed tomography
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NSIP non-specific interstitial pneumonia
PFT pulmonary function tests

ROC receiver operating characteristic
SSc systemic sclerosis

UIP usual interstitial pneumonia
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Abstract: Background: Vision-based pulmonary diagnostics present a unique approach for tracking
and measuring natural breathing behaviors through remote imaging. While many existing meth-
ods correlate chest and diaphragm movements to respiratory behavior, we look at how the direct
visualization of thermal CO, exhale flow patterns can be tracked to directly measure expiratory
flow. Methods: In this work, we present a novel method for isolating and extracting turbulent
exhale flow signals from thermal image sequences through flow-field prediction and optical flow
measurement. The objective of this work is to introduce a respiratory diagnostic tool that can be
used to capture and quantify natural breathing, to identify and measure respiratory metrics such
as breathing rate, flow, and volume. One of the primary contributions of this work is a method for
capturing and measuring natural exhale behaviors that describe individualized pulmonary traits. By
monitoring subtle individualized respiratory traits, we can perform secondary analysis to identify
unique personalized signatures and abnormalities to gain insight into pulmonary function. In our
study, we perform data acquisition within a clinical setting to train an inference model (FieldNet)
that predicts flow-fields to quantify observed exhale behaviors over time. Results: Expiratory flow
measurements capturing individualized flow signatures from our initial cohort demonstrate how
the proposed flow field model can be used to isolate and analyze turbulent exhale behaviors and
measure anomalous behavior. Conclusions: Our results illustrate that detailed spatial flow analysis
can contribute to unique signatures for identifying patient specific natural breathing behaviors and
abnormality detection. This provides the first-step towards a non-contact respiratory technology
that directly captures effort-independent behaviors based on the direct measurement of imaged CO,
exhaled airflow patterns.

Keywords: CO, pulmonary evaluation; non-contact pulmonary measurement; flow field interpolation;
UNET flow prediction; pulmonary diagnostics

1. Introduction

Non-contact pulmonary evaluation presents a promising method for capturing nat-
ural breathing behaviors that are normally altered when using conventional diagnostic
methods such as spirometry [1-3], plethysmography [4,5], and capnography (end-tidal
COy) [6-8]. While many of these pulmonary diagnostics provide highly accurate results,
they also modify the natural breathing behavior by forcing unnatural posture, breathing
through tubes that restrict flow, alter posture, and increase physiological effort during
monitoring. This leads to effort-dependent evaluation of pulmonary behavior, which can
alter the interpretation of subtle condition traits that can be detected through continuous
non-contact evaluation. Unlike many new approaches to pulmonary monitoring that at-
tempt to utilize wearable devices to infer breathing behaviors, the direct analysis of exhaled
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airflow cannot be captured through these methods. Rather, they rely on indirect measures
of related physiological signals that provide a basis for evaluating pulmonary function. Ad-
ditionally, advanced forms of respiratory diagnostics include X-ray Computed Tomography
(CT) [9,10], Magnetic Resonance Imaging (MRI) [11], and Positron emission tomography
(PET) scans [12]; however, these advanced scans have limited availability and incur proce-
dures that are warranted once chronic conditions become serious enough to require detailed
evaluation. As an alternative to these existing methods, we present a non-contact approach
to pulmonary behavioral evaluation aimed at identifying unique characteristics directly
observed expiratory behaviors through thermal CO, imaging [13,14]. The proposed method
sits in between existing wearable, tube-based, and advanced scan solutions, presenting an
approach that can provide a basis for pre-screening and anomalous behavior detection.

In this work, we present a method for utilizing imaged exhale behaviors captured
through thermal CO; flow fields to directly measure exhale flow and form unique charac-
teristic waveforms that uniquely describe individualized pulmonary signatures (Figure 1).
By capturing the unique behaviors from 20 different subjects, we identify how a flow
inference model can be utilized to extract, filter, and interpolate exhale flow characteristics.
This enables us to define and characterize how individual posture and effort contribute
to the exhale behaviors that give insight into natural breathing. Our goal is to provide
a basis for identifying how these unique traits can be used to create insight into how
natural breathing reflects conditions including Chronic Obstructed Pulmonary Disease
(COPD) [15,16], asthma, Acute Respiratory Distress Syndrome (ARDS) [17-19], Obstructive
Sleep Apnea [20,21], and Respiratory Syncytial Virus (RSV) [22]. In our approach, we
provide a pipeline that translates recorded or real-time sequences of thermal images into
flow-field estimates that can be used to measure and uniquely identify individualistic traits
of expiratory behavior. This includes: (1) using facial tracking to (2) performing dense,
detailed flow analysis, enabling us to (3) quantify and model flow behaviors within an open
clinical environment. We introduce a new Convolutional Neural Network architecture:
FieldNet, based on architectures similar to U-Net [23] and FlowNet [24] to predict exhale
flow fields. The proposed model operates on vector fields to perform flow-field inference to
isolate and extract exhale flow behaviors that can define individualized pulmonary traits.

While capturing detailed exhale behaviors through a non-contact method presents
unique advantages, there are several technical challenges that make this approach competi-
tive within the existing field of pulmonary diagnostic technologies. The challenges of using
a vision-based approach to measuring exhale behaviors are greatly influenced by three
primary factors: (1) subject movement must be accounted for to provide continuous and
reliable monitoring, (2) capturing flow behaviors of the thermal signature requires sensitive
imaging hardware and detailed flow tracking, and (3) airflow behaviors are mixed with
general air movements as well as backgrounds that interfere with flow isolation. To address
the first requirement, we adopt facial tracking and minimize the impact on computed flow
fields. Second, we leverage Mid Wavelength Infrared Camera (MWIR, 640 x 512@25 Hz)
thermography paired with a spectral band-pass filter (3-5 pm) and parallel optical flow
tracking [25] for generating dense 2D flow-fields. Finally, we leverage the ability of a flow-
field inference model to extract and isolate flow behaviors to create exhale measurements.
The proposed flow model provides three primary functions: (1) the ability to segment
and separate airflow behaviors for measurement, (2) the ability to predict interpolated
flow-fields, and (3) isolate exhale behaviors from flow fields to improve signal extraction.

The aim of this study is to capture and quantify individualized traits of natural exhale
behaviors to measure pulmonary function and isolate instances of anomalous breathing.
To accomplish this, we provide three primary contributions as the objectives of the study:
(1) track and capture exhale behaviors from various subjects to identify inter-subject exhale
behavioral variance, (2) train a convolutional deep neural network to isolate exhale flow
behaviors from open-air recordings, and (3) generate and analyze expiratory waveforms
regarding the unique signatures of individualized pulmonary behaviors to identify possible
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anomalies within exhale episodes using a model trained on expected versus abnormal
exhale patterns.

Figure 1. Flow sequences from three selected subjects illustrating unique exhale patterns. Each
sequence presents static states of the captured infrared thermal CO, flow for a single exhale episode
for each of the selected subjects. Each sequence presents five (h = 512, w = 640) frames for each
subject that exemplify the flow of each patient’s exhale pattern.

2. Related Work

Numerous respiratory monitoring devices and pulmonary diagnostic technologies are
prominent in modern healthcare [26-30]. These typically fall within four primary modali-
ties: (1) tube-based solutions that provide accurate airflow measurements, (2) advanced
scanning technologies that include X-ray and CT scans [19,31], (3) wearable solutions
that are worn continuously such as transducer or accelerometer belts [32,33] and health
monitors [34], and (4) non-contact technologies such as imaging [35-39], wireless [40,41],
and smartphone technologies [40]. Tube-based solutions provide the most accurate mea-
surements that include respiratory rate (BPM), flow (L/s), volume (L) which are formulated
into Pulmonary Function (PFT) Testing measures (VC FVC, ERV, TV, etc.) [15,42]. This
segment contains many of the primary pulmonary diagnostics utilized in clinical settings
including spirometry [1-3], plethysmography [4,5], and capnography [6-8]. If monitored
pulmonary conditions indicate severe progression, advanced scanning technologies such
as X-ray and CT scans may be used to identify interstitial lung abnormalities (ILAs), re-
gional ventilation, perfusion, and gas exchange [43,44]. While these scans provide some
of the most accurate physiological measures, they are also costly and largely restricted to
clinical use. Looking beyond clinical pulmonary diagnostics, wearable devices focus on
the translation of chest movements or other physiological signals into pulmonary metrics.
The most common forms of wearable devices that measure breathing rate and volume are
transducer and accelerometer belts [32,33]. These devices translate chest movements and
expansion as a correlated function that describes respiratory behaviors. Improvements in
these devices have lead to accurate measurements of behaviors and are commonly used
in exercise and sleep studies [20,21]. The benefit of wearable devices is that they provide
continuous signals, but accuracy is generally reduced by sensor placement and movement.
Smart watches and fitness trackers also include biometric readings related to respiration;
however, while these devices are accurate for heart rate, they still have to infer respiratory
characteristics through other physiological signals. Recent methods have utilized machine
learning to infer these measures from reliable sources such as heart rate [45]. The ma-
jority of vision-based methods for respiratory analysis have leveraged the relationship
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between observable chest movements with the cyclical breathing patterns [46]. Many of
these approaches utilize depth imaging or color images to identify shifts in movement
that correspond to the observable respiratory movements [47,48]. The weakness of these
approaches is in the correlation between the observed movement and how the measure-
ment is translated into a quantitative signal representing the inspiratory and expiratory
behaviors. While this correlation is closely related to the premise used for transducer and
accelerometer respiratory belts, vision-based methods are typically less accurate due to
the unbound relationship between camera and subject [49,50]. The second common form
of vision-based approaches to respiratory monitoring utilize infrared imaging; however,
these approaches focus on the detection of temperature differentials on the face (nostrils) to
identify breathing behaviors [49,51-53]. These approaches operate in a similar fashion to
thermistors that are used in sleep studies, but are largely limited to measuring respiratory
rate. Vision-based models have been proposed for identifying, segmenting, and extracting
gaseous flow behaviors from images and image sequences for other applications. The de-
tection of plume behaviors for automated smoke segmentation [54] and vapour formations
have been approached for a wide variety of applications including forest fire tracking [55],
automated fire detection [56,57], and cloud movement tracking [58,59].

3. Materials and Methods

The objective of vision-based thermal flow expiratory modeling is to identify, track,
and extract meaningful respiratory traits that uniquely describe pulmonary function.
The unique contribution to this approach is that imaging expiratory behaviors can provide
a detailed visual of natural breathing which, characteristic traits that model individualized
traits. By directly capturing exhaled airflow, we can identify characteristic traits of an in-
dividual’s subconscious breathing pattern that is not directly altered by the monitoring
method. To achieve this, we present an automated pipeline that allows the monitored sub-
ject to relax and breathe naturally for a short period of time while capturing their unique
breathing signature. During this monitoring phase, we record the stream of thermal images
that capture exhale behavior. These image sequences are then provided to a processing
pipeline that: (1) tracks the subjects movement and localizes the Region-of-Interest (ROI) to
the nose-mouth sub-image, (2) computes a fine-grained dense optical flow to generate flow-
fields that capture expiratory behavior, (3) encodes this information to train a generative
flow-field model to predict flow behaviors, that can then be used to (4) generate waveform
representations of the observed exhale behaviors. An overview of the implemented data
processing pipeline is shown in Figure 2.

Exhale Flow Signal

Tracking ROI
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: e R

(1) Automated Tracking (2) Flow Fields + Encoding  (3) Flow-field Inference (4) Signal Generation

Figure 2. Approach overview. Facial tracking within thermal sequences capturing exhale behaviors
is used to localize the ROI for which 2D flow fields are generated. These fields are then encoded and
used to train the proposed FieldNet architecture for predicting flow fields. These fields and then used
to generate signals representing captured exhale behaviors.

The foundation of the approach is based on the creation of image datasets that contain
exhale behaviors from various subjects that are used to train and evaluate the proposed
FieldNet model and generate individualized respiratory measurements. This process is
divided into four primary steps that include: data acquisition, ROI selection and tracking,
flow field generation, and training data collation. The resulting trained model is then used
to predict flow fields with isolated exhale vectors that can be used as a measurement to eval-
uate airflow. This provides the ability to use the model on each of the 20 subjects included
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in the initial cohort to generate non-contact respiratory signals that exhibit physiological
differences in the highly individualistic measurement waveforms. This provides a basis
for observing natural breathing behaviors as a pulmonary diagnostic that can be used to
identify unique characteristics of respiratory traits.

3.1. Data Acquisition

The data collection procedure was performed within an outpatient clinical setting
where each subject was recorded for approximately five minutes. Data acquisition was per-
formed at Soonchunghyang University Cheonan Hospital, IRB (no. 2023-10-012). The basic
arrangement provided: (1) tripod mounted camera approximately 1.5 [m] from the subject,
(2) seating position perpendicular to the camera, parallel to the imaging plane, and (3) the
clinical tech and recording software running on a locally connected computer. Given this
setup, turbulent exhale flows are captured and projected from the 3D space between the
camera and background and projected to a 2D flow representation that is imaged by the
thermal camera. Thermal images are captured and stored as raw 16-bit (0-21°-1) count
(sensor activations to pixel intensity) image sequences stored in contiguous binary field
sequence files. These pixel values typically range between 5000-9000 counts an interior
room at 22 °C. The content of the image can be heavily modified by the selected range of
raw pixel values that are normalized (p € [0, 1]); therefore, we form two algorithms for:
(1) a normalization that prioritizes tracking and (2) a normalization range that emphasizes
observable exhale flow. For tracking, the normalization is set to constant at the high and
low values of the image to provide clear feature-points that can be tracked to enable the
automated facial tracking: [F;, [uax] — [0,1], where F. is the count corresponding to the
face temperature. For the exhale normalization we sample the background values and
identify this as the general ambient count (A.) within an ROI of the image and identify
high bound as the face temperature F.. Since the exhale intensities will fall between these
values, this normalization is defined as: [A., F.] — [0, 1]. This creates two parallel uses of
each image contained within the recording allowing for subject movements to be tracked
to dynamically adjust the ROI used to capture exhale flow behaviors.

3.2. Automated Tracking

The imaging process captures the subject as well as the surrounding area, with
a portion of the image reserved to capture exhale behaviors within the tracked ROL The im-
mediate challenge for accurately capturing a subject’s breathing behavior is closely tracking
the nose-mouth region from the profile view while minimizing the impact of subject move-
ment on the process of generating the flow field. As the ROI moves, this can introduce
uniform shifts within the flow field that contribute to error within the measurement of
the exhale behavior. To address this, we employ automated tracking that: (1) accurately
tracks the nose-mouth region and (2) minimizes the per-frame jump required to maintain
a constant tracking region that best captures the exhale behavior. Since the outcome of the
tracking is an ROI shift, the offset for the computation of the flow field can be addressed
through an inverse of the transformation. This is utilized to eliminate the shift of the ROI
that would be exhibited within the flow field for subsequent frames. While facial tracking
in infrared images has been studied [60], these methods are not directly applicable to profile
tracking restricted to the nose-mouth region. Similarly, Haar cascades can be adopted to
infrared imaging [61]; however, this approach is not well suited for profile facial tracking
in this application due to translational jumps during tracking.

To achieve accurate tracking within the recorded sequence, we utilize a fixed sub-
region of interest of fixed size that correlates to the the input dimensionality of the flow
model. This sub region window will be used to capture the imaged exhale flow as the
thermal distribution of the flow over time in contrast to the static background. First, we
identify the nose/mouth region of the subject and then define the fixed size sub-region
within the initial frame. As each frame is processed, key-points within the sub-region
corresponding to features on the subject’s face are identified. Lucas-Kanade optical flow [62]
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is then used to estimate the translation vectors of these key-points to update or shift the sub-
region during the subsequent frame. To provide real-time feedback, the proposed parallel
dense optical flow is used to compute the flow vectors within the sub-region corresponding
to the exhale behavior. The image sequence in Figure 3 illustrates the captured image,
the sub-region, and the magnitude of the flow vectors within the region.

Figure 3. Tracking region for select frames 1-8. Optical flow is utilized to identify the correspon-
dence and movement between subsequent frames of the tracked region. This fixed window is
tracked throughout all frames of the sequence. The flow vectors are displayed using the real-time
approximation (stride = 2 + line segment rendering) for images of size (b = 512, w = 640).

Within the tracked sub-region, the flow is computed using a parallel implementation
of a noise-sensitive dense optical flow and superimposed on the image used to provide
feedback during clinical recording. The rendering is based on drawing scaled line seg-
ments representing the flow field with a stride of s = 2 and color-mapped flow vector.
This provides an approximation of the vector field being computed from the recorded
frames. The image sequence in Figure 4 illustrates the states of the vector field representing
the apparent exhale flow for eight consecutive images. Based on the progression of the
observable exhale flow, the resulting flow field captures the magnitude of the localized
flow as the image intensities shift between frames.

Figure 4. Tracked flow sequence for select frames 1-8. The tracked sub-region of the exhale is
recorded for both training and inference datasets. Flow vector magnitude and direction is displayed
using line segments (stride = 2) for the tracked sub-region. Color indicates flow vector magnitude.
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The apparent flow identified within the tracked ROI provides the basis of the mea-
surements used to quantify and analyze exhale behavior. Exhale flow fields are computed
between subsequent frames within the collected sequences and are then used to train the
FieldFlow model. The process of generating the fields is based on performing dense optical
flow [25] that creates a 2D vector field of the contribution of the gradient shift in image
intensity represented by vector direction and magnitude. The iterative scheme of the optical
flow algorithm is then used to detect minute directional flow changes observed within
the imaged exhale pattern to both separate exhale flow from background air movements
and provide the basis for quantifying the changes in observable flow patterns between
subsequent frames.

3.3. Flow Field Generation

Observable flow contained within the recorded infrared image sequences is computed
as the optical flow of the shifts of intensity obtained from image pairs [25,63]. To generate
flow sequences from each recording, we define the flow as the apparent shifts in intensity
obtained from iteratively solving for the brightness and smoothness constraints of the
optical flow formulation [25]. This computes the flow field E(i, j) between consecutive
normalized image frames I; and I;;1 based on the minimization form of the brightness and
smoothness constraints as shown in Equation (1).

. ol
min [[(V1-0+ 5% + (| Vos|2 + || Vo, |) dxdy (1)

where 7 = (vy,vy) represents the flow vector at each pixel correlated between the input
images I; and I;;1 and the scalar « specifies the contribution of the gradient magnitudes.
To ensure that small fluctuations in flow are maintained within the generated flow field, a is
reduced to small values (¢ = 0.15). This ensures that intensity shifts close to the noise floor
are counted as valid contributions to the observable exhale. The iterative implementation
is based on the computation of two updated flow images U; and V; representing the x and
y derivative images respectively at i iterations. The following iterative scheme presented in
Equations (2) and (3) are used to update the derivative images for n-iterations.
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The spatial derivatives dI/dx and dIdy are approximated using a Sobel kernel [64].
This results in the computation of the two channel flow field with d1/dx and d1/dy deriva-
tives stored as a (1, w, 2) tensor that defines the flow field 1_-"}(1', j) after n iterations. The re-
sulting form of this tensor is shown in Equation (4). These flow frame instances will then
be used to create the training dataset used to train the flow interference model.

Fi(i,j,0) =0}  F(i,j,1) = v} (4)

While numerous advances have been proposed for the prediction of optical flow fields,
the implementation is designed for real-time feedback within the clinical setting. Therefore,
the our approach utilizes an optimized parallel C++/CUDA implementation compiled
into a compiled Python module using pybind11 [65]. This implementation does not utilize
the hierarchy from the LK method [62]. The implementation can be interchanged with
numerous other modern optical flow implementations [66] as well as recent advances
in adopted transformer model implementations [45]. From the implemented flow field
generation, we visualize the flow sequence as shown in Figure 5.
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Figure 5. Illustration of the flow sequence vector fields for one exhale sequence. The sequence is
illustrated by the flow fields for i%n frames where n = 3. The flow is characterized by the initial
release and dissipation of the exhale, illustrated as a function of magnitude.

3.4. Signal Generation

The objective of a respiratory diagnostic is to identify the key traits and signatures
that illustrate pulmonary health and how various conditions are exhibited within recorded
breathing behaviors. Typically, pulmonary behavior must be reduced to a clinically mean-
ingful metric that adheres to existing measurements that correspond to the behavioral
traits of various conditions. Since the direct presentation of 2D flow behaviors can be
difficult to discern for pulmonary diagnostics, we simplify the computed flow behaviors to
a one-dimensional exhale waveform that represents the overall flow over time. To do this,
we assume that the gradient of flow vector contributions gradually tappers from a maximal
thermal signature to zero as it dissipates. Therefore, the contributions of each flow vector
within the flow field are added together to provide a one-dimensional time-series that de-
scribes the overall behavior of the captured natural breathing. To compute this for a given
flow field at time f for the field F;, we sum the contributions from each vector within the
ROI as shown in Equation (5).

h w
() =Y Y IR )] ®)

i=1j=1

where f () provides a reduction from 2D field space to a 1D time-series signal based on the
sum of all contributing vector magnitudes. Each flow field provides an individual sample
within this reduction, allowing us to generate a 1D time-series per sequence. While spatial
information is lost, the overall characteristics of the exhale traits result in considerable differ-
ences between subjects. However, the problem with directly utilizing flow fields computed
from the optical flow is that since exhaled air rapidly dissipates, vector magnitudes quickly
diminish to the noise floor of the thermal cameras detection of background fluctuations. This
presents a problem for obtaining clean flow behaviors that can be measured. This provides
the motivation for the creation of a model that is capable of isolating the contributions of
these flow vectors as they dissipate to create accurate estimates of exhale flow over time.
Therefore, we present the creation of a FieldFlow model that aids in both isolation and extrac-
tion of exhale flow measurements as part of an interpolation network that enables flow-field
inference to create new flow fields that: (1) eliminate background noise, (2) characterise flow
behaviors, and (3) enable quantitative evaluation of respiratory behaviors.

3.5. Flow Field Modeling

There are numerous approaches to isolating and segmenting important information
from images to obtain clinically meaningful information. U-Net architectures have been
widely used in medical imaging for segmentation [23]; this architecture can also be used
as a foundation for the process of extracting minute exhale behaviors that can be lost
as they dissipate to background noise-levels. Additionally, FlowNet [24] based network
architectures can be utilized as generative models, providing estimates of flow fields based
on observed training behaviors. Based on this we present a hybrid between these network
architectures that captures the intermediate behaviors of observable flow states to estimate
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exhale flow behaviors. To implement this, we construct a training dataset based on a subset
of the recorded data formulated as contiguous flow fields that can be used to predict
intermediate flow fields to: (1) isolate exhale behaviors and (2) predict filtered flow fields.

3.6. Flow Field Encoding

Capturing spatially contiguous fluid flow behavioral characteristics is the primary
objective of the model. This requires encoding the relative spatial distribution of angles
with adjacent flow vectors to represent the change of flow over time. Projected flow fields
are represented by a two-dimensional coordinate space populated by a dense set of vectors
defined as (x,y) € R2. There are two approaches to encode this information within the
input tensor of the model: (1) encode the angle-magnitude representation or (2) normal-
ize the x-y components of the field. The angle encoding provides an intuitive approach;
however, immediate problem with encoding angles directly into the spatial representation
of the 2D field is that the encoding will include discontinuous angle values (0 < 6 < 27),
require magnitude scaling, and still need to be normalized. A solution to this problem is to
define the encoding as follows:

0 — (y1 = sin(8), yo = cos(h))

(6)
(y1,y2) — arctan2(ya, y1)

where we encode the angle to a two part representation where y; = sin(f) € [—1,1] and
y2 = cos(f) € [—1,1]. While the angle is normalized in this representation, the values
still must be scaled to include the magnitude of each vector. By obtaining the maximum
vector magnitude () of the field (or field sequence), a linear transformation can be used
to normalize the encoding that includes both angle and norm of each vector as (6, n) into
the scaled pair (y1, y2) - (n/m) where the quantity (n/m) € [0,1]. The inverse order of
operations can be used to obtain the decoding of these vector where 6 = arctan2(y», 1)
and the original (x,y) = (sin(8), cos(6)) - (n-m). The range of sin(6) is based on the angle
values contained within the input; therefore, to maximize the distribution of the values
within the training domain, the angle-encoded values still need to be normalized. Based on
the numerical domain of this encoding, we can compare this to the direct normalization
of the (x,y) pair. Since each component can be scaled through a linear transformation
given the maximum observed value to the range [0, 1], we obtain an encoding equivalency
between these representations. Encoding an asymmetrical vector field, we obtain the results
shown in Figure 6 where the outcome from approach (1) becomes equivalent to (2) with
the exception of the slices of the tensor being swapped.

Normalized (Y slice)

Input Vector Field Angle (Y1 slice) Angle (Y2 slice) Normalized (x slice)

1t

Figure 6. Encoding equivalency. Angular encoding (1) is equivalent to direct normalization on the
bounds [0,1] when magnitude is included. Therefore the optimal encoding is the direct parallel
normalization of the vector field by component. Note: Angle (y; slice) is equivalent to Normalized
(v slice) and Angle (y; slice) is equivalent to Normalized (x slice).

This illustrates that the angular encoding is functionally interchangeable with the
direct normalization with the exception of a basic flip and interchange between the
two encoded channels (slices). The standard linear transformation for this normaliza-
tion can be computed through an element-wise parallel process, greatly reducing the
computational complexity of the encoding. This reduction is due to removing numer-
ous trigonometric functions and required normalization if the angles within the field
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do not correspond to sin(f) = 1, leading to an under-utilization of the training domain
range. Therefore, the encoding of the network is reduced to the parallel normalization
of the field components to the interval [0, 71,,0x] — [—1, 1] based on the maximum vector
magnitude #,4x. This results in two channels of the x and y slices of the flow field as shown
in Figure 7. Due to the masking introduced within tracking to remove the flow components
of the face, the encoded fields will contain zero regions. While the zero regions within the
encoded training dataset represents instance bias, the augmentation is used to alleviate
this problem.

Flow Field f(i, j)

Normalized (x slice) Normalized (¥ slice)

4 - - - e 160 1
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160

Figure 7. Flow field encoding visualization. The flow field (left) containing (- w) vector pairs is
encoded into the (I, w,2) tensor representing the flow between subsequent frames. The masked
region of the subject contains no flow as compared to the background noise floor. The normalized
slices x and y are stacked and provided as input to the FieldNet model.

3.7. Dataset Creation

Recorded sequences from 20 subjects have been used to generate flow sequences
that comprise the foundation of the collected dataset that is used for both training and
validation. A subset (5) of the subjects where selected to define the flow fields of the training
dataset. Of each of the five training subjects, a (90/10) training/validation split was defined.
The generation of a flow field sequence from a provided recording creates a collection
of vector fields representing the apparent exhale flow from time ty to t,_;. To provide
an expected value for the intermediate flow that will be predicted by the model, there are
two possible solutions: (1) the dataset can be structured to utilize intermediate frames
as the expected value or (2) generate frames from a 2D fluid simulation to provide flow
characteristics. Both approaches have several benefits and challenges. For one, utilizing
existing data provides training data that closely matches the behavioral characteristics
of expected behavior and is easily utilized. Whereas, utilizing 2D fluid flow dynamics
provides correct physical behavior, but can present challenges in determining the initial
conditions and progression of the simulation that closely match recorded data. In our
approach, we utilize solution (1) where we select the intermediate frame #;;, 1 between
frames t; and t;;, as the expected ground truth that represents the intermediate flow
frame. This formulates an input x4, containing two flow frames (F, ff+2) with a shape
of (h,w,4). Based on this scheme, we define the x;,;, set as every flow field at t; and t;»
and the v, set as the field at t; 1. This creates an interleaved structure that defines the
input and expected values of the input for training the model as shown in Figure 8.

The input of subsequent flow fields and output of the intermediate flow field creates
an interpolation network; however, since the model also extracts the primary behavioral
characteristics of the observed flow behavior, we utilize the model to segment flow be-
haviors from the surrounding environment and airflow. The dependence on subsequent
frames is not a limitation; for continuous recordings of length 1, the model can be used
to predict the filtered flow fields for n — 1 frames, providing a method for isolating and
measuring flow patterns of the training dataset. This can be utilized to greatly reduce noise
in the resulting waveforms generated for each subject.
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Ttrain

L | Ytrain | | | | Ytrain |
to ty 2} tn—2 tn—1 in

Figure 8. Interleaved training dataset generation. The model input xy,,;, is composed of two encoded
flow frames from times f; and t;, 5, forming the input tensor of shape (h, w,4). The vy, expected
value is defined as the intermediate frame at time ;1 with shape (h, w,2).

3.8. Augmentation

Encoded flow fields can be directly augmented using standard image-based augmen-
tation methods. Based on primitive transformations, these include rotation, translative
shifting, and flipping. Due to the 2-channel representation of the encoded flow fields,
standard library augmentation functions for images can be applied to expand the training
dataset. The experimental setup within the clinical setting remained constant throughout
the data collection process. Therefore, each recorded sequence places the subject to left
of the each image, breathing to the right. This creates an inherent bias within the train-
ing dataset that has to be corrected. Augmentation of the training dataset includes both
rotation and mirrored instances of the flow fields to account for this bias. The resulting
augmentation extends the training dataset significantly; therefore, we limit the inclusion
of subject training data to sub-sections of the recorded data for the subject data that is
included within the training dataset. This subset of data will then be augmented prior to
forming the training (X¢.4in, Ytrain) and validation (xiest, Yeest) datasets where the x set is
composed of paired input fields x; = (F;, Fry2) and the expected value composing the y set
represents the intermediary flow field y; = ftﬂ.

3.9. Model Architecture

The objective of the FieldNet model is to isolate and extract flow behaviors and
minimize the contributions from background airflow and artifacts that may be introduced
from background irregularities that contribute to noise. This is achieved by utilizing a
convolutional network that operates on the flow fields that are generated from the parallel
optical flow obtained from sequential frames. For the architecture, we adopt a U-Net
convolutional model [23] that takes as input two encoded flow-fields, each of shape (h, w, 2),
resulting in an input tensor shape (h, w,4). The predicted output represents an encoded
flow field of shape (h, w,2) which is decoded to represent the Cartesian vector field of
the predicted intermediate flow state between the input fields. The implemented model
architecture is shown in Figure 9 with simplified layer dimension labels. The architecture
has been implemented in Keras [67] using the TensorFlow [68] back-end and trained on
Google Colab Tesla T4 GPU. The model is composed of the input + 18 total layers and
contains a total of 18.7 million trainable params.

Since the objective is to capture the spatial relationship between the input flow field
states and the resulting prediction, skip connections are introduced at two levels within
the architecture. This aids the model in preserving the spatial relationship between
flow vectors which is critical for representing both the consistency in vector direction,
but also allows the model to capture flow phenomena including vortex behaviors. Due
to the range of the encoded fields [—1, 1], the activation function used for all layers is the
hyperbolic tangent function tanh(x) = e* — e~ */e* + e~ *. This correlates well with the
representation of the directional components of the predicted flow vectors.
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Figure 9. Model Architecture. The model is responsible for predicting the intermediate flow state of
two flow fields stacked as an input tensor of shape (i1, w, 4). This is achieved by defining a UNET [23]
inspired architecture that takes two encoded flow fields and predicts the encoded output flow field.
Skip connections are utilized to preserve the spatial distribution of the flow throughout the network.
The output defines a single intermediate flow field of shape (i, w, 2).

3.10. Training

The training dataset is composed of the sequence of flow fields that are computed
from the recorded thermal images from 20 subjects. To create the dataset used to train the
model, we selected five of the subjects randomly and pulled sub-sequences of 500 flow
frames from each of the selected subjects. This creates an initial set of 2500 flow images
that are used as the training dataset that is was then interleaved following the process
defined in Figure 8. This creates the input X, and Y44, expected values for model fit.
For model loss we use standard Mean Squared Error (MSE). The selected model optimizer
is Adam [69] with a learning rate of 1.0 x 10~3. For training, we use a batch size of 64 for
16 epochs. The dropout rate is 0.025 = 2.5% for all dropout layers.

3.11. Flow-Field Interpolation

The trained model will be used to segment the observable flow movements and
generate the resulting exhale flow signal. This is based on running the model on each
subject’s recorded sequence. The model will provide the segmented flow fields as a function
of the current and next flow fields computed using optical flow. To obtain the interpolation
prediction provided by the trained model, we provide the model subsequent flow frames as
the current field F; and the next field IE}H to estimate the flow between these two captured
states as the predicted flow field ﬁt+1-

By selecting alternate frames, we can now compare the predicted flow field F; 1 at
time f + 1 with the ground truth (optical flow result) at time ¢ + 1. A visualization of the
model predicted flow field and its corresponding ground-truth are shown in Figure 10.

Computed Flow Field (£) Predicted Flow Field (7..) Ground Truth Field (#.,) Computed Flow Field (F,,,)

S e g

Previous Frame L Intermediate Frame Comparison —— | Next Frame

Figure 10. Flow field interpolation. Given the current and next frames at times (¢, t + 2), the predicted
frame is compared to the ground truth, both of which represent the intermediate flow at time (f + 1).
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3.12. Exhale Measures and Unique Signatures

A of the prominent aim of this work was to provide an accurate method for isolating
and measuring exhale behaviors to identify behavioral differences in natural breathing
between subjects. To validate the results generated from the model predicted flow fields,
we generate exhale waveforms that represent the magnitude of observable flow for the
recorded sequence. First, we illustrate the result of using the model to isolate and extract
exhale behaviors compared to the result provided by using optical flow. From this, we
obtain exhale signals with less noise. For all signals, the results are processed using three
primary filters: (1) outlier removal outside of 1.5 standard deviation, (2) Savitzky—-Golay
with a window size of 9 samples, and (3) min-max normalization to the interval [0, 1].

Due to exhale behaviors rapidly dissipating within the thermal image sequences,
the optical flow must be capable of identifying these flow characteristics compared to the
noise floor. This results in the optical flow fields containing a significant amount of noise.
We address this by utilizing FieldNet to predict flow images based on the original signal
generated from the flow fields computed using optical flow. When the newly generated
flow fields are predicted from the model, the resulting signal is significantly provides
a better representation of the exhale behaviors with a better noise tolerance. Figure 11
illustrates the difference between the raw optical flow signal versus the signal generated
from the FieldNet field prediction and demonstrates the resulting higher signal-to-noise
ratio produced by the predictions of the model.
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Figure 11. Optical flow (raw) versus model predicted flow field signal. FieldNet predicted flow fields
contain a high signal-to-noise ratio that provides an implicit filtering of flow fields. The direct optical
flow result (top) is compared with the model generated flow result (bottom).

3.13. Exhale Episode Anomaly Detection

Capturing open-air behaviors as the foundation of a pulmonary diagnostic requires
pre-processing and dataset normalization that can standardize observed respiratory be-
haviors. This is challenging due to the natural variance observed from turbulent exhale
behaviors. However, while open-air turbulent flows contain per-exhale variance, they also
exhibit clear patterns unique to each subject. These unique patterns demonstrate how
natural breathing behaviors can be captured and exhibit the basis for furthering our under-
standing of pulmonary behavior. Therefore, we present a method for processing observed
exhale waveforms to identify the unique characteristics of individualized behaviors and
generate an anomaly score model to measure anomalous respiratory behaviors. We imple-
ment this by introducing two new models (1) an autoencoder model to reduce turbulent
flow noise and (2) an anomaly prediction model. By creating a standardized set of normal
or healthy classified behaviors used to train an anomaly score model, subsequent subject
respiratory patterns can be evaluated through a trained convolutional model.
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3.14. Exhale Segmentation

To evaluate anomalies within recorded exhale flow sequences predicted by Field-
Net, we present an automated analysis for segmenting exhales and scoring each based
on a trained anomaly model. Flow sequences are translated into continuous time-series
sequences to isolate individual exhale episodes through peak detection. This converts each
sequence from a continuous waveform into a collection of individual exhales as shown in
Figure 12. Each exhale segment is then resampled to match the input of the pre-processing
autoencoder and anomaly networks with input size of n = 256.

Exhale Sequence (inverse) Peak Detection Exhale Segments
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Figure 12. Exhale sequence peak detection and exhale segment extraction. Each recorded sequence is
subdivided into individual exhales based on the minimal of each exhale. These are then consolidated
into exhale segments (uniquely colored) used to train the filtering and anomaly detection models.

3.15. Filtering Model

Turbulent open-air flow captured within each exhale exhibits a significant variance.
While analytical noise removal can be applied to reduce these behaviors, they typically
maintain anomalous spikes due to flow field variance. To address this, we use a one-
dimensional filtering autoencoder to capture the key behavioral characteristics of the
recorded exhale datasets. This requires a training dataset composed of individual exhale
segments of length (256, 1), where the expected value output is 1-to-1 with the provided
input. The architecture of the autoencoder is presented in Figure 13. The model is composed
of four layers (Conv1D, ConvlDTranspose) with rectified linear (relu) activation, kernel
size k = 7, trained using the Adam [69] optimizer with learning rate of 1.0 x 1073, This
model generates a filtered segment used for the anomaly detection model.

—— Resampled Exhale Segment (256) —— Autoencoder Filter Original Flow
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Figure 13. Segment filtering model. An autoencoder is employed as a noise reduction method to
eliminate the high variance within each exhale segment caused by turbulent flow field magnitudes.

3.16. Anomaly Model

The aim of the proposed diagnostic is to contribute to the existing set of tests that
can be performed to identify unique traits and possible anomalous behaviors within
recorded breathing patterns. To provide the basis for model that can estimate anoma-
lous behavior [70] within each exhale segment, we employ an idealized reference training
set composed of instances from standardized exhale behaviors. These are exhales that
exhibit the most regular behavior captured from subjects. This distinction is made on
a simple health versus subject with pulmonary condition basis. To construct this the train-
ing set, we select (n = 61) individual exhale segments f(t)g.s and a cross-mixed set of
(m = 103) exhale segments f(t) Input that contain both regularized and anomalous sig-
natures for a total training set of n - m = 6283. From these two sets, we form an error
set by computing the absolute difference from each reference and input test sequence:
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e(t) = |f(t)ref — f(t) 1nput|- This results in an (1 - m) training dataset size, with each in-
stance is defined as (X/ain = f(t)1nput, Yirain = €(t)) and the predicted value e(t) represents
the anomaly error of the sequence. This provides a model that can predict the relative
error between new exhale sequences and the reference set used to train the model. This
model operates on the fixed length sequences of shape (256, 1) and is shown in Figure 14.
The model uses rectified linear (relu) activation, kernel size k = 7, trained using the
Adam [69] optimizer with learning rate of 1.0 x 1073, Predicted error metrics are then
presented as an anomaly scale that identifies unique traits of input exhale segments.
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Figure 14. Anomaly model. Exhale instances are used to generate anomaly error waveforms by
computing the absolute difference between the instance and the provided reference. This anomaly
waveform is then used as the expected training value for the output of the network.

4. Results

Validation of the proposed method was performed using the data collected from
20 patients which provided twenty recordings of observable exhale flow. Each sequence
contains 6-18 individual exhale episodes. These image sequences are provided to the
processing pipeline that includes: (1) automated tracking, (2) localized flow field generation,
(3) generation of the 1D exhale waveforms, and (4) anomaly detection. These results
demonstrate the capability of the proposed method for capturing detailed natural exhale
behaviors. This provides insight into how the natural breathing patterns of each subject
result in different waveform characteristics that can be used to assist in the diagnostic
process. By further evaluating the differences in these generated waveforms, anomalous
behavioral analysis can be applied to identify potential variance in pulmonary function.

4.1. Localized Exhale Flow Prediction

The prediction of the trained model obtains flow characteristics within the spatial
distribution, magnitude, and localized behaviors. In various instances, including those
visualized in Figure 15, the spatial distribution of the flow vectors represents an estimated
approximation of the ground truth; however, the distribution of the vectors with the largest
magnitudes may not directly correlate. Additionally, due to the zero regions introduced by
the facial masking, the model has residual non-zero vector values that are estimated. While
these vectors have a relatively small magnitude, they still contribute to error within the
measurement of the exhale flow behavior.

4.2. Individualized Exhale Behaviors

One of the primary objectives of this diagnostic is to provide a method for directly cap-
turing exhale airflow behaviors without imposing any constraints on the subject. By elim-
inating the need for tubes and wearable solutions, the patient can resume subconscious
breathing behaviors that are typically modified by exerting effort trying to maintain the
constraints of the diagnostic system. This allows for the natural behaviors of each subject to
be captured within the generated exhale waveform. This results in unique waveform char-
acteristics for each subject including breathing rate, breath duration, and secondary metrics
that can be obtained such as flow rate and volume. The generated exhale waveforms for
select subjects have been presented within Figure 16. Each plot represents the recorded
sequence waveform after processing. Each recording was performed for approximately
25 [s] for a total of 650 frames (samples) per waveform.

95



Diagnostics 2024, 14, 1596
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Figure 15. Multi-subject flow field interpolation. The interpolated result for arbitrary selected frames
containing exhale flows are illustrated for three subjects. The ground truth field F; 1 is provided by the
computed optical flow and compared to the predicted field F;, ;. Color represents flow magnitude.
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Figure 16. Select subject sequences (1-10). Each plot represents a collection of 500 flow frames that
are used to generate expiatory waveforms. Each provides a unique subject exhale behaviors.
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4.3. Anomaly Model Predictions

The anomaly model predicts an objective estimation of how much the provided exhale
segment diverges from the training set reference. This provides two useful purposes:
(1) we can automate the process of scoring and isolating exhale segments that reach a given
anomaly threshold and (2) we establish the basis for performing secondary diagnostics
related to condition specific exhale behavioral traits. The anomaly measurements predicted
for six randomly selected exhale segments are shown in Figure 17. This creates a unique
form of behavioral analysis that provides an door opening opportunity to explore how the
direct visualisation of exhale behaviors can contribute to the unique signatures of specific
pulmonary conditions. While this approach provides this unique opportunity, there are still
several challenges associated with visualized exhale flow imaging for pulmonary function
analysis. These are covered in our discussion.
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Figure 17. Anomaly results for select exhale segments. The input waveform is illustrated with the
anomaly scale color mapped by magnitude. The regions of the waveform that illustrate anomalous
behaviors result in higher predicted variance from the reference model.

5. Discussion

The primary goal of the presented non-contact method is to capture, isolate, and measure
the unique exhale traits that can be used to aid respiratory diagnostics. Similar to many of the
different pulmonary diagnostic technologies, this approach has a mixture of advantages and
disadvantages. As with all vision-based techniques for evaluating pulmonary behavior, there
are a set of immediate challenges including, resolution, frame rate, occlusion, and overall
accuracy. While these aspects of vision-based approaches present challenges in capturing
respiratory behavior, it is one of the only methods for directly capturing exhaled CO, flow
at a distance. However, there are still factors that contribute to continued challenges with
this approach. The first challenge is that there are physiological factors that may influence
how recorded data reflects observable breathing patterns. While non-contact breathing can
provide a unique look at pulmonary behavior, additional factors such as posture, mouth
shape, and nasal blockages can contribute to variance within recorded observations. These
factors partially contribute to the visualization obtained from the thermal camera, resulting in
airflow differences. Experimental constraints can be used to minimize these factors, but they
still may contribute to signal variance. The second is flow field estimation errors. There are
instances where the face profile contributes to error within the generated flow sequences
due to how the model will estimate flow contributions for null regions within the input flow.
Other challenges are related to the formulation of the flow field model and signal generation.
The FieldNet model can be used for two purposes: (1) interpolating between frames to
increase the amount of 2D information translated into generated exhale waveforms and (2)
to filter and isolate the exhale behavior to improve signal quality and reduce noise. The input
of the model dictates that there must exist two flow states to predict an intermediary form.
While this limits projective forecasting (or future state estimation) estimates, recordings of
exhale behaviors are continuous within the collected data.
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While this approach presents challenges associated with vision-based respiratory
analysis, it also provides unique contributions towards the objective of obtaining natural,
unrestricted breathing signals for diagnostic evaluation. This introduces the capability of
identifying personalized characteristics of exhale behaviors by removing the conscious
effort needed to maintain tube-based devices but also provides direct exhale flow observa-
tions that can be used to identify anomalies in regular breathing. By directly measuring the
open airflow without impeding the subject’s breathing, we can obtain distinct patterns that
can be linked to physiological effort, types of breathing, and traits belonging to specific
pulmonary conditions. As part of our result evaluation, we identified unique waveform
signatures from each subject, indicating that this could potentially be the case.

As a secondary extension of this approach, the proposed metho d can combined
with existing respiratory monitoring devices that monitor deformations of the chest or
diaphragm to capture inhale/exhale behaviors. This combination could be used to infer
pulmonological traits from chest movements by correlating movement signals with airflow
obtained from the direct CO; flow visualization. By correlating visual flow data with
existing methods for evaluating chest movement (ex. depth imaging, transducer belts), we
can evaluate the relationship between chest/abdomen movement and exhaled CO; airflow.
This could enable the ability to aid in identifying the level of muscular activation indirectly
from observable flow patterns, providing diagnostic synergy with existing solutions.

6. Future Developments

The presented work provides a basis for performing behavioral analysis of expiratory
airflow to identify key traits that contribute to the unique pulmonary signatures. The objec-
tive of this approach was to illustrate how this novel method for capturing airflow through
a non-contact method to provide effort-independent behavioral patterns. To further the
utility of this approach, additional studies conducted with healthy subject versus subjects
with known conditions must be performed to isolate how these behaviors contribute to
unique identifiers that could be used to classify specific conditions. This requires the
extension of the study to a larger subject sample size to identify the key trends that vary
between breathing behaviors of one subject versus cross-subject patterns. Additionally,
the models presented within this work provide a functional proof-of-concept but would
benefit from larger training datasets to identify if condition-specific behavioral traits can
be isolated. These additional factors would then provide the basis for comparing healthy
subjects to subjects with specific pulmonary conditions.

7. Conclusions

In this work, we presented a method for pulmonary evaluation aimed at extracting the
unique features of exhale behaviors from thermal image CO, flow sequences. This provides
a non-contact diagnostic for extracting exhale behaviors to obtain a natural and unrestricted
measurement of expiratory airflow. Through the implementation of a convolutional neural
network FieldNet, we evaluated how flow fields can be used to capture and isolate exhale
behaviors from open-air recordings. Secondary convolutional networks were introduced
and trained to reduce signal noise reduction and enable basic anomaly detection. This work
provides the foundation for the classification of different pulmonary behaviors that can be
identified through vision-based flow analysis. As part of ongoing research in direct exhale
visualization and measurement, this approach provides an initial attempt at capturing
individualized expiratory traits of natural breathing through CO, flow analysis. While
this approach does not directly distinguish between biological traces or provide direct
validation of an exact pulmonary condition, it can be utilized to identify key individualistic
behaviors that can assist in the evaluation of long-term trends of natural breathing and
suggest additional screening based on detected anomalous behaviors. This provides
alternative screening diagnostic that can be performed in between the larger context of
pulmonary monitoring devices including wearables, existing PFT devices, and advanced
scanning technologies to model natural breathing behaviors.
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Abstract: Background: Small-cell lung cancer (SCLC) is a highly aggressive tumor, and overall
survival (OS) remains poor despite intensive efforts to develop new treatment strategies. In second
line, topotecan is the only approved drug, with a median OS of 5.9 months. However, real-world
SCLC patients are often in worse condition and harbor more comorbidities than study populations.
Therefore, the real-world performance of topotecan may differ from that seen in studies. Here, we
analyzed outcomes of SCLC patients receiving topotecan and identified predictive and prognostic
markers. Patients and Methods: We retrospectively analyzed 44 consecutive SCLC patients receiving
topotecan between 2015 and 2022. We analyzed baseline characteristics (age, ECOG-PS, topotecan
cycles, and dosage) and pre-treatment blood values (LDH, CRP, sodium) as well as prognostic scores
(neutrophil /lymphocyte ratio (NLR), thrombocyte/lymphocyte ratio (TLR), Glasgow Prognostic
Score, prognostic nutritional score, systemic inflammation index (SII), and the prognostic index)
extracted from electronic patients’ charts to identify predictive and prognostic markers. Results:
In our cohort, mPFS and mOS were only 1.9 and 5.6 months, respectively. Gender, ECOG-PS,
active brain metastases, NLR, GPS, PNI, and SII significantly influenced PFS and OS in univariate
analysis. ECOG-PS (p > 0.001), active brain metastases (p = 0.001), and SII (p = 0.008) were significant
independent prognostic variables in a multivariate COX regression model. Selecting patients by these
three markers achieved an mPFS of 5.7 months and thus increased the mPFS three-fold. Patients not
meeting all criteria had an mPFS of 1.8 months (p = 0.006). Patients identified by prognostic markers
had an mOS of 9.1 months (p = 0.002). Conclusions: The efficacy of topotecan in SCLC real-world
patients is poor, indicating that many patients were treated without any benefit. Easy-to-obtain
markers can predict response and treatment efficacy and should therefore be validated in larger
cohorts to identify patients who are more likely to benefit from topotecan.

Keywords: SCLC; topotecan; chemotherapy; prognostic markers

1. Introduction

Small-cell lung cancer (SCLC) accounts for about 15% of all diagnosed lung cancers
and is characterized by rapid and aggressive growth [1]. Despite good initial response
to first-line chemotherapy, median survival of advanced SCLC patients remains poor,
ranging from 7 to 10 months. The 1-year overall survival is only about 20-40% [1,2]. This is
mainly due to early relapse after first-line therapy and lack of effective therapies in further
treatment lines [3].

Diagnostics 2024, 14, 1572. https:/ /doi.org/10.3390/diagnostics14141572 102

https://www.mdpi.com/journal /diagnostics



Diagnostics 2024, 14, 1572

Topotecan is the only FDA- and EMA-approved second-line treatment in SCLC based
on the observation that topotecan versus cyclophosphamide, doxorubicin, and vincristine
(CAV) in patients relapsing at least 60 days after first-line treatment resulted in a numerical
higher response rate of 24.3% (topotecan) compared to 18.3% (CAV). Median overall
survival (OS) was 5.7 months in both groups, but the topotecan group achieved a more
favorable toxicity profile [4]. O’Brien et al. compared oral topotecan versus best supportive
care (BSC) in patients with relapsed SCLC not considered for standard intravenous therapy
and found a significantly longer overall survival in the topotecan group with median
survival times of 25.9 weeks compared to 13.9 weeks in the BSC group [5]. Since this time,
despite many clinical trials evaluating promising agents, no further second-line treatment
achieved approval for SCLC patients in Europe.

However, topotecan is associated with relevant, especially hematological side effects,
and most patients do no benefit from this treatment [6]. Furthermore, real-world SCLC
patients are mostly in worse condition and harbor more comorbidities than study popu-
lations. Therefore, one has to fear that the small survival advantage of topotecan might
vanish in a real-world cohort. Furthermore, although topotecan is the only approved drug
for the second-line treatment of patients with SCLC, we still have no verified markers to
forecast the tolerance and effectiveness of the treatment in individual patients.

Reliable predictive and prognostic markers are therefore needed to select patients with
higher probability for response to topotecan. For this reason, this study aims at investigating
outcomes of real-world SCLC patients receiving topotecan and tries to identify predictive
and prognostic markers.

2. Materials and Methods
2.1. Study Population

We identified all patients with SCLC treated with topotecan between 2015 and 2022 at
our tertiary care lung cancer center. Patients were identified using our electronic cancer
documentation system and our pharmacy delivery repository searching for all patients
documented with SCLC of the lung receiving topotecan. Results have been verified by
pathological reports and clinical documentation. Patient characteristics in terms of gender,
age, performance status, tumor stage, smoking status, information on treatment modalities,
and dosage were collected from patient charts (paper-based and electronic records). Age
was calculated at the time of diagnosis. Treatment response was evaluated by CT- or
PET-CT-based monitoring using the Response Evaluation Criteria in Solid Tumors 1.1 (RE-
CIST) [7]. We did not use iRECIST criteria in patients receiving immunotherapy treatment
before topotecan because of relevant varying times since immuno-oncology teratments
(IO). Progression-free survival (PFS) was calculated from the date of first topotecan dose
until confirmed disease progression or death. Overall survival (OS) was calculated from
the date of first topotecan dose until death. Pre treatment blood values were extracted from
the electronic patients’ charts. The time frame in which the values have to be recorded was
between 0-10 days before treatment start.

2.2. Statistical Analyses

For data description, mean values and standard deviations were used. Comparisons
between groups were performed by the Mann—-Whitney-U test, or by chi-square-tests in
case of categorical variables. Estimation of progression-free survival (PFS) and overall
survival (OS) was carried out using the Kaplan-Meier method with the logrank test. For
multivariate survival analysis, COX-regression models were used, including variables with
significant results in the univariate analysis. Cut-offs for metric valiables are set by the
upper or lower reference value of our laboratory for clinical chemistry (blood values) or by
cut-off from the literature or our own publications (calculated values) [8,9]. The level of
statistical significance was determined at p < 0.05. All statistical analyses were performed
using SPSS 29 statistical software (IBM Corp., Armonk, NY, USA).
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3. Results

We analyzed all patients with SCLC receiving topotecan between 2015 und 2022. The
cohort showed a light male predominance (56.8%), and the mean age was 64.3 years. All
patients had stage IV disease confirmed by CT or PET-CT scans before treatment start with
topotecan and were active or former smokers. A total of 43.2% harbored reduced perfor-
mance status (ECOG-PS 2 or higher), and 34.1% had active brain metastases at the start
of topotecan. About a third were pretreated with chemo-immunotherapy (atezolizumab)
and 29.5% received radio-chemotherapy (RCT) in first-line treatment. These patients re-
ceived either concurrent or sequential RCT in a limited stage as a first-line treatment.
Only two patients received thoracic consolidative radiotherapy after systemic treatment in
stage IV. Those are listed under chemo(-immune) therapy. Table 1 summarizes baseline
characteristics of the study cohort.

Table 1. Baseline characteristics of the study cohort. ECOG-PS (Eastern Cooperative Oncology Group
Performance Status), IO (immune oncology), WBRT (whole-brain radiation therapy), Sdev (standard
deviation), PR (partial response), SD (stable disease), PD (progressive disease).

n =44
Male (1 (%)) 25 (56.8%)
Female (n (%)) 19 (43.2%)
Age (mean + Sdev) 64.3 £9.9
Males 65.52 +£10.4
Females 62.6 £9.2
ECOG-PS
0 6 (13.6%)
1 19 (43.2%)
2 14 (31.8%)
3 5 (11.4%)
Smoking status (1 (%))
Current smoker 9 (20.5%)
Former smoker 35 (79.5%)
Pharmaceutical form (n (%))
Intravenous 40 (90.9%)
Oral 4(9.1%)
Median of applied cycles [range] 3(1-17)
Mean applied dosage [range] 1.22 mg/m? [0.625-2.4 mg/m?]
Median time from first diagnosis until topotecan 8.3 months
Median time from last treatment until topotecant 1.7 months
(treatment free intervall, TFI)
<3 months (1 (%)) 32 (72.7)
>3 months 12 (27.3)
Prior 1O treatment (1 (%))
Yes 15 (34.1%)
No 29 (65.9%)
Active brain metastases (1 (%))
Yes 15 (34.1%)
No 29 (64.9%)
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Table 1. Cont.

n=44
WBRT before topotecan (1 (%))

Yes 20 (45.5%)
No 24 (54.5%)

1st-line treatment (1 (%))
Chemo(-immuno) therapy 31 (70.5%)
Radiochemotherapy 13 (29.5%)

Best response to topotecan treatment (1 (%))
PR 6 (13.6%)
SD 8 (18.2%)
PD 23 (52.3%)
Death 7 (15.9%)

3.1. Survival Analysis of the Whole Cohort

The median PFS of topotecan treatment in the whole cohort was only 1.9 months
[CI 95% 1.5-2.3] (Figure 1A), while overall survival was 5.6 months [CI 95% 2.4-8.8]
(Figure 1B). Overall response rate (ORR) was 13.6% with a disease control rate (DCR) of
31.8%. The median duration of response (mDoR) was 5.1 months [CI 95% 3.7-6.7].

10 10
A B
1.9 months [Cl 95% 1.5-2.3] 5.6 months [Cl 95% 2.4-8.8]
08 08
[ »
3 g
‘S o6 S 06
z z
= a
g 5
S 04 S 04
o o
02 02
0.0 - 0.0
0 10 20 30 40 0 10 20 30 40 50
months months
No. atrisk: 44 3 1 1 0 No. at risk: 44 1 4 2 2 0

Figure 1. Survival curves of the study cohort. (A) Progression-free survival (PES). (B) Overall
survival (OS).

Interestingly, women showed significantly improved median PFS (3.3 vs. 1.9 months)
and median OS (8.5 vs. 4.0 months) compared to male patients (Figure 2A,B).

As expected, ECOG performance status (PS) did significantly influence PFS and OS,
showing that patients with ECOG-PS of 2 or higher had no meaningful benefit from topotecan
treatment (Figure 3A,B). Moreover, older patients (>70 years) had no reduced survival per se.

Time from first diagnosis of SCLC until topotecan treatment and treatment-free interval
(TFI) before topotecan did not affect survival after topotecan treatment as well as prior
treatment with atezolizumab. Furthermore, mean topotecan dosage did not change PFS,
but, interestingly, patients with lower mean dosages (<1.25 mg/m?) had numerically longer
OS. Patients without active brain metastases at the beginning of topotecan treatment had
significantly longer PFS, which did not translate into an OS advantage. On the other hand,
patients with and without prior WBRT did not differ regarding their survival. First-line
treatment, sole systemic therapy, or radio-chemotherapy (RCT) had no significant impact
on survival as well as type of systemic first-line treatment (with or without 10). However,
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patients with initial RCT had a meaningful longer OS with 12.0 months compared to
patients with systemic treatment (Table 2).

male female

4.0 months
[C195% 2.7-5.3]

8.5 months
[C1 95% 6.4-10.6]

p (Log Rank) = 0.043
HR 0.48 [Cl 95% 0.2-0.9]

A 10 B 10
median PFS
male female
08 08
1.6 months 3.3 months
® [C195% 1.1-2.1] [C195% 1.5-5.0] 7]
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2 HR 0.45 [C 95% 0.2-0.9] 2
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02 02
. 0.0
000 20 0
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No. at risk: No. at risk:
male 25 4 0 0 0 male 25
female 19 6 2 1 0 female 19
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Figure 2. Survival differences between male and female patients. (A) Progression-free survival (PFS).

(B) Overall survival (OS).
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Figure 3. Survival differences stratified by ECOG-Performance status. (A) Progression-free survival
(PES). (B) Overall survival (OS).

Table 2. Univariate survival analyses of the study cohort stratified by baseline characteristics.
PFS (progression-free survival) in months, OS (overall survival) in months, HR (hazard ratio), CI
(confidence interval).

Median PFS o p-Value Median OS o p-Value
[CI 95%] HRICI95%] [ oo Rank]  [CI 95%] HRICI95%] 11 4g Rank]
Gender
Male 1.6[1.1-2.1] 4.0[2.7-5.3]
p=0.014 p=0.043
Female 3.3 [1.5-5.0] 0.45 [0.2-0.9] 8.5 [6.4-10.6] 0.48 [0.2-0.9]
ECOG
<2 3.3[1.2-5.3] 0.40 [0.2-0.8] 8.2 [6.1-10.2] 0.48 [0.2-0.9]
p =0.004 p=0.036
>2  1.5[1.2-1.9] 4.0[3.2-4.8]
Age
<70years 1.9[0.4-3.5] 5.9 [2.0-9.8]
p=0.433 p=0.713
>70years 1.9 [1.5-2.3] 1.20.6-2.6] 4.0 [3.4-4.6] 1.1[0.5-2.6]
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Table 2. Cont.

Median PFS o p-Value Median OS o p-Value
[CI 95%] HRICI95%] 1y oo Rank]  [CI95%] HRICI95%] 11 oo Rank]
Time until topotecan
<8.3months 1.9[1.5-2.3] 44[3.6-5.1]
p=0.719 p=0.484
>8.3 months 1.9 [0.3-3.5] 0.66 [0.3-1.3] 8.6 [4.4-12.7] 0.78 [0.4-1.6]
Median time from last
treatment until topotecant
(treatment free interval, TFI)
<3 months (11 (%)) 1.9 [1.6-2.2] 1.9 [0.6-5.8] 5.0 [3.4-6.5] 1.5[0.1-2.5]
p =0.205 p=0711
>3 months 1.9 [0.0-5.8] 9.1[1.7-16.6]
Mean topotecan dosage
<1.25mg/m? 3.3[1.2-5.3] 8.1[3.9-12.3]
p=0547 p=0.111
>125mg/m? 1.6 [1.2-2.0] 1.4[0.8-2.7] 4.3[3.1-5.7] 1,7 [0.9-3.5]
Prior IO treatment
Yes 1.8[1.2-24] 5.0 [0.8-9.1]
p=0.903 p=0.855
No 2.1[0.4-3.9] 0.9 [0.5-1.6] 59[05-11.4]  2.1[0.5-8.8]
Active brain metastases
No 3.0[1.5-4.6] 7.1[2.5-11.7]
p=0.028 p=0.633
Yes 1.6[1.3-1.9] 1.9 [1.0-3.6] 47[3.7-5.7] 1.2 [0.6-2.6]
WBRT before topotecan
No 2.1[0.0-4.4] 7.1[2.5-11.7]
p=0475 p=0571
Yes 1.8[1.7-2.0] 1.1 [0.6-2.0] 5.0 [2.7-7.2] 0.8 [0.4-1.6]
1st-line treatment
Chemo(-immuno) thera 1.8 [0.9-2.8] 4.4[3.6-5.2]
( ) therapy p=0.638 p =0.089
Radiochemotherapy 1.9 [1.5-2.4] 0.7 [0.3-1.4] 12.0[6.8-172]  0.5[0.2-1.1]
3.2. Toxicity
As expected, hematological side effects were common. A total of 88% of all patients
had any grade of anemia, with grade 3 and 4 accounting for 45.5% and 4.5%, respectively.
A total of 65.9% had thrombocytopenia (grade 3: 22.7% and grade 4: 27.3%). Leucopenia
was observed in 66% of the patients (grade 3: 22.7% and grade 4: 22.7%).
3.3. Prediction of Response
Higher topotecan dosage (>1.25 mg/m?) was significantly associated with better
response to treatment (p = 0.010). Besides this, we found no further predictive markers
for treatment response for either categorial or for continuous variables in our cohort
(Tables 3 and 4).
Table 3. Categorial and continuous variables tested for impact on response of topotecan treatment.
Categorial Variables
Variable p-Value Variable p-Value
Gender (male vs. women) p =0.054 Active brain metastases (yes vs. no) p=0.598
ECOG (0 vs. 1vs. 2vs. 3) p =0.085 WBRT (yes vs. no) p=0.813
Application (p.o. vs. i.v.) p=0.152 1st-line treatment (CX vs. RCT) p =0.420
GPS (0 vs. 1vs. 2) p=0.207 Age (<70 vs. >70) p=0.709
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Table 3. Cont.

Categorial Variables
Variable p-Value Variable p-Value
Prior IO treatment (yes vs. no) p=0.128 Time till Topotecan (<8.3 vs. >8.3 months) p=0.195
Dosage (<1.25 mg/m? vs. >1.25 mg/m?) p=0.010 LDH (<250 vs. >250 U/1) p=0.195
CRP (<0.5 vs. >0.5 mg/dL p=0.32 NLR (<6 vs. >6) p=0.598
Sodium (<135 vs. >135 mmol/L) p =0.092 TLR (<200 vs. >200) p=1
PNI (<40 vs. >40) p=0.262 SII (<1500 vs. >1500) p=0.349
PI(1+2vs.3+4) p =0.287
Continuous Variables
Variable p-Value Variable p-Value
Age p=0.830 NLR p =0.257
Mean topotecan dosage p =0.009 TLR p =0.860
LDH p =0.059 PNI p=0.174
CRP p =0.007 SII p=0.166
Sodium p =0.419
Table 4. Prognostic impact on survival of examined markers and scores. PFS (progression-free
survival) in months, OS (overall survival) in months, HR (hazard ratio), CI (confidence interval).
Median PFS o p-Value Median OS o p-Value
[CI 95%] HR [CT95%] [Log Rank] [CI 95%] HR [CT95%] [Log Rank]
LDH
<250 U/L  3.0[0.9-5.1] 8.5 [4.0-13.1]
p =0.006 p=0.370
>250 U/L 1.6 [1.2-2.1] 2.2[1.2-4.3] 3.6 [1.8-5.4] 1.4[0.7-2.8]
CRP
<05mg/dL  3.4[0.7-6.0] 9.1 [5.7-12.6]
p =0.089 p=0.102
>0.5mg/dL 1.6 [1.3-2.0] 1.6 [0.8-3.1] 4.412.7-6.0] 1.6. [0.8-3.1]
NLR
<6 3.0[0.9-5.1] 8.2 [4.1-12.2]
p =0.002 p=0.01
>6  1.3[1.1-1.6] 2.5[1.3-4.9] 4.411.8-7.1] 2.6 [1.2-5.5]
Sodium
<135 mmol/L 1.6 [1.5-1.7] 4.4[2.9-5.8]
p =0.066 p=0.029
>135mmol/L 3.0 [1.6-4.4] 0.5[0.3-1.1] 8.1[4.1-12.2] 0.4 [0.2-0.9]
TLR
<200 3.0[0.4-5.7] 8.1[3.0-13.2]
p =0.020 p=0.734
>200 1.9[1.5-2.3] 1.9[1.0-3.7] 4.7 [3.5-5.8] 1.1[0.6-2.2]
GPS
0 3.0[0.4-5.6] 9.1 [5.6-12.66]
p=0.011 p =0.008
>1  1.6[1.2-2.1] 2.3[1.2-4.6] 4.0[2.2-5.7] 2.6 [1.3-5.4]
PNI
<40 1.4[1.2-1.7] 2.4[1.2-3.6]
p=0.015 p <0.001
>40 2.5[0.9-4.1] 0.4 [0.2-0.9] 8.6 [2.4-8.8] 0.2 [0.1-0.4]
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Table 4. Cont.

Median PFS o p-Value Median OS o p-Value
[CI 95%] HRICI9S%] 1y oo Rank]  [CI95%] HRICI95%] 1 o6 Rank]
ST
<1500 3.0 [0.9-5.1] 8.1[3.0-13.3]
p=0.014 p=0431
>1500 16[13-1.8]  2.1[11-3.9] 47[29-65]  13[0.7-27]
PI
12 33[2.64.0] 9.1 [2.4-159]
p =0.003 p =0.001
34 16[13-19]  24[1347] 3.6[2942]  32[L5-6.6]

Probability of PFS

3.4. Prognostic Value of Different Markers and Scores

Elevated pre-therapeutic LDH levels were significantly associated with poorer PES,
OS was prolonged by trend, but not statistically significant in patients with normal LDH
values. CRP values did not significantly correlate with PFS or OS. However, we found a
neutrophil-to-lymphocyte ratio (NLR) with a cut-off of 6 significantly affecting PFS and
OS of topotecan-treated patients. Low sodium values were associated with reduced OS
but showed no significant impact on PFS. Low thrombocyte-to-lymphocyte ratio (TLR)
values were revealed to be associated with significantly longer PFS but did not translate to
longer OS. A Glasgow Prognostic Score (GPS) score of 0 was strongly correlated with better
OS and PFS. Elevated SII was significantly associated with worse PFS. The prognostic
index (PI) differed highly significantly in patients regarding both PFS and OS. Results of
univariate survival analyses are shown in Table 4.

3.5. Multivariate Analysis

Integrating all significant variables from the univariate analysis in a multivariate
COX regression model for PFS revealed ECOG-PS (p < 0.001), active brain metastases
(p =0.001), and SII (p = 0.008) as significant independent prognostic markers. Selecting
patients by these three markers achieved a PFS of 5.7 months [CI 95% 2.3-10.4] and thus
increased the PFS of the total cohort three-fold. Patients not meeting all criteria had a PFS
of 1.8 months [CI 95% 1.5-2.1] (Figure 4A). For OS, multivariate analysis also revealed
ECOG-PS (p < 0.001) and PNI (p < 0.001) as independent prognostic markers. Selecting
patients by these markers achieved a median OS of 9.1 months [CI 95% 3.8.-14.5] and thus
increased the OS of the total cohort 1.6-fold. Patients not meeting all criteria had a median
PFS of 3.6 months [CI 95% 2.7-4.5] (Figure 4B).

Figure 4. Survival analysis after patient selection based on the examined prediction models.
(A) Progression-free survival (PFS). (B) Overall survival (OS).
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4. Discussion

In this retrospective single-center analysis, we sought to analyze efficacy of topotecan
second-line treatment in unselected SCLC patients and identify predictive and prognostic
markers for improved patient selection.

Efficacy of topotecan second-line treatment in SCLC have been examined in some
phase II and phase III studies. In a first phase Il trial, Perez-Soler et al. showed a modest
effect of topotecan in pretreated SCLC patients with a response rate of 11%. The duration
of response recached from 7 to 19 weeks, and the median survival was 4.6 months [10]. A
larger phase II trial of second-line topotecan with 92 patients was published one year later.
The authors found a response rate of only 6.4% in platinum refractory patients, but of 37.8%
in sensitive disease, respectively. The median survival was 4.7. months in refractory and
6.9 months in sensitive patients [11]. The first randomized second-line trial published by
von Pawel et al. tested topotecan versus cyclophosphamide, doxorubicin, and vincristine
(CAV) in patients relapsing at least 60 days after first-line treatment. Response rates were
24.3% (Topotecan) and 18.3% (CAV). Median PFS and median OS (5.7 months in both
groups) were not significantly different, but the topotecan group achieved a more favorable
toxicity profile [4]. A Japanese phase II trial of second-line topotecan in relapsed SCLC
showed a response rate of 26% an OS of 8.6 months [12]. In our cohort, the response rate
was 13.6%, median PFS was 1.9 months, and median OS was 5.6 months and thus are in
line with survival results found in the pivotal studies.

We found a significantly improved PFS and OS in female patients. Looking deeper
into baseline characteristics, it showed that women received more WBRT often and are
often initially treated with chemoradiotherapy.

Nearly 10% of our patients have been treated with oral topotecan. We found no
difference of efficacy compared to intravenous therapy. This confirmed the results of two
earlier studies and indicates that a more frequent use of oral topotecan should be considered
to improve patients” comfort [13,14]. Besides this, in our cohort, lower topotecan dosage
seemed not to impact PFS with numerically increased OS, although response rates were
increased in higher topotecan dosages. This might be attributed to the relevant increased
toxicity with higher doses of topotecan. Moreover, the drug leads to higher response rates,
but limits survival by treatment-associated complications. Furthermore, we found that age
per se does not impair effectiveness of topotecan treatment. This is in line with a previous
study showing that topotecan monotherapy resulted in more toxicity in elderly patients,
but was as effective as in younger patients [15].

We identified the ECOG-PS, active brain metastases, and the systemic inflammation
index (SII) as potent selection parameters to identify patients with better PFS. By selecting
patients with these three markers, the PFS could be increased three-fold in our cohort.

For OS selecting patients by ECOG-PS and prognostic nutritional index (PNI), we
found a significant increase of 1.6-fold in survival compared with unselected patients.

Other studies support these markers. Treat and colleagues demonstrated in a pooled
analysis of 480 SCLC patients treated with second-line topotecan that patients” perfor-
mance status is associated with overall survival [16]. Another meta-analysis showed that
improvement of PS is a reliable predictor of response to topotecan treatment [17].

Topotecan can cross the blood-brain barrier. But although a phase II study showed an
intracranial response rate of 33% in pretreated patients, the OS remains at only 3.6 months
in this analysis [18]. Another small study did not show a meaningful intracranial activity
of topotecan in SCLC [19], underlying the negative effect of brain metastases we also found
in our cohort.

Taking these results together, you should assume that topotecan as second-line treat-
ment in an unselected real-world population might not be beneficial, especially in light
of high toxicity rates. Therefore, patient selection, for example using the easy-to-obtain
markers we examined in this study, might increase treatment efficacy and prevent un-
necessary toxicity. Furthermore, other more effective second-line therapy options are
urgently needed as more aggressive treatment regimens by combining topotecan with
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other chemotherapeutic drugs as cisplatin or etoposide resulted in no or only minimal
increases in overall survival but relevant more toxicity [20-25]. Also, the combination of
biologicals with topotecan as Bcl2-Inhibotors or VEGF-Inhibitors did not improve efficacy
in this setting [26-28]. Amrubicin demonstrated possible superiority over topotecan in
the second-line setting in phase II studies [29,30]. Approved in Japan, amrubicin is not
approved in Europe and the US due to a negative phase III study [31]. Also, the combi-
nation of amrubicin and topotecan showed promising efficacy, but was not investigated
further [32].

Our study harbors some limitations. The first is the small size of the cohort and the
retrospective character of the study. However, as we included all consecutive SCLC patients
treated with second-line topotecan and did not exclude patients from the analysis, we
analyzed a true real-world cohort and our results may help to guide treatment decisions in
second-line to identify patients who are more likely to benefit from topotecan. Furthermore,
given the low efficacy of the topotecan treatment in combination with high toxicity, patients
should, whenever possible, be enrolled in clinical studies helping to identify more potent
therapy options in this setting.

5. Conclusions

The efficacy of topotecan in SCLC real-world patients is poor, indicating that many
patients were treated without any benefit. The analysis of our cohort revealed easy-to-
obtain markers (ECOG-PS, active brain metastases, and the systemic inflammation index
(SII) for PFS as well as ECOG-PS and prognostic nutritional index (PNI) for OPS) to predict
response and treatment efficacy. These markers should therefore be validated in larger
cohorts to identify patients more likely to benefit from topotecan.

Author Contributions: Conceptualization, L.L. and D.K.-G.; methodology, L.L. and D.K.-G.; investi-
gation, L.L., PA., ].B.,, PM., A.T. and D.K.-G,; data curation, L.L., PA., ].B.,, PM., A.T. and D.K.-G.;
writing—original draft preparation, L.L. and D.K.-G.; writing—review and editing, L.L., PA_, ].B,,
PM., AT. and D.K.-G,; visualization, L.L. and D.K.-G.; supervision, D.K.-G. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Ethics Committee of the University Hospital of Munich
(LMU), (Approval-code: 476-16 UE, approval date 5 August 2016).

Informed Consent Statement: Patient consent was waived due to due to the retrospective nature of
the data. The ethics board consented to the analysis without requirements beyond the anonymization
of the data prior to the analysis.

Data Availability Statement: The authors state to share the original data on reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Wang, Q.; Gimiis, Z.H.; Colarossi, C.; Memeo, L.; Wang, X.; Kong, C.Y.; Boffetta, P. SCLC: Epidemiology, Risk Factors, Genetic
Susceptibility, Molecular Pathology, Screening, and Early Detection. J. Thorac. Oncol. 2023, 18, 31-46. [CrossRef] [PubMed]

2. Kahnert, K.; Kauffmann-Guerrero, D.; Huber, R M. SCLC-State of the Art and What Does the Future Have in Store? Clin. Lung
Cancer 2016, 17, 325-333. [CrossRef] [PubMed]

3. Saida, Y.; Watanabe, S.; Kikuchi, T. Extensive-Stage Small-Cell Lung Cancer: Current Landscape and Future Prospects. OncoTargets
Ther. 2023, 16, 657—671. [CrossRef] [PubMed]

4. von Pawel, J.; Schiller, ].H.; Shepherd, F.A; Fields, S.Z.; Kleisbauer, ].P.; Chrysson, N.G.; Stewart, D.J.; Clark, PI; Palmer, M.C.;
Depierre, A.; et al. Topotecan versus cyclophosphamide, doxorubicin, and vincristine for the treatment of recurrent small-cell
lung cancer. |. Clin. Oncol. 1999, 17, 658-667. [CrossRef] [PubMed]

5. O’Brien, M.E.R,; Ciuleanu, T.-E.; Tsekov, H.; Shparyk, Y.; Cucevia, B.; Juhasz, G.; Thatcher, N.; Ross, G.A.; Dane, G.C.; Crofts,

T. Phase III Trial Comparing Supportive Care Alone With Supportive Care With Oral Topotecan in Patients With Relapsed
Small-Cell Lung Cancer. J. Clin. Oncol. 2006, 24, 5441-5447. [CrossRef] [PubMed]

111



Diagnostics 2024, 14, 1572

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Horita, N.; Yamamoto, M.; Sato, T.; Tsukahara, T.; Nagakura, H.; Tashiro, K.; Shibata, Y.; Watanabe, H.; Nagai, K.; Inoue, M.; et al.
Topotecan for Relapsed Small-cell Lung Cancer: Systematic Review and Meta-Analysis of 1347 Patients. Sci. Rep. 2015, 5, 15437.
[CrossRef] [PubMed]

Eisenhauer, E.A.; Therasse, P.; Bogaerts, J.; Schwartz, L.H.; Sargent, D.; Ford, R.; Dancey, J.; Arbuck, S.; Gwyther, S.; Mooney, M.;
et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur. J. Cancer 2009, 45, 228-247.
[CrossRef] [PubMed]

Kauffmann-Guerrero, D.; Kahnert, K.; Kiefl, R.; Sellmer, L.; Walter, J.; Behr, J.; Tufman, A. Systemic inflammation and pro-
inflammatory cytokine profile predict response to checkpoint inhibitor treatment in NSCLC: A prospective study. Sci. Rep. 2021,
11,10919. [CrossRef] [PubMed]

Kauffmann-Guerrero, D.; Kahnert, K.; Syunyaeva, Z.; Tufman, A.; Huber, R.M. Pretherapeutic Inflammation Predicts Febrile
Neutropenia and Reduced Progression-Free Survival after First-Line Chemotherapy in SCLC. Oncol. Res. Treat 2018, 41, 506-512.
[CrossRef] [PubMed]

Perez-Soler, R.; Glisson, B.S.; Lee, ].S.; Fossella, F.V.; Murphy, W.K.; Shin, D.M.; Hong, W.K. Treatment of patients with small-cell
lung cancer refractory to etoposide and cisplatin with the topoisomerase I poison topotecan. J. Clin. Oncol. 1996, 14, 2785-2790.
[CrossRef]

Ardizzoni, A.; Hansen, H.; Dombernowsky, P.; Gamucci, T.; Kaplan, S.; Postmus, P.; Giaccone, G.; Schaefer, B.; Wanders, J.;
Verweij, J. Topotecan, a new active drug in the second-line treatment of small-cell lung cancer: A phase II study in patients with
refractory and sensitive disease. The European Organization for Research and Treatment of Cancer Early Clinical Studies Group
and New Drug Development Office, and the Lung Cancer Cooperative Group. J. Clin. Oncol. 1997, 15, 2090-2096.

Takeda, K.; Negoro, S.; Sawa, T.; Nakagawa, K.; Kawahara, M.; Isobe, T.; Kudoh, S.; Masuda, N.; Niitani, H.; Fukuoka, M. A
phase II study of topotecan in patients with relapsed small-cell lung cancer. Clin. Lung Cancer 2003, 4, 224-228. [CrossRef]

Von Pawel, J.; Gatzemeier, U.; Pujol, ].-L.; Moreau, L.; Bildat, S.; Ranson, M.; Richardson, G.; Steppert, C.; Riviére, A.; Camlett, I.;
et al. Phase II Comparator Study of Oral Versus Intravenous Topotecan in Patients With Chemosensitive Small-Cell Lung Cancer.
J. Clin. Oncol. 2001, 19, 1743-1749. [CrossRef]

Eckardt, ].R.; von Pawel, J.; Pujol, J.-L.; Papai, Z.; Quoix, E.; Ardizzoni, A.; Poulin, R.; Preston, A.J.; Dane, G.; Ross, G. Phase
III study of oral compared with intravenous topotecan as second-line therapy in small-cell lung cancer. J. Clin. Oncol. 2007, 25,
2086-2092. [CrossRef]

Imai, H.; Yamada, Y.; Minemura, H.; Sugiyama, T.; Kotake, M.; Kaira, K.; Kanazawa, K.; Nakamura, Y.; Kasai, T.; Shibata, Y.; et al.
Topotecan monotherapy for the treatment of relapsed small cell lung cancer in elderly patients: A retrospective analysis. Thorac.
Cancer 2018, 9, 1699-1706. [CrossRef] [PubMed]

Treat, J.; Huang, C.H.; Lane, S.R.; Levin, J. Topotecan in the treatment of relapsed small cell lung cancer patients with poor
performance status. Oncologist 2004, 9, 173-181. [CrossRef] [PubMed]

Lilenbaum, R.C.; Huber, RM.; Treat, ].; Masters, G.; Kaubitzsch, S.; Lane, S.; Wissel, P. Topotecan therapy in patients with relapsed
small-cell lung cancer and poor performance status. Clin. Lung Cancer 2006, 8, 130-134. [CrossRef]

Korfel, A.; Oehm, C.; von Pawel, J.; Keppler, U.; Deppermann, M.; Kaubitsch, S.; Thiel, E. Response to topotecan of symptomatic
brain metastases of small-cell lung cancer also after whole-brain irradiation. a multicentre phase II study. Eur. ]. Cancer 2002, 38,
1724-1729. [CrossRef] [PubMed]

Lorusso, V.; Galetta, D.; Giotta, F.; Rinaldi, A.; Romito, S.; Brunetti, C.; Silvestris, N.; Colucci, G. Topotecan in the treatment of
brain metastases. A phase II study of GOIM (Gruppo Oncologico dell’ltalia Meridionale). Anticancer Res. 2006, 26, 2259-2263.
[PubMed]

Ardizzoni, A.; Manegold, C.; Debruyne, C.; Gaafar, R.; Buchholz, E.; Smit, E.F,; Lianes, P.; ten Velde, G.; Bosquee, L.; Legrand, C.;
et al. European Organization for Research and Treatment of Cancer (EORTC) 08957 phase II study of topotecan in combination
with cisplatin as second-line treatment of refractory and sensitive small cell lung cancer. Clin. Cancer Res. 2003, 9, 143.
Stathopoulos, G.P.; Christodoulou, C.; Stathopoulos, J.; Skarlos, D.; Rigatos, S.K.; Giannakakis, T.; Armenaki, O.; Antoniou, D.;
Athanasiadis, A.; Giamboudakis, P; et al. Second-line chemotherapy in small cell lung cancer in a modified administration of
topotecan combined with paclitaxel: A phase II study. Cancer Chemother. Pharmacol. 2006, 57, 796-800. [CrossRef] [PubMed]
Choi, H.J.; Cho, B.C.; Shin, S.J.; Cheon, S.H.; Jung, J.Y.; Chang, J.; Kim, S.K.; Sohn, J.H.; Kim, ].H. Combination of topotecan and
etoposide as a salvage treatment for patients with recurrent small cell lung cancer following irinotecan and platinum first-line
chemotherapy. Cancer Chemother. Pharmacol. 2007, 61, 309-313. [CrossRef] [PubMed]

Kurata, T.; Kashii, T.; Takeda, K.; Seki, N.; Tsuboi, M.; Kobayashi, M.; Satoh, T.; Nakagawa, K.; Fukuoka, M. A Phase I Study of
Topotecan Plus Carboplatin for Relapsed SCLC: W]JTOG Trial. J. Thorac. Oncol. 2009, 4, 644—648. [CrossRef] [PubMed]

Evans, T.L.; Cho, B.C.; Udud, K,; Fischer, ].R.; Shepherd, F.A.; Martinez, P.; Ramlau, R.; Syrigos, K.N.; Shen, L.; Chadjaa, M.;
et al. Cabazitaxel Versus Topotecan in Patients with Small-Cell Lung Cancer with Progressive Disease During or After First-Line
Platinum-Based Chemotherapy. J. Thorac. Oncol. 2015, 10, 1221-1228. [CrossRef] [PubMed]

Christodoulou, C.; Kalofonos, H.P.; Briasoulis, E.; Bafaloukos, D.; Makatsoris, T.; Koutras, A.; Skarlos, D.V.; Samantas, E.
Combination of topotecan and cisplatin in relapsed patients with small cell lung cancer: A phase II study of the hellenic
cooperative oncology group (HeCOG). Cancer Chemother. Pharmacol. 2006, 57, 207-212. [CrossRef] [PubMed]

112



Diagnostics 2024, 14, 1572

26.

27.

28.

29.

30.

31.

32.

Suk Heist, R.; Fain, J.; Chinnasami, B.; Khan, W.; Molina, J.R.; Sequist, L.V.; Temel, ].S.; Fidias, P.; Brainerd, V.; Leopold, L.;
et al. Phase I/1I Study of AT-101 with Topotecan in Relapsed and Refractory Small Cell Lung Cancer. . Thorac. Oncol. 2010, 5,
1637-1643. [CrossRef] [PubMed]

Paik, PK.; Rudin, C.M.; Pietanza, M.C.; Brown, A ; Rizvi, N.A ; Takebe, N.; Travis, W.; James, L.; Ginsberg, M.S.; Juergens, R.; et al.
A phase II study of obatoclax mesylate, a Bcl-2 antagonist, plus topotecan in relapsed small cell lung cancer. Lung Cancer 2011, 74,
481-485. [CrossRef] [PubMed]

Spigel, D.R.; Waterhouse, D.M.; Lane, S.; Legenne, P.; Bhatt, K. Efficacy and safety of oral topotecan and bevacizumab combination
as second-line treatment for relapsed small-cell lung cancer: An open-label multicenter single-arm phase II study. Clin. Lung
Cancer 2013, 14, 356-363. [CrossRef] [PubMed]

Inoue, A.; Sugawara, S.; Yamazaki, K.; Maemondo, M.; Suzuki, T.; Gomi, K.; Takanashi, S.; Inoue, C.; Inage, M.; Yokouchi, H.;
et al. Randomized Phase II Trial Comparing Amrubicin With Topotecan in Patients With Previously Treated Small-Cell Lung
Cancer: North Japan Lung Cancer Study Group Trial 0402. |. Clin. Oncol. 2008, 26, 5401-5406. [CrossRef]

Jotte, R.; Conkling, P.; Reynolds, C.; Galsky, M.D.; Klein, L.; Fitzgibbons, J.E; McNally, R.; Renschler, M.E,; Oliver, ]. W. Randomized
Phase II Trial of Single-Agent Amrubicin or Topotecan as Second-Line Treatment in Patients With Small-Cell Lung Cancer Sensitive
to First-Line Platinum-Based Chemotherapy. J. Clin. Oncol. 2011, 29, 287-293. [CrossRef]

Von Pawel, |.; Jotte, R.; Spigel, D.R.; O'Brien, M.E.R.; Socinski, M.A.; Mezger, ].; Steins, M.; Bosquée, L.; Bubis, ].; Nackaerts, K.;
et al. Randomized Phase III Trial of Amrubicin Versus Topotecan As Second-Line Treatment for Patients With Small-Cell Lung
Cancer. J. Clin. Oncol. 2014, 32, 4012-4019. [CrossRef] [PubMed]

Nogami, N.; Hotta, K.; Kuyama, S.; Kiura, K.; Takigawa, N.; Chikamori, K.; Shibayama, T.; Kishino, D.; Hosokawa, S.; Tamaoki, A.;
et al. A phase II study of amrubicin and topotecan combination therapy in patients with relapsed or extensive-disease small-cell
lung cancer: Okayama Lung Cancer Study Group Trial 0401. Lung Cancer 2011, 74, 80-84. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

113



diagnostics ﬁfp&

Article

Safety and Diagnostic Yield of Medical Pleuroscopy (MP)
Performed under Balanced Analgosedation by a Pneumological
Team Compared to Video-Assisted Thoracic Surgery (VATS): A
Retrospective Controlled Real-Life Study (TORAPO)

Valentino Allocca !, Luca Guidelli 2, Angela Galgano 3, Lucia Benedetti 2, Roberto Fabbroni 2, Andrea Bianco !,
Piero Paladini 3 and Raffaele Scala 2*

Department of Translational Medical Sciences, “Luigi Vanvitelli” University of Campania, 80131 Naples, Italy;
valentino.allocca@unicampania.it (V.A.); andrea.bianco@unicampania.it (A.B.)

Pulmonology and Respiratory Intensive Care Unit, S. Donato Hospital, Cardio-Thoraco-Neuro-Vascolar
Department, Usl Toscana Sudest, 52100 Arezzo, Italy; guidelliluca6@gmail.com (L.G.);
lucia.benedetti@uslsudest.toscana.it (L.B.); roberto.fabbroni@uslsudest.toscana.it (R.F.)

Thoracic Surgery Unit, Department of Medical, Surgical and Neuroscience Sciences, S. Maria Le Scotte
Hospital, University of Siena, 53100 Siena, Italy; angela.galgano@student.unisi.it (A.G.);
piero.paladini@unisi.it (P.P.)

Correspondence: raffaele.scala@uslsudest.toscana.it

Abstract: Introduction: Medical pleuroscopy (MP) is an invasive technique that provides access
to the pleural space with a rigid or semi-rigid work instrument, allowing for visualization and
the obtaining of bioptic pleural samples. Using pulmonologist-based analgosedation to perform
pleuroscopy is still debated for safety reasons. The aim of this real-life study is to demonstrate the
safety and diagnostic yield of MP performed under balanced analgosedation by a pulmonologist
team with expertise in the management of critically ill patients in the respiratory intensive care unit
(RICU) and interventional pulmonology unit as compared to video-assisted thoracic surgery (VATS)
performed by a thoracic surgeon team under anesthesiologist-based analgosedation. Methods: In this
multicentric retrospective controlled study, the inclusion criteria were patients older than 18 years
old with pleural effusion of unknown diagnosis consecutively admitted in the years 2017-2022 to the
pulmonology unit and RICU of San Donato Hospital in Arezzo (Italy, Tuscany) and to the thoracic
surgery unit of Santa Maria Le Scotte in Siena (Italy, Tuscany) to undergo, respectively, MP under
balanced propofol-based analgosedation on spontaneous breathing with local anesthesia provided
by a pulmonologist team (Group A), and VATS provided by a surgeon team under propofol-based
analgosedation managed by an anesthesiologist using invasive mechanical ventilation (IMV) via
endotracheal intubation (ETI) (Group B). The primary endpoints were (1) a comparison between the
two groups in terms of the diagnostic yield of pleural effusion, and (2) major and minor complications
of pleuroscopic procedures. The secondary endpoints were (1) the length of the pleuroscopic proce-
dure; (2) the duration of hospitalization; (3) propofol doses; and (4) the patient’s comfort after the
procedure assessed using the Visual Analogue Scale (VAS). Results: We enrolled 91 patients in Group
A and 116 patients in Group B. A conclusive diagnosis was obtained in 97.8% of Group A vs. 100% of
Group B (p = 0.374). Malignant effusion was diagnosed in 59.3% of Group A and in 55.1% of Group B;
p = 0.547. No intraoperative or postoperative mortality events or major complications were ob-
served in Group A. The major complications observed in Group B were three major bleeding events
(p = 0.079) and one exitus (p = 0.315) not related to the interventional procedure. No significant
difference emerged between the two groups in terms of minor complications. The duration of the
intervention was significantly lower in Group A (40.0 min =+ 12.6 versus 51.5 = 31.0; p = 0.001). Pain
control and, therefore, patient comfort were better in Group A, with an average VAS of 0.34 £ 0.65
versus 2.58 & 1.26, p < 0.001. The duration of hospitalization was lower in Group B (5.1 £ 2.6 vs.
15.5 + 8.0, p < 0.001). The average overall dose of propofol administered was significantly lower in
Group A (65.6 = 35.8 mg versus 280 & 20.0 mg; p < 0.001). Conclusions: This real-life study shows
that the MP performed under propofol-based analgosedation by an independent pneumologist team
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is a safe and well-tolerated procedure with a diagnostic yield and complication rates similar to those
obtained with VATS.

Keywords: medical pleuroscopy; toracoscopy; diagnostic yield; analgosedation; propofol;
pulmonologist

1. Introduction

Pleural diseases are common and increasing worldwide, affecting over 3000 people per
1 million each year [1]. Malignant pleural effusion, mesothelioma, and pleural infections
represent an enormous burden and a clinical challenge for respiratory physicians, with
approximately 361,270 hospitalizations occurring in the United States in 2016 [2]. For this
reason, it is increasingly important to improve the current techniques for the diagnosis
and management of pleural diseases. Medical pleuroscopy (MP), also known as medical
thoracoscopy, is an invasive technique that provides access to the pleural space with a
rigid or semi-rigid work instrument, which allows for the visualization and biopsy of
pleural lesions [3]. In contrast to video-assisted thoracoscopy (VATS), which is performed
by a surgeon under general anesthesia, often using single-lung ventilation and via mul-
tiple ports, MP is performed by a pulmonologist using analgosedation and spontaneous
breathing via a single port [4]. Currently, there is not enough evidence to establish the
diagnostic test effectiveness when comparing awake thoracoscopic pleural biopsy to video-
assisted thoracoscopic pleural biopsy performed under general anesthesia [5]. In the latest
guidelines of the British Thoracic Society, MP finds space in numerous applications for
the diagnosis of pleural effusion, for example, obtaining pleural tissue sampling, which is
often necessary to achieve a definitive diagnosis in patients with pleural effusion and/or
pleural thickening [5]. The major indications for MP are (1) parietal pleural biopsies for the
diagnosis of mesothelioma, lung cancer, and pleural infection, such as tuberculosis, which,
in a significant majority of cases, can mimic a tumor; (2) debridement of simple adhesions in
early-stage empyema; and (3) talc poudrage pleurodesis for malignant pleural effusion and
in selected secondary pneumothorax not suitable for surgery [5,6]. The diagnosis of tubercu-
losis (TB) pleurisy becomes straightforward when Mycobacterium tuberculosis is identified
in the sputum, pleural fluid, or biopsy samples. In regions with a high prevalence of TB,
the combination of a lymphocyte-predominant exudate and elevated adenosine-deaminase
(ADA) yields a positive predictive value of 98% [7]. In areas with low TB prevalence, the
absence of increased ADA and lymphocyte predominance suggests a low likelihood of
TB. In such cases, pleural biopsy is recommended to confirm the diagnosis. Additionally,
when there is a high prevalence of drug-resistant TB, pleural biopsy for liquid culture and
susceptibility testing should be considered [7]. According to the latest BTS guidelines, MP
is the preferred method for obtaining pleural tissue sampling for culture and a sensitivity
test for TB pleural effusion [8,9]. In addition, pleural biopsies allow for obtaining material
on which to perform polymerase chain reaction (PCR) to detect viruses, like influenza,
coxsackievirus, respiratory syncytial virus (RSV), cytomegalovirus, adenovirus, human
herpesvirus-8, dengue, human t-lymphotropic virus type 1 (HTLV-1), varicella, herpes
simplex virus (HSV), and Epstein-Barr virus (EBV), which can be responsible for pleural
effusion [10]. MP represents a valid option as a first-line approach in the diagnosis of
pleural diseases, offering potential advantages in comparison to VATS. These benefits
include minor invasiveness; a reduction in costs to perform the procedure, as it can be
performed in an endoscopic room with a shorter duration of hospitalization; the possibility
of including frail patients who are at increased risk of intubation, mechanical ventilation,
and general anesthesia. Overall, this approach results in a good diagnostic yield [3,6].
MP is a relatively safe procedure with a low mortality rate and low occurrence of major
complications, such as hemorrhage, persistent air leaks, port tumor dissemination, and
empyema, in comparison to VATS [6,11]. Minor complications, such as transient hypoxemia
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and subcutaneous emphysema, are less frequently observed in patients undergoing MP
instead of VATS [4,6]. According to the majority of published data and clinical field experi-
ences, moderate to severe analgosedation during pulmonologist interventional procedures
is usually performed by anesthesiologists, especially if non-midazolam-based regimens
are used.

The aim of this study is to demonstrate the safety and diagnostic yield of MP per-
formed using analgosedation by a pneumologist team in collaboration with nurses with
consolidated experience in the management of airways and respiratory-critical patients
in the respiratory intensive care unit (RICU) and interventional pulmonology unit in a
comparative analysis, with data obtained from a series of patients undergoing pleuroscopic
examination using VATS performed by a thoracic surgeon team under anesthesiologist-
based analgosedation [12].

2. Materials and Methods

In this multicentric retrospective controlled study, the inclusion criteria were patients
older than 18 years with pleural effusion of unknown diagnosis consecutively admitted
between 2017 and 2022 to Pulmonology and RICU of “San Donato” Hospital in Arezzo
(Italy, Tuscany) and to the Thoracic Surgery Unit of “Santa Maria Le Scotte” in Siena
(Italy, Tuscany). The patients underwent, respectively, MP under balanced propofol-based
analgosedation on spontaneous breathing with local anesthesia provided by a pulmo-
nologist team (Group A) and VATS provided by a surgical team under propofol-based
analgosedation managed by an anesthesiologist in invasive mechanical ventilation (IMV)
via endotracheal intubation (ETI) (Group B). The choice between the two procedures de-
pended solely on the hospital where the patients were admitted. Specifically, patients
admitted to “San Donato” Hospital underwent MP, while those admitted to “Santa Maria
Le Scotte” Hospital underwent VATS.

The exclusion criteria were as follows: (1) terminally ill patients with a life expectancy
of fewer than 6 months, (2) multiorgan failure [13], (3) active bleeding from thoracic
and/or extrathoracic sources, (4) American Society of Anesthesiologists (ASA) score > 3,
(5) acute respiratory failure (ARF) requiring non-invasive and invasive mechanical respira-
tory support, (6) pregnancy, and (7) patient refusal. Informed consent was obtained from
all recruited patients and the study protocol was approved by the local ethical committee
(TORAPO 23776).

2.1. Medical Pleuroscopy (Group A)

Before the procedure, all patients underwent a chest X-ray followed by contrast-
enhanced thoracic computerized tomography (CT) to better characterize and confirm
the pleural disease. In some instances, positron emission tomography and computed
tomography (PET-CT) scans were considered to aid in better identifying the target of
biopsy on the pleural surface. Lung ultrasonography was performed in all patients using a
convex probe (3.5-5 MHz) (Mindray Mobile Trolley UMT-160, Shenzhen, China) to define
the extension and the features of the pleural effusion (i.e., septations and loculations);
detect, at bedside, the point of chest access for instrument insertion; and study the motility
of the diaphragm.

MP was performed in an endoscopic room under continuous assessment of heart rate
(HR), respiratory rate (RR), blood pressure (BP), and three-lead ECG registered with a
multiparametric monitor (Mindray Patient Monitor ePM 12, Shenzhen ,China). Full equip-
ment for non-invasive respiratory support, including-high-flow nasal cannula (HFNC) and
non-invasive ventilation (NIV), as well as for the management of airways and cardiopul-
monary emergency (Guedel cannula, laryngeal mask, endotracheal tube, defibrillator)
was available.

The pulmonologist team consisted of 2 respiratory physicians and 2 nurses with
experience in airway management, in the management of critically ill respiratory patients,

116



Diagnostics 2024, 14, 569

and in interventional procedures. In case of severe periprocedural complications, an
anesthesiologist of the hospital was available on call.

Once the American Society of Anesthesiologists (ASA) score was established and
informed consent was collected [14], the patients were placed in a lateral decubitus position
with the administration of conventional oxygen by means of a Venturi mask titrated to
achieve a target SpO; of 94-98% and 90-92%, respectively, for hypoxemic and hypercapnic
patients. An intravenous line, primed with 500 mL NaCl 0.9%, was set up to increase
patients” volume in case of propofol-induced arterial hypotension. Once the thoracoscope
access point was identified using the ultrasound-guided mode, the local anesthetic of the
intercostal cutaneous, subcutaneous, and pleural layers was performed with lidocaine 2%
at a dosage of 200-300 mg.

The analgosedation procedure was set according to the protocol used in our previous
study [15]. An initial intravenous dose of 1% propofol (0.5 mg/kg) was administered in a
bolus followed by a continuous infusion maintenance dose of 0.5-1.0 mg/kg/h. A dose of
intravenous meperidine (100 mg/2 mL) was administered at a dosage of 0.5 mg/kg. The
administered drugs were then balanced to achieve a Richmond Agitation Sedation Scale
(RASS) between —2 and —3 and VAS < 2. The RASS is used to define the patient’s level of
sensorium and to titrate the sedation according to predefined target values. Structured on
a 10-point scale, it defines 4 levels of increasing agitation disturbances (from +1 to +4), a
neutral level (0), and 5 levels of progressively depressed sensorium (from —1 to —5) [16].
In case of insufficient sedation, discomfort, or agitation, additional boluses of propofol
(10-20 mg) were administered up to a maximum of 1 mg/kg.

MP was performed with a rigid thoracoscope (Storz 4 mm, Karl Storz SE & Co. KG,,
Tuttlingen, Germany), and coagulation electrosurgery (Medtronic Covidien, Dublin, Ire-
land) was used to manage sources of bleeding. In general, 10-12 biopsies of the parietal
pleura were performed. After pleuroscopy, a 2024 Fr chest tube was placed at the thoraco-
scope access point (Figure 1).

Figure 1. Medical pleuroscopy: an overview of the operation. From the top left corner:

(a) instrumentation for MP; (b) local anesthetic injection; (c) Skin incision with a scalpel; (d) drainage
of pleural effusion; (e) introduction of the optics; (f) chest tube drainage; (g) thoracoscope forceps;
(h) pleural biopsy.
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In case of hypotension, the protocol involved the rapid infusion of crystalloids
(500 mL of NaCl 0.9%); in case of a lack of response to volume filling, ephedrine hydrochlo-
ride (3 mg/mL) was administered intravenously at an initial dosage ranging between
3 and 6 mg, to be increased up to a maximum of 30 mg in total depending on the hemo-
dynamic response. The goal was to maintain the mean arterial pressure (MAP) between
60 and 100 mmHg. In the event of bradycardia complicated by hypotension, the protocol al-
lowed the reduction of the infusion rate of propofol to 0.5 mg/kg/h. Subsequently, atropine
sulfate was administered intravenously at a dosage of 0.3-0.6 mg targeted at maintaining
the HR between 60 and 90 bpm. In case of acute respiratory failure (ARF), defined as
PaO, < 60 mmHg with or without hypercapnia PaCO, > 45 mmHg under conventional
oxygen support, the protocol considered an escalating step-by-step strategy. This included
a drop in the rate of propofol infusion to 0.5 mg/kg/h, followed by a jaw dislocation
maneuver and the insertion of an oropharyngeal cannula (Guedel cannula) or a laryngeal
mask in case of persistent airway collapse. Subsequently, the application of HFNC or NIV
was considered until the escalation to endotracheal intubation (ETI) and IMV if mandatory
respiratory support was needed.

During the MP in analgosedation, we continuously monitored patients’ SpO2, respira-
tory rate, heart rate, and blood pressure. Additionally, we frequently assessed the patients’
level of sedation to maintain an RASS between —2 and —3 (indicating light to moderate
sedation). While there is strong clinical evidence supporting the use of capnography in
general anesthesia and moderate to deep sedation [17], there is limited evidence in the con-
text of light-moderate sedation in non-anesthesia settings in which the available evidence
does not substantiate the impact of capnography on clinical outcomes when compared
to standard monitoring [18]. Unfortunately, our equipment did not include a capno-
graph, so if there was any suspicion of ventilation problems, we performed arterial blood
gas analysis.

The recovery time of the patient was evaluated according to the achievement of an
Aldrete score > 9 [15]. The Aldrete score is an extensively validated scoring scale used
to establish safe post-anesthetic discharge in a hospital ward or at home for patients
undergoing short-term surgical procedures [19]. Once the Alderete score was >9 after the
procedure, the patients were discharged from the endoscopic room and admitted to the
monitored beds of Pulmonology and the RICU [19]. Two hours later, a chest X-ray was
performed as well as bloodwork (i.e., chemistry, blood cell count) [13,14].

2.2. VATS (Group B)

Patients belonging to Group B underwent the same preliminary clinical, radiological,
and ultrasound-based assessment as described for Group A.

In Group B, VATS was performed with a uniportal approach by a surgeon. The proce-
dure took place after the patient was endotracheally intubated and mechanically ventilated
under general anesthesia, managed by the anesthesiologist team in the operating room.
The anesthetic protocol included the use of propofol 1% at 1.5-2 mg/kg intravenously
administered in a bolus followed by a continuous infusion at 34 mg/kg/h. Fentanyl
(0.1 mg/2 mL) was administered intravenously at a dosage of 1 mcg/kg as a bolus fol-
lowed by an infusion of Remifentanil at 0.1 mcg/kg/h. VATS was performed with a
rigid thoracoscope (Storz 10 mm) and coagulation electrosurgery (Covidien) was used to
manage sources of bleeding. An endopleural drainage (24-28 Fr) was placed at the end of
the procedure. Complications were managed by the anesthesiologist team according to
protocols similar to those reported for Group A.

Once the Alderete score was >9 after the procedure, the patients were discharged
from the endoscopic room and admitted to the monitored beds of the Thoracic
Surgery Unit.
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2.3. Endpoints of the Study

The primary endpoints of the study were the comparative rates between the
two groups in terms of (1) the diagnostic yield of pleural effusion and (2) the major
and minor complications of pleuroscopic procedures.

The major complications considered in the study were (1) ARF requiring ventilator
support with HFN (high-flow nasal cannula), NIV, and/or ETI with IMV; (2) acute coronary
syndrome and/or cardiogenic pulmonary edema; (3) massive bleeding; and (4) periproce-
dural death. Bleeding was defined as either a loss of more than one blood volume in 24 h
or 50% of the total blood volume of the patient in 3 h, or blood loss > 150 mL /min [20,21].

The minor complications considered in the study were new-onset cardiac arrhyth-
mias requiring treatment, subcutaneous emphysema, hypoxemia defined as SpO, < 90%
for more than 1 min in conventional oxygen therapy at FiO2 of 0,50, arterial hypoten-
sion defined as systolic blood pressure (SBP) < 90 mmHg or diastolic blood pressure
(DBP) < 50 mmHg in three consecutive measurements requiring volume filling and/or the
use of vasoactive amines, bradycardia defined as heart rate (HR) < 50 bpm for more than
two minutes and arterial hypertensive crisis defined as SBP > 170 mmHg or DBP > 100
mmHg in three consecutive measurements and requiring hypotensive therapy.

The secondary endpoints of the study were the comparative assessment of the
two groups in terms of (1) the length of pleuroscopic procedure, (2) the duration of hos-
pitalization, (3) propofol doses, and (4) the patient’s comfort after the procedure assessed
using the Visual Analogue Scale (VAS).

3. Statistical Analysis

The statistical analysis of the data was carried out using Microsoft Excel v. 16.78.3
and the statistical software MiniTab v. 21.4.1. The data are expressed as the mean with
standard deviation (SD), or as the median with interquartile range (IQR) for continuous
variables and numbers with percentages for categorical variables. The Student’s t-test
was used to compare continuous variables between the group undergoing MP and the
group undergoing VATS. The chi-square test was used to compare the categorical variables
between the two groups. A value of p < 0.05 was considered statistically significant.

4. Results

During the study time, 91 patients were enrolled in Group A and 116 patients in Group
B. The baseline clinical features of the two groups are presented in Table 1. The two groups
were similar for all reported parameters except for the Charlson Comorbidity Index, which
was significantly greater in Group A compared to Group B (4.27 & 2.04 versus 1.64 & 1.52,
p <0.001).

Table 1. Characteristics of patients undergoing pleuroscopy; ASA: American Society of Anesthesiolo-
gists; COPD: chronic obstructive pulmonary disease; CAD: coronary artery disease; OSA: obstructive
sleep apnea; CRF: chronic respiratory failure; DM: diabetes mellitus; SAH: systemic arterial hyperten-
sion; CKD: chronic kidney disease; ILD: interstitial lung disease. Data are presented as mean and
standard deviation or absolute number (percentage).

Group A Group B p
Patients, n 91 116
Age, years (SD) 72 (11) 69 (11) 0.102
BMI (SD) 30 (8.72) 28 (7.45) 0.083
Male 62 79 0.997
Female 29 31 0.420
Charlson Comorbidity Index (SD) 4.27 (2.04) 1.64 (1.52) <0.001
SpO2 % basal 92.44% 93.07% 0.138
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Table 1. Cont.

Group A Group B 4
ASA 3, 1 (%) 48 (50%) 46 (39.66%) 0.059
ASA 2,1 (%) 48 (50%) 70 (60.34%) 0.273
COPD, 11 (%) 21 (23.07%) 7 (6.04%) 0.001
CAD, 1 (%) 20 (21.97%) 16 (13.79%) 0.129
OSA, n (%) 4 (4.39%) 0 0.041
CRF n (%) 2 (2.19%) 5 (4.31%) 0.385
DM, 1 (%) 12 (13.18%) 29 (25%) 0.028
Arrhythmias, 1 (%) 20 (21.97%) 16 (13.79%) 0.129
SAH, n (%) 49 (53.84%) 0 <0.001
Heart failure, n (%) 6 (6.59%) 13 (11.2%) 0.239
CKD, n (%) 9 (9.89%) 5 (4.31%) 0.127
Neoplasm, 1 (%) 28 (30.76%) 41(35.34%) 0.486
Stroke, 11 (%) 6 (6.59%) 8 (6.89%) 0.931
ILD, n (%) 3(3.29%) 1 (0.86%) 0.237

4.1. Primary Endpoints

The diagnostic yield rate did not differ between the two groups (Group A: 97.8%,
Group B: 100%; p = 0.374). Table 2 reports the etiologic diagnosis obtained in the groups; in
both groups, malignancies accounted for the greater amount of underlying pleural effusion
(Group A: 59.3%, Group B: 55.1%; p = 0.547). Among non-malignant etiologies, the most
common diagnosis was non-specific pleuritis. No major complications, either intra- or post-
operative, were observed in Group A. The major complications observed in Group B were
three cases of major bleeding (p = 0.079) and one exitus (p = 0.315), which occurred due to
intestinal infarction after some days and was, therefore, not connected to the interventional
procedure. In the comparison between the two groups, the minor complications were
superimposed without any statistically significant difference. Specifically, we observed
two cases of hypotension in Group A and two in Group B (p = 0.809); two cases of brady-
cardia during the procedure in Group A and none in Group B (p = 0.153); one hypertensive
crisis in Group A and none in Group B (p = 0.315); and no cases of atrial fibrillation in
Group A and one case in Group B (p = 0.315). Post-procedure subcutaneous emphysema
was observed in four patients in Group A and eight patients in Group B without significant
differences (p = 0.433). No case of hypoxemia requiring respiratory support was observed
in either group (Table 3). In five cases in Group A, no biopsy could be performed due to
the presence of tenacious adhesions, despite initial debridement with digitoclasia; these
patients were then sent to VATS. In two cases belonging to Group A, the samples obtained
were not sufficient for diagnosis (indetermined etiologies in Table 2).

Table 2. Etiologic diagnosis underlying pleural effusion obtained in the groups. NSCLC: non-small-
cell lung cancer; TB: tuberculosis; SCLC: small-cell lung cancer. Data are presented as absolute values

(percentages).
Diagnosis Group A n (%) Group B 1 (%) p
Malignant etiologies 54 (59.3%) 64 (55.1%) 0.547
NSCLC 20 (22.0%) 17 (14.7%) 0.179
Metastases 14 (15.4%) 15 (12.9%) 0.671
Mesothelioma 17 (18.7%) 29 (25,0%) 0.270
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Table 2. Cont.

Diagnosis Group A n (%) Group B n (%) p
SCLC 0 1 (0.9%) 0.315
Lymphoma 3 (3.3%) 1 (0.9%) 0.237
Hemangioendothelioma 0 1 (0.9%) 0.315
Non-malignant etiologies 30 (32.9%) 51 (43.9%) 0.103
Non-specific pleuritis 16 (17.6%) 39 (33.6%) 0.007
Empyema and parapneumonic effusion 10 (10.9%%) 4 (3.4%) 0.041
TB 2 (2.2%) 4 (3.4%) 0.585
Heart failure 2 (2.2%) 0 0.153
Asbestosis 0 1 (0.9%) 0.315
Sarcoidosis 0 2 (1.72%) 0.154
Indetermined etiologies 2 (2.1%) 0 (0%) 0.153
Table 3. Complications of medical pleuroscopy in analgosedation with pneumological management
versus surgical pleuroscopy complications with anesthesiologic support. Spo2: peripheral oxygen
saturation. Data are presented as absolute values (percentages). N/A: not applicable.
Group A n (%) Group B n (%) P
Major complications 0 (0%) 4 (3.44%) 0.042
Need for ventilatory support 0 (0%) N/A 1.000
Major bleeding 0 (0%) 3 (2.58%) 0.079
Exitus 0 (0%) 1 (0.86%) 0.315
Minor complications 9 (9.9%) 11(9.5%) 0.922
Hypotension 2 (2.19%) 2 (1.72%) 0.809
Bradycardia 2 (2.19%) 0 (0%) 0.153
Subcutaneous emphysema 4 (4.39%) 8 (6.89%) 0.433
Hypoxemia (SpO2 < 90%) 0 (0%) 0 (0%) 1.000
Hypertensive crisis 1 (1.09%) 0 (0%) 0.315
Cardiac arrhythmias 0 (0%) 1 (0.86%) 0.315

4.2. Secondary Endpoints

In the comparison between the two groups, the duration of intervention was signif-
icantly lower in Group A (40.0 min + 12.6 versus 51.5 £ 31.0; p = 0.001). Pain control
and, therefore, patient comfort were better in Group A with an average VAS of 0.34 £ 0.65
versus 2.58 & 1.26, p < 0.001 (Figures 2 and 3). The duration of hospitalization was lower
in Group B than in Group A (5.1 £ 2.6 vs. 15.5 £ 8.0, p < 0.001). The average overall
dose of propofol administered was significantly lower in Group A than in Group B
(65.6 = 35.8 mg versus 280 =+ 20.0 mg; p < 0.001). The average dose of meperidine ad-
ministered was 46.2 £ 27.0 mg, while the average dose of fentanyl administered was

70 £ 10 mcg.

121



Diagnostics 2024, 14, 569

16

14

12

10

VAS (postoperative pain)

VAiTs

Figure 2. Postoperative pain in MP versus VATS using Visual Analogue Scale (VAS) (IQR 0-3, median
0, Group A) (IQR 0-6, median 3, Group B).
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Figure 3. Visual Analogue Scale (VAS) used for evaluating postoperative pain.

5. Discussion

The aim of this controlled study was to demonstrate the safety and diagnostic yield of
MP performed in analgosedation by a pulmonologist team with established experience in
airway management and respiratory critically ill patients in an RICU and interventional
procedures, in a comparative analysis with data obtained from a series of patients who
underwent pleuroscopic examination in VATS by a surgeon team under anesthesiologist-
based management. The diagnostic yield was over 97% and it was not significantly
different compared to that obtained in the VATS group (100%). In our study, in both
groups, malignancies accounted for the greater amount of underlying pleural effusion
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(Group A:59.3%, Group B: 55.1%; p = 0.547). Among the non-malignant etiologies, the most
common diagnosis was that of non-specific pleuritis, described as fibrinous or inflammatory
pleuritis without a specific attributable benign or malignant cause, but in subsequent follow-
ups, proved to be benign in 85% of cases [22]. Another important finding to highlight is the
diagnosis of TB, identified in two cases in Group A and four in Group B. After obtaining the
diagnosis through PCR analysis on the biopsy sample, subsequent culture and antibiotic
sensitivity testing was performed.

No deaths and no major complications, either intraoperative or postoperative, were
observed in the MP group. These results are in line with literature [23-26]. In the ret-
rospective observational study of Valsecchi et al. on 2752 analyzed MPs, the diagnostic
yield was about 80%, and in more than half of the cases, the diagnosis was consistent
with malignancies. The most frequent tumor was mesothelioma (about 21%), followed by
metastases of breast cancer (14%). Tubercular pleurisy was the most frequent diagnosis
in non-malignant pleural effusion (about 6% of cases) [23]. In Valsecchi’s study, it was
also estimated that MP obtained a good diagnostic yield in case of monolateral pleural
effusion, but dropped to about 50% in the case of bilaterality of the effusion. These findings
underline that the good selection and study of the patient to be subjected to the procedure
are essential to achieve an accurate diagnosis [23]. In our study, we identified two cases of
pleural effusion secondary to heart failure. The diagnosis of heart failure was subsequently
made based on clinical and laboratory criteria, such as NT-proBNP. These were two cases
of unilateral pleural effusion with no evidence of other pathology found in the pleural
biopsies performed. Improvement in the effusion with the optimization of medical therapy
confirmed the diagnostic suspicion. In another study of 19 patients who underwent MP,
the diagnosis was obtained in 69% of cases (13/19 patients) and malignant etiology was
observed in 100% of cases [24]. A diagnostic yield of 97.8%, very similar to that reported in
our experience, was obtained in the study of Dhooria et al. conducted on 145 patients with
pleural effusion undergoing MP with a rigid thoracoscope. In the same study, the use of the
rigid thoracoscope was found to be superior to the use of the semi-rigid instrument [25].

Also, in a recent meta-analysis on the complications of thoracentesis and MP per-
formed for malignant pleural effusion, the complication rate was only 0.040 (95%
CI0.029-0.052) [26].

In the British Thoracic Society (BTS) guidelines for pleural diseases, MP with a rigid
thoracoscope is considered a valid procedure as well as one performed in VATS with no
difference in diagnostic yield, sensitivity, or specificity [8]. Also, in the Clinical Statement
of the BTS on pleural procedures, MP performed with local anesthetic is considered a safe
procedure with a death rate of 0.3% [8,27]. Major complications such as massive bleeding,
pleural infections, and pneumothorax occur in only 1.8% of cases, while minor compli-
cations such as subcutaneous emphysema, atrial fibrillation, mild bleeding, hypotension,
and fever occur in 7.8% [8,27]. Other studies confirm the safety of MP by establishing that
complications are rare, with a mortality between 0.09% and 0.24% [28-30]. In another study
with the objective of evaluating MP in patients at high risk of complications, mortality
was 0.28% with minor complications such as postoperative pain in 12.3% of cases and
subcutaneous emphysema in 10.3%. No complications were observed in 58.9% of cases,
thus establishing the safety of the procedure in high-risk patients [31]. Mild to moderate
pain and minor bleeding were described in another study of 14 patients with an overall
diagnostic yield of 100% [32].

In our study, in the MP group, we observed a lower, statistically insignificant rate
of major bleeding compared to the VATS group and there was no statistically signif-
icant difference in terms of other complications between the two groups. The trend
towards a reduction in bleeding in the MP group may be due to the use of a smaller
instrument (Storz 4 mm vs. 10 mm) and, therefore, of smaller biopsy samples and smaller
thoracostomy access.

The inpatient time was statically longer in patients from Group A than Group B, and
this is probably due to the worse clinical conditions of patients enrolled in Group A with a
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Charlson Comorbidity Index of 4.27 + 2.04 versus 1.64 £ 1.52 in Group B (p < 0.001). In
addition, the patients in Group B were part of a “fast-track” path for pleural effusion with
hospitalization aimed at pleuroscopic intervention.

The pain was statistically better controlled in the group subjected to MP than in Group
B. The reasons for the reduction in pain are likely due to the minor invasiveness of MP, the
smaller size of the instrument, and, consequently, the smaller thoracostomy access [33]. The
ability to perform the procedure without orotracheal intubation drastically improves patient
comfort and recovery time [33]. Performing a pleuroscopy under analgosedation and
spontaneous breathing also allows the enrolment of patients with multiple comorbidities
who would usually be excluded from more invasive procedures.

Another advantage of our study was that MP was performed under analgosedation
by a pulmonologist team without the support of the anesthesiologist. Currently, in Italy
and in all European countries, the administration of propofol is authorized not only for
anesthesiologists, but for all physicians with extensive experience in managing patients in
intensive care units [34]. The use of a propofol-based regimen for analgesia and sedation is
contemplated in the guidelines “Practice Guidelines for Sedation and Analgesia by non-
Anesthesiologists”, suggesting that when used for moderate sedation, the use of propofol
or ketamine offers satisfactory results [35,36]. The same guidelines also suggest that when
propofol is used for moderate sedation, the user should be able to intervene with rescue
therapy at all levels of sedation, including general anesthesia [35,36]. Pulmonologists
working in an RICU have both the experience and the knowledge in the management
of possible cardio-respiratory complications induced by propofol [15]. Of course, the
role of nursing staff in monitoring the patient during the procedure and in supporting
pneumologists throughout the procedure must be emphasized. The pulmonologist team
of the “San Donato” Hospital of Arezzo related to Pneumology and the RICU has gained
significant experience in analgosedation with protocols based on propofol and meperidine
after completing a specific course aimed at developing both theoretical and practical
knowledge on the use of drugs for sedation and the management of potential cardio-
respiratory complications. Each pulmonologist (both physicians and nurses) of the team is
capable in the management of the airways and in the active support of critical patients, even
with invasive mechanical ventilation; moreover, the entire team is trained in the positioning
of pleural drainage of all kinds for the management of pleural pathologies [15]. All of these
competences are, therefore, indispensable in preventing and promptly intervening in the
event of a possible complication. It is important to note that the anesthesiologist is always
available in case of any complications in an integrated path between the RICU and ICU
(intensive care unit).

Analgosedation managed by a pulmonologist team is also well established in the UK.
As reported in the guidelines “BTS clinical statement on pleural procedures”, sedation is the
responsibility of the thoracoscopist and is usually performed with the intravenous infusion
of benzodiazepines (e.g., midazolam) and opioids (e.g., fentanyl). The anesthesiologist
is generally involved in more complex sedations [8,27]. In real life, there is often fear
regarding the use of propofol as an anesthetic for sedation and benzodiazepines are usually
preferred by non-anesthesiologist teams [37]. This reluctance must be overcome, because
there is already abundant literature data attesting to the safety of propofol use and it is
considered, in many cases, to be superior in sedation compared to midazolam [38]. In
the study conducted by Roekaerts et al. in which sedation with propofol and midazolam
were compared after coronary surgery, during sedation in all patients, the hemodynamic
parameters were stable except for a slight drop in systemic blood pressure for the propofol
group and an increase in heart rate for the midazolam group [38], and the hemodynamic
effects of both midazolam and propofol usually have no clinical significance [39]. In the
work of Tschopp et al., balanced sedation with propofol was used in MP. The same au-
thors showed that MP performed in analgosedation with propofol by non-anesthesiologist
teams is a procedure that can be safely conducted without major cardio-pulmonary com-
plications [40]. Complications such as hypoxemia and hypotension can be easily and
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quickly corrected in most cases [40]. In another randomized clinical trial, it appears that
sedation with propofol performed by endoscopists gives the patient better satisfaction
than deep sedation performed by anesthesiologists [41]. In addition, patients receiving
sedation from non-anesthesiologists required significantly lower doses of propofol than
those receiving sedation from anesthesiologists (94 mg versus 260 mg), with fewer side
effects with statistically significant values [42,43]. Also, in our study, the doses of propofol
administered were lower than those used in Group B, where sedation was the prerogative
of the anesthesiologists (65 mg versus 280 mg), in the absence of major cardiorespiratory
complications and with only two cases of hypotension in the 91 procedures carried out.
The reduction in the dose of the sedative used obviously involves faster recovery of the
patient and a lower risk of hemodynamic and respiratory side effects [44]. The reduction
in the dosage of sedatives also did not affect pain control or patient comfort. In our study,
in Group A, which involved a significantly lower dosage of anesthetics than Group B, the
pain was better controlled with an average VAS of 0.34 £ 0.65 versus 2.58 + 1.26.

This confirms the safety in the use of propofol as a sedative agent of choice compared
to midazolam. In another non-inferiority randomized clinical trial that compared sedation
with propofol in digestive endoscopic procedures performed by non-anesthetists and
anesthesiologists in low-risk patient groups (ASA 1-2), the rate of complications (39%) was
the same between the two groups without differences in the dose of propofol administered
and without differences in amnesia and recovery time [41]. In a recent study carried out
by Maffucci et al., the authors showed that sedation with propofol administered by a
pneumologist team during bronchoscopic procedures was a safe practice without serious
side effects. Complications occurred in only 25% of cases and were all successfully treated
in the endoscopic room. Moderate sedation was achieved in 92% of subjects treated with
adequate comfort and tolerance and with a recovery time of about 5-10 min on average [15].
Sedation based on propofol is now an integral part of the guidelines of gastrointestinal
endoscopy with a frequency of adverse events similar to that of traditional sedation, but
with a shorter recovery and duration of hospitalization [43,45]. Unlike endoscopic digestive
procedures, in which the use of propofol for sedation performed by non-anesthesiologists
is now consolidated [45], there is a lack of data and randomized clinical trials in the
literature that clearly demonstrate the safety of sedation performed by pulmonologists in
the diagnosis of pleural diseases. It is necessary, however, to highlight that the support
of the anesthesiologist is indispensable in procedures of the highest risk (ASA 4) and that
good collaboration between pulmonologists and anesthesiologists should be achieved.

Our study has some limitations that need to be considered. First, there was no control
group in which sedation was performed by the same pulmonologist team, but with a regime
based on midazolam. Second, the retrospective design of the study intrinsically has some
biases like the risk of losing some relevant points such as the costs of the procedure and the
real patient comfort. Finally, the study was conducted by a team with extensive experience
in analgosedation with propofol and with excellent skills in airway management including
invasive mechanical ventilation. The same results, therefore, may not be comparable to
those of other centers with less expertise.

6. Conclusions

In summary, this study shows that MP performed under analgosedation by a pulmo-
nologist team is a safe and well-tolerated procedure with a diagnostic yield similar to that
obtained in VATS. The use of a sedation regimen with propofol and meperidine turns out
to be safe with few side effects.

Unfortunately, there are few pulmonology units that routinely perform MP (estimated
at approximately 30%) [46], and there are still too few pneumologists who deal first-hand
with sedation. The purpose of this study was also to provide objective safety data so that this
procedure becomes widely used in all pulmonology units. Too often, the management of
pleural pathology is left to the thoracic surgeon, but pulmonologists must regain centrality
in the management of these pathologies that increasingly present themselves in practice.
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Abstract: The burden of chronic obstructive pulmonary disease (COPD) is increasing, espe-
cially for women in low-to-middle income countries. Biomarkers provide ever-increasing
diagnostic precision for COPD and show promise for primary, secondary, and tertiary
disease prevention. This review describes emerging applications for biomarkers in COPD,
especially as they align with the Global Initiative for Chronic Obstructive Lung Disease
(GOLD) emphasis on prevention, early diagnosis, and response to therapy. These biomark-
ers include blood eosinophils; IgE; C-reactive protein; fibrinogen; procalcitonin; interleukins
6, 8, and 33; tumor necrosis factor alpha; and soluble receptor for advanced glycated prod-
ucts (SRAGE). They have been used in various ways to identify COPD endotypes, predict
exacerbations, predict mortality, and monitor the response to therapy. The fraction of
exhaled nitric oxide (FENO) is increasingly studied in eosinophilic COPD endotypes and
can be a diagnostic and predictive non-invasive biomarker. Imaging biomarkers, espe-
cially the quantitative computerized tomography (QCT) assessment of airway remolding,
functional small airway disease, air trapping, lung function, and volume surrogates, all
serve as non-invasive biomarkers for screening, early detection, and disease progression.
Biomarkers facilitate all the phases of COPD care from detecting early airflow obstruction
to predicting exacerbation and mortality. Biomarkers will be increasingly used as precise
diagnostic tools to improve the COPD outcomes. The aim of this narrative review is to
summarize the recent investigations in COPD biomarkers and their clinical applications.

Keywords: biomarkers; COPD endotypes; FENO; eosinophilic COPD; quantitative
computerized tomography

1. Background

Biomarkers are widely utilized tools to inform clinical decision making. In recent
years, the landscape of biomarkers in chronic obstructive pulmonary disease (COPD) has
evolved, but identifying clinically relevant biomarkers has been challenging due to the
heterogeneity of pathophysiologic airway and alveolar injuries, respiratory symptoms, and
variable COPD progressions. Many COPD biomarkers are well-described inflammatory
mediators of airway and parenchymal destruction [1]. Clinical COPD phenotypes are
observable traits, while COPD endotypes are the biopathological mechanistic features of
an individual’s disease [2]. While biomass burning smoke exposure is a significant risk
factor for developing COPD, the majority of COPD biomarker research has been conducted
on COPD cases related to tobacco smoking. Phenotyping COPD is straightforward, but
identifying patient endotypes allows for more personalized care in the era of precision
medicine. Clinical biomarkers are an important tool in describing a patient’s endotype
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in COPD. This review summarizes the recent developments in the COPD biomarkers of
various media, including serum, sputum, exhaled, and radiographic features, and describes
how these biomarkers can be utilized to define patient endotypes for precision medicine in
clinical practice.

2. Overview of Serum Biomarkers in COPD
2.1. Blood Eosinophil Count

Eosinophils are a type of granulocyte that creates and releases pro-inflammatory
mediators within the inflammation cascade. While they represent a small proportion
of leukocytes in healthy patients, the amount of eosinopoiesis is increased in type 2 in-
flammatory states [3]. Elevated eosinophil levels (>300 cells-uL.~!) have become a widely
used indicator for type 2 inflammation, so their role as a practical and clinically useful
biomarker in airway disease has exponentially grown in recent years [1]. Although ele-
vated blood eosinophil levels are traditionally associated with asthma, patients with both
asthma and COPD overlap (ACO), and some patients with COPD have elevated peripheral
eosinophils [4]. Over the last few decades, an elevated blood eosinophil count has been
identified as an endotype that is associated with the moderate and severe “frequent exac-
erbation” phenotype of COPD (requiring hospitalization) [4,5]. However, patients with
elevated blood eosinophil levels have lower mortality rates both in hospitalized acute exac-
erbations of COPD and longitudinally over time, theoretically related to a better response
to systemic corticosteroids [6,7].

An increased blood eosinophil count has also been associated with an accelerated
decline in lung function. One study demonstrated that patients with elevated blood
eosinophil levels demonstrated a faster decline in FEV1 by an average of 34 mL/year,
regardless of their COPD status [8]. The large-scale Copenhagen General Population Study
found that patients with chronic airway disease that were found to have an elevated blood
eosinophil count and fractional exhaled nitric oxide (FeNO) demonstrated a more rapid
decline in FEV1 [9]. However, some studies have shown that changes in serum eosinophils
over time are not associated with changes in pulmonary function or health status [10]
(Table 1).

The Global Initiative for Chronic Obstructive Lung Disease (GOLD) Report now rec-
ommends including blood eosinophil counts as part of the initial assessment of newly
diagnosed COPD because blood eosinophil counts have proven useful pharmacodynamic
biomarkers for COPD. Patients with elevated blood eosinophil levels (initially defined as
at least 2% of blood eosinophils in the leukocyte differential) respond better to inhaled
corticosteroid-containing regimens, specifically with reduced exacerbations, when com-
pared to patients with normal blood eosinophil levels [11-13]. The FORWARD study also
demonstrated that patients with blood eosinophil counts (defined as >279.8 in this study)
who were treated with ICS in addition to LABA showed improved respiratory symptoms
and pre-bronchodilator FEV1 when compared to those of similar patients using LABA
alone [12]. Conversely, the FLAME study evaluated the role indacaterol-glycopyrronium
versus salmeterol—fluticasone in reducing the risk of COPD exacerbations and found that
the LABA-LAMA combination was more effective in preventing exacerbations in patients
who had a COPD exacerbation within the last year, regardless of their blood eosinophil level
(though patients with very high eosinophils as defined as >600 were excluded from analy-
sis) [14]. This study further emphasized the role in LAMA therapy in COPD management
regardless of blood eosinophil level. Later, the analysis of the ETHOS trial demonstrated
that triple therapy with budesonide/glycopyrronium/formoterol fumarate dihydrate re-
duced the rates of moderate and severe exacerbations with blood eosinophil counts as low
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as >100 cells/mm? [15]. Studies like these affirm the role of the blood eosinophil count as
a useful clinical biomarker for predicting response to ICS.

As such, the GOLD Report recommends that patients with COPD with blood
eosinophil counts >300 cells/ul are at higher risk for exacerbation and would likely
benefit from ICS in their treatment plan [16]. Some studies discuss monitoring blood
eosinophil counts as a measure of the ICS treatment response, though more investigation
is necessary in this area. A recent European study demonstrated that initiation of ICS
demonstrated a median reduction in blood eosinophils by 197 197 cells/uL [17]. These
patients notably had an average of 1.71 exacerbations per year after starting ICS treatment.
A proposed algorithm involves monitoring the blood eosinophils of people on inhaled
corticosteroid treatment to determine if those patients benefit from continued ICS, although
this approach is theoretical based on the available data and has not been validated. In this
theorized approach, if the level of blood eosinophils rises after the initiation of ICS, then
the ICS should be discontinued as this predicts someone who will not benefit from ICS
and would needlessly be exposed to its side effects, such as dysphonia, topical candidiasis,
skeletal effects, ocular effects, and pneumonia [10]. In fact, patients with COPD and low
blood eosinophil counts (those less likely to benefit from ICS) that are receiving inhaled
corticosteroids are associated with a higher risk of developing pneumonia [10].

Table 1. Association of serum/blood and exhaled breath biomarkers with different COPD outcomes.

Predictin,
Se_r um/Blood FE\.Il Exacerbations Emphyse:ma Hospitalization Mortality Response tﬁ a References
Biomarkers  Decline on Imaging
Treatment
Eos 0 0 T [3-18]
IgE 1 1 e [19-22]
CRP > 0 C C i [23-31]
Fibrinogen (@ C <~ T [4,26,27,32-34]
PCT T > C [16,25,30,35,36]
IL-6 0 > [3,27,28,37-39]
IL-8 C T [3,28,39]
sRAGE 4y R > 1 > > [2,40]
CC1e6 + — [2,41,42]
SP-D C T T [2,43]
Exhaled
Breath
Biomarker
FeNO T T 0 T T* [1,18,44-57]
T = positive clinical association; | = inverse clinical association; <+ = no association identified;

C = conflicting evidence; Eos = blood eosinophil count, IgE = immunoglobulin E, CRP = C-reactive protein,
FeNO = fractional exhaled nitric oxide, PCT = procalcitonin, IL-6 = Interleukin-6; IL-8 = Interleukin-8;
sRAGE = soluble receptor for advanced glycation end products, CC16 = club cell secretory protein,
SP-D = surfactant protein-D; * inhaled corticosteroids, dupilumab; ** dupilumab; *** antibiotics in acute
exacerbations; **** associated with baseline lower FEV1, but not decline in FEV1.

While pharmacodynamic biomarkers have played a large role in the development of
biologic targets, and thus treatments for asthma, the role of biologics in COPD is newly
emerging, and currently targets molecular agents that promote eosinophil migration. IL-4
and IL-13 are inflammatory cytokines within the Th2 pathway that recruit eosinophils
and contribute to goblet cell hyperplasia, mucous secretion, and airway remodeling in
COPD [18]. Dupilumab, a human monoclonal antibody that blocks the IL-4 and IL-13 path-
ways of eosinophil recruitment, has shown a promising clinical response in patients with
asthma and is now approved in the setting of COPD. The BOREAS trial, and subsequently
the NOTUS trial recruited patients who were at high risk for COPD exacerbations; they had
been on triple-inhaler therapy with LAMA, LABA, and ICS, demonstrated blood eosinophil
counts >300, and had at least two exacerbations or one severe exacerbation within the last

130



Diagnostics 2025, 15, 1245

year [1,18]. In these studies, dupilumab was shown to decrease patients” annual COPD
exacerbations and to improve FEV1 and FVC. IL-5 is another important target for biologics
in asthma management given their role in promoting eosinophilic inflammation. However,
biologics that target the IL-5 pathways have not shown to reduce the symptoms or exacer-
bations of COPD, despite a measured decline in the blood eosinophil count [18]. Hence,
the utilization of the blood eosinophil count as a biomarker has limitations.

2.2. Immunoglobulin E

The increased production of IL-4 and IL-13 in the Th2-inflammatory state also pro-
motes the B cell production of immunoglobulin E (IgE) after allergen exposure. Viral
infections also independently promote IgE release by driving dendritic cells to recruit Th2
cells that cause IgE release [19]. The role of IgE levels in COPD exacerbations is controver-
sial. Previously, IgE elevation was demonstrated in asthma or asthma—-COPD overlap, but
only limited data highlight the role of IgE in isolated COPD. Recently, the investigators
who designed the COSYCONET and WISDOM cohorts reviewed specific characteristics of
patients with COPD in Europe as they relate to IgE levels. Higher rates of IgE elevation are
seen in patients with both COPD and asthma, especially in current smokers [20]. However,
a prospective observational study in Vietnam did not show clinically significant differences
in IgE levels between patients with diagnosed COPD and control patients, implying that
there may be a geographic role of IgE in COPD [21]. The individuals from the Copenhagen
General Population Study cohort with COPD and elevated IgE demonstrated higher rates
of severe exacerbations and all-cause mortality, independent of blood eosinophil count [22].
Interestingly, higher proportions of men with COPD had elevated IgE, and increased levels
of total IgE have been correlated with higher risk of exacerbations in men than women,
but patient age was not correlated with the levels of IgE [20]. In the COSYCONET trial,
patients with elevated IgE levels did not show significantly different baseline FEV1 values,
diffusion capacities, and residual volumes at baseline, but patients with levels more than
>91.5 were at risk for future decline in FEV1 [20].

There is a promising role for IgE as a predictor of the future treatment response. In
the BOREAS trial, patients with baseline IgE > 100 who were treated with dupilumab
had fewer exacerbations and had a greater improvement in FEV1 than those treated with
placebo in the 52-week treatment period [18]. The NOTUS trial subsequently demonstrated
that dupilumab decreased IgE levels over the treatment period [1]. A further investigation
is needed to validate the predictive, prognostic, and pharmacodynamic roles of IgE in
COPD, especially to determine if omalizumab, a monoclonal antibody that binds IgE, could
have a role in COPD management in the future.

2.3. C-Reactive Protein

C-reactive protein (CRP) is an acute phase reactant produced by the liver in response
to IL-6 activity and plays a role in activation of the complement cascade, and thus pro-
inflammatory cytokines to support innate immunity and phagocytosis during acute infec-
tion [23,24]. In both research and clinical practice, CRP is the most commonly measured
inflammatory biomarker and often manifests as an early sign of chronic inflammation in pa-
tients with COPD [25]. Though multiple studies have described the utilization of elevated
CRP in acute exacerbations of COPD, CRP is frequently elevated in both stable and acute
exacerbations of COPD [26]. However, the supportive evidence for the role of CRP as a
clinical biomarker is conflicting. In the ECLIPSE study, patients with COPD showed higher
rates of CRP elevation when compared to non-smokers and smokers without COPD [27].
A meta-analysis has demonstrated that higher levels of CRP in COPD are associated with
increased rates of exacerbation, hospitalization, and early mortality [25,27-29]. While the
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SUMMIT trial demonstrated positive association between elevated CRP and mortality, it
did not demonstrate associations with FEV1 decline, exacerbations, nor hospitalizations [4].

Recent studies have demonstrated that CRP may be able to assist in managing the
acute exacerbation of COPD as bacterial versus non-bacterial. In a recent meta-analysis,
elevated CRP levels showed the strongest evidence of predicting bacterial COPD exacerba-
tions (by positive sputum culture) when compared to multiple other biomarkers, such as
procalcitonin, sputum IL-8, and sputum TNF-a [30]. Elevated CRP levels are more often
correlated with bacterial infection in the lower airways compared to procalcitonin. A study
in the United Kingdom has assessed the utility of CRP as predictive of who would benefit
from antibiotics in COPD exacerbations. They demonstrated that using CRP levels to guide
antibiotic therapy versus using sputum purulence showed no increase in 30-day adverse
events or treatment failure [31].

2.4. Fibrinogen

Fibrinogen is a slow-reacting positive acute phase reactant influenced by increased
IL-6 levels that directly determines the erythrocyte sedimentation rate (ESR). In a multi-
tude of disease states, elevated fibrinogen levels have been traditionally associated with
increased all-cause mortality. The SUMMIT trial confirmed this association with mortality
in the setting of COPD specifically [4]. Fibrinogen has demonstrated both predictive and
prognostic capabilities in COPD and has been approved by the United States Food & Drug
Administration (FDA) to be utilized as a biomarker in clinical trials describing COPD
mortality and exacerbations [32,33]. The ECLIPSE study showed that patients with COPD
show higher rates of fibrinogen elevation when compared to those of non-smokers and
smokers without COPD [27]. The serum fibrinogen levels are also higher in patients with
both asthma and COPD [26]. The IMPACT trial demonstrates that patients with COPD
and elevated fibrinogen levels demonstrated increased rates of moderate and severe ex-
acerbations [34]. A recent meta-analysis also described that elevated levels of fibrinogen
are associated with a decline in FEV1 [28]. However, the SUMMIT trial did not find sig-
nificant association between elevated fibrinogen levels and FEV1 decline, exacerbations,
or hospitalizations [4]. Fibrinogen is often elevated in exacerbations, but fibrinogen levels
unfortunately have not demonstrated enough sensitivity nor specificity to be validated as a
predictive biomarker in this setting. Fibrinogen elevation takes time, which is a limitation
in its utility in the acute setting [33]. Like in the case of CRP, further research is necessary
to define the association with future exacerbations.

2.5. Procalcitonin

Procalcitonin is also an acute phase reactant. Cytokines like IL-6, TNF-c, and IL-1b
stimulate the synthesis of procalcitonin by thyroid C cells. Its primary utility as a biomarker
has been predicting which patients with acute exacerbations of COPD would benefit from
antibiotics, and the FDA has approved the use of procalcitonin for starting and stopping
antibiotics for those with lower respiratory tract infections [25]. Like CRP, multiple studies
have associated elevated procalcitonin levels with positive sputum cultures in bacterial
acute exacerbations of COPD. A few small studies have evaluated procalcitonin-guided al-
gorithms to reduce antibiotic exposure in COPD exacerbations. These studies demonstrated
successful reduction in antibiotic exposure, but have used different cut-offs anywhere be-
tween 0.03 and 1.03 to determine who would benefit from antibiotics in the setting of
acute COPD exacerbation [30,35]. One meta-analysis demonstrated that a cut-off point
of 0.76 ng/mL demonstrated the best area under receiver operating characteristic curve
(ROC), with sensitivity of 92.5% and specificity of 78.95% [30]. However, a French study
of 300 patients admitted to the ICU with COPD exacerbations demonstrated that using a
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procalcitonin-guided strategy to guide antibiotic management failed to reduce antibiotic
exposure [36]. Given the controversy in recent studies regarding using procalcitonin in
COPD exacerbations, the GOLD Report recommends against solely using procalcitonin-
based strategies to determine whether patients with COPD exacerbations would benefit
from antibiotics [16].

2.6. IL-6 and IL-8

In COPD, airway exposure to noxious fumes begins inflammatory cascades that lead
to an extensive environment of signaling molecules at the cellular level that eventually
promotes cellular injury and apoptosis. Pro-inflammatory cytokines such as IL-6 and IL-8
are expressed at higher levels in injured airway tissue, and expression is further propagated
by heat shock protein (HSP)-70 at the cellular level. IL-8 is implicated in Th1 inflammation,
while IL-6 is implicated in Th2 inflammation, further describing the role of both Th1 and
Th2 inflammation in COPD. Some studies on airway pathology have shown increased
numbers of cells that are immunoreactive to IL-6 and IL-8 in COPD, and IL-6 and IL-8 have
demonstrated potential as prognostic biomarkers in COPD [3].

Patients with COPD show higher rates of serum IL-6 elevation when compared to
those of non-smokers and smokers without COPD per the ECLIPSE Study [27]. Increased
serum IL-6 levels are associated with increased rates of future COPD exacerbations and
hospitalizations, but not associated with mortality [28,37,38]. However, one study that
utilized data from the ECLIPSE cohort showed that elevated serum IL-8 levels were as-
sociated with increased 3-year all-cause mortality in patients with COPD [28]. While one
observational study detected higher levels of serum IL-8 in acute COPD exacerbations, the
role of measuring serum IL-6 and IL-8 levels in acute exacerbations is unclear as previous
studies have presented conflicting results [28,39]. These biomarkers are difficult to measure
in clinical settings.

2.7. IL-33/ST-2

IL-33 belongs to the IL-1 superfamily of cytokines, which plays a role in innate and
adaptive immunity [58]. Specifically, IL-33 is secreted by the epithelial cells and plays
a role in remodeling and tissue repair, along with tissue homeostasis, which it does by
repressing expression for some inflammatory genes. As an alarmin, IL-33 binds to the
ST-2 (suppression of tumorigenicity 2) receptor and alerts the immune system of tissue
damage and active Th2 response [59]. Neutrophils, natural killers, T cells, epithelial cells,
and goblet cells also express ST-2 receptors. Increased ST-2 and IL-33 expressions have
been reported in COPD and have been linked with higher risk of exacerbations [60]. The
earlier data from phase 2 studies have demonstrated the safety of antibodies targeting
IL-33 and ST-2, as well as improvement in lung function and exacerbation risks. A phase
2a study of anti-IL-33 agent Itepekimab showed improvement in prebronchodilator FEV1
and reduced exacerbation risk in patients with COPD [61]. A phase 2a study of anti-ST-2
Astegolimab in patients with COPD did not improve the exacerbation rates, but showed
improvements in FEV1, the symptom score, and the eosinophil count [62]. Further data
from several ongoing phase 3 studies are expected to shed more light on the safety and
efficacy of these agents [59].

2.8. Soluble Receptor for Advanced Glycation End Products

The soluble Receptor for Advanced Glycation End products (sSRAGE) is a cleaved
version of a transmembrane receptor categorized as an immunoglobulin gene [40]. Medi-
ators in the inflammatory cascade create RAGE ligands that bind to the RAGE receptor.
When the RAGE receptor is bound, it promotes the further transcription of inflammatory
cytokines, creating an amplification cycle for RAGE binding, and thus the generation of an
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inflammatory cascade [2]. Decreased levels of sSRAGE have been found in multiple chronic
diseases, including chronic airway disease (COPD and asthma) [4]. However, sSRAGE is
often elevated in acute respiratory disease, including infection-driven acute respiratory
distress syndrome (ARDS) and isolated RSV infection (in experimental models at least) [40].
The levels of sSRAGE have been found to be lower in smokers without COPD than non-
smoking populations, which suggests a role of smoking in the modulation of the genetic
expression of sSRAGE [2]. Although, a study in Mexico demonstrated that the SRAGE levels
are decreased in patients with COPD due to both tobacco smoking and biomass burning
smoke exposure when compared to those of control groups exposed to these known sub-
stances [63]. A meta-analysis by Pratte et al. summarized the findings of sSRAGE clinical
associations in COPD from four large assays: COPDGene, SPIROMICS, ECLIPSE, and
Pittsburgh COPD SCOOR. Reduced levels of serum sRAGE were found to be associated
with severe baseline airflow obstruction by FEV1 and emphysema on imaging at the time
of investigation [40]. In fact, the levels of SRAGE closely relate to the GOLD classification
of COPD severity [2]. However, these cohorts demonstrated inconsistent findings when
attempting to associate a reduction in SRAGE and the progression of obstruction and/or
emphysema [40]. The SUMMIT trial also did not find a significant association between the
levels of SRAGE and FEV1 decline, exacerbations, hospitalizations, nor mortality [4]. The
relationship between the sSRAGE levels and COPD suggests that COPD may be affected by
genetic contributions, an important subject that warrants further investigation.

2.9. Club Cell Secretory Protein

Club cell secretory protein (CC16) is made by pulmonary tissue and secreted by club
cells during a significant lung injury to provide immunosuppressant and anti-inflammatory
properties [2,41]. As the number of functional club cells declines during COPD disease
development, less CC16 is secreted. CC16 shows promise as a novel biomarker in COPD.
Patients with COPD are found to have lower circulating levels of serum CC16 (which is
been associated with the bronchoalveolar lavage levels), particularly in male patients with
advanced age [42]. Lower levels of CC16 are associated with a more rapid progressive
decline in FEV1 (>40 mL/yr) [2,42]. Changes in CC16 levels are not, however, associated
with the progression of emphysema by imaging nor mortality in the ECLIPSE cohort.
Similarly, its association with COPD exacerbations and hospitalizations has not been well
studied. The role of CC16 in predicting other factors of disease progression aside from
evidence of worsening airflow obstruction warrants further investigation.

2.10. Surfactant Protein-D

Surfactant protein D (SP-D) is another novel biomarker produced by type II pneu-
mocytes that plays a role in the lungs’ innate immunity [2,43]. The serum levels of SP-D
increase as a result of COPD-associated lung injuries and are found at higher levels in
patients with COPD when compared to those of control subjects [2,41]. The SP-D levels are
elevated in acute exacerbations of COPD, and stable patients with COPD with elevated
serum SP-D have shown an increased risk of exacerbation within the following year [43].
The ECLIPSE study also demonstrated associations with elevated SP-D levels and 3-year
mortality. Several studies have evaluated the association between SP-D levels and changes
in spirometry, but with conflicting results. Its utility as a useful and specific predictive
biomarker in COPD is limited in that the levels are associated with a variety of different
factors, including age, body mass index, and the male sex. THe levels are also increased in
multiple different pulmonary disease states [43].
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3. Overview of Lung Samples in COPD
3.1. Sputum Biomarkers

Identifying sputum biomarkers in COPD is a growing area of interest. The roles of
IL-6 and IL-8 in COPD pathogenesis have been described previously, and some studies
have shown increased concentrations of sputum IL-6 and IL-8 in acute COPD exacerba-
tions and severe chronic COPD when compared to those in stable or less-severe COPD,
respectively [25]. Sputum IL-8 has demonstrated a potential role of differentiating bacte-
rial versus non-bacterial exacerbations of COPD. Several small studies have assessed the
sputum IL-8 levels and their association with bacterial exacerbations of COPD, but the
results of these studies have been variable [30]. Tumor necrosis factor alpha (TNF-«) is a
cytokine that contributes to propagation of the Th1 inflammatory response (Figure 1). The
expression of TNF-a is significantly increased by airway tissue experiencing tissue and
cellular injuries in COPD. Higher numbers of TNF-oc immunoreactive cells have also been
found in the airway tissue of patients with COPD [3]. Elevated levels of sputum TNF-o
are seen in cases of severe COPD and acute exacerbations of COPD when compared to
those in stable and less-severe COPD, respectively [25]. Multiple studies have evaluated
the association between increased sputum TNF-« and the evidence of bacterial infection
(highest in Pseudomonas aeruginosa infections), though all these studies were completed
in an outpatient setting [30]. Despite the promising role of sputum measurements, the
serum measurements of TNF-oc demonstrate no statistically significant associations with
mortality, exacerbations, or hospitalizations [28].
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Figure 1. Endotypic profile of COPD (created with www.biorender.com).

Many other sputum biomarkers have been associated with COPD, but the data regard-
ing their diagnostic, predictive, prognostic, and therapeutic utility are limited. Sputum
studies have shown that a subset of patients with COPD have eosinophil counts of >3%.
Similarly, elevated eosinophil counts have also been noted in airway biopsy studies on
patients with COPD exacerbation. Therefore, eosinophilic inflammation has emerged as a
treatable trait in COPD due to the large number of targeted therapies being studied. Some
studies have indicated that blood eosinophils correlate with sputum eosinophils to a lesser
degree in COPD compared to patients with asthma. Elevated sputum eosinophils were
associated with increased risks of exacerbation and lung function decline in the SPIROMICS
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cohort [64]. A small Colombian study reviewed the sputum biomarkers of women with
COPD secondary to tobacco or wood burning smoke and demonstrated that the women
with COPD demonstrate higher sputum levels of IL-8, metalloproteinase 9 (MMP-9), and
chemokine ligand 5 (CCL5) than the control groups [65]. The investigators also reported
higher levels of sputum CCL5 in COPD from tobacco smoking than disease secondary to
wood burning, implicating a potential role for this biomarker to delineate between these
two disease drivers, though more investigations are warranted. This study assessed the
variation in sputum vascular endothelial growth factor (VEGF) levels in COPD and control
patients, but did not detect a significant difference. However, a small Japanese study
compared the VEGEF levels in control patients and those with emphysema and chronic
bronchitis and demonstrated that lower VEGF levels were associated with a decline in air-
flow obstruction in emphysema, and higher VEGF levels were associated with worsening
obstruction in chronic bronchitis [66]. Further research is needed to evaluate the utility of
these biomarkers in clinical practice.

3.2. Invasive Biomarkers

Many studies have also begun to explore the utility of invasive pulmonary samples,
such as bronchoalveolar lavage (BAL) and lung biopsy, in identifying the clinically relevant
biomarkers in COPD. Most studies that have analyzed BAL samples from patients with
COPD have found higher levels of various inflammatory proteins when compared to
those of healthy patients. One study evaluated the extracellular vesicle-associated protein
and microRNA profiles in BAL samples from patients with COPD and found higher
expression levels of 284 proteins, many of which were found to be involved in inflammatory
mechanisms [67]. Few studies have assessed the clinical utility of this biomarker. BAL
glutathione levels have been found to be reduced in acute exacerbations of COPD when
compared to those of patients with COPD [25]. In a bronchoscopy sub-study of the
SPIROMICS cohort, the investigators aimed to assess a BAL protein signature associated
with FEV1 decline in COPD. They did not find a particular protein signature in the BAL
protein analysis of this 25-patient cohort that predicted FEV1 decline given that their chosen
assay had limited utility in studying BAL samples [68]. Unfortunately, many of the assays
used to detect serum biomarkers have not been validated for BAL and lung biopsy samples,
which has created barriers to research progress in this area. The role of lung biopsy in
identifying the clinically relevant biomarkers in COPD has had limited investigation, and
further research in this area is warranted.

3.3. FENO in COPD

Fractional exhaled nitric oxide (FENO) is a biomarker of Th-2 airway inflamma-
tion and has been extensively studied in asthma [44]. The emerging data show promise
using FENO as a biomarker to endotype COPD. Two large clinical trials recently evalu-
ated dupilumab for patients with eosinophilic-type COPD (defined by blood eosinophil
counts >300 cells/uL). Interestingly, although >50% of the patients in both the trials had
FENO < 20 ppb, the averaged baseline FENO for all the patients was 24 ppb, suggesting
heterogenous endotypes of eosinophilic COPD with a range of FENO values. When the
patients were stratified by FENO > 20, the NOTUS trial showed FEV1 improvements on
dupilumab at 12 weeks, but not 52 weeks. Throughout the trial, FENO was reduced by
roughly 10 ppb during therapy. These results are contrasted in the BOREAS trial, which
when stratified by FENO > 20, the patients on dupilumab had sustained improvements
in FEV1 and reduced moderate-to-severe COPD exacerbations at 52 weeks. Similar to
NOTUS, FENO was roughly reduced by 10 ppb during treatment [1,18].
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In addition to pharmacodynamic and monitoring applications, FENO can be used
as a diagnostic, prognostic, and predictive biomarker in COPD. FENO may distinguish
asthma from COPD or characterize asthma—COPD overlap (ACO) [45-48]. Non-smokers
or former smokers with COPD have a lower FENO than those with asthma [49]. A 1-year
prospective biomarker study found that measuring FENO combined with blood eosinophil
counts improved the diagnostic accuracy for severe COPD exacerbations compared to
that of each biomarker alone [50]. Other research suggests FENO does not improve the
diagnostic utility of exacerbation, but it does distinguish COPD from ACO [51]. Persistent
FENO > 20 ppb in patients with stable COPD is associated with an increased risk of
future exacerbations [52]. One study shows patients with COPD and elevated FENO levels
experienced greater symptom control on ICS + LABA; however, even so, an older study
suggests ICS has no effect on COPD lung function [53,54]. Patients with severe COPD who
no longer smoke displayed concordant reductions in FENO alongside systemic markers
of inflammation (CRP, IL-6, and IL-8), while receiving ICS [55]. A study investigated
the effects of bronchodilation on the measurement of FENO and showed an increase in
measured value after inhaled bronchodilator therapy [56]. In a small cohort of patients
with stable COPD caused by either tobacco smoke or biomass burning smoke exposure,
the FENO level was equally elevated compared to that of healthy controls [57].

3.4. Biomarkers of Exhaled Breath Condensate

Exhaled breath condensate (EBC) is a non-invasive method of assessing airway in-
flammation and oxidative stress in the airways, with potential implications in COPD
diagnosis, phenotyping, and disease monitoring [69]. Several EBC biomarkers have been
studied, including, but not limited to, leukotriene B4 (LTB4); prostaglandin E2 (PGE 2);
8-isoprostanein; nitric oxide (NO) metabolite; hydrogen peroxide (H,O,); lactate; for-
mate; acetate; butyrate; malondialdehyde (MDA); matrix metalloproteinase-12 (MMP-12);
neutrophil elastase (NE); and the tissue inhibitor of metalloproteinase-4 (TIMP-4); and
cytokines such as IL-6, IL-10, and TNF-« [69-71].

The EBC profiles have shown the potential to detect subclinical COPD. In a study
of 300 community participants, EBC, MDA, and lactate were able to discriminate even
early-stage COPD in previously undiagnosed patients [71]. Additionally, the analysis of
EBC profiles has been shown to differentiate between asthma and COPD. A study showed
increases in ethanol and methanol levels and a significantly lower level of formate in the
EBC of patients with COPD compared to patients with asthma [72]. Similarly, a decrease
in methanol level along with improvement in walk distance and dyspnea was seen in the
EBC of patients with COPD undergoing pulmonary rehabilitation [73].

Exhaled breath biomarkers have also been linked with COPD disease severity and
exacerbation. A study comparing 161 patients with stable COPD and 112 controls showed
that the EBC pH was lower in the patients with COPD [74]. Hydrogen peroxide, which is a
direct marker of air-space oxidative burden, was noted to be elevated in the EBC of smokers
and COPD subjects compared to that of non-smokers [75]. Another study evaluating
neutrophil chemotactic activity and a neutrophil chemoattractant in EBC demonstrated
higher levels in outpatients with COPD exacerbation compared to those of stable patients
with COPD [76]. EBC can also identify bacterial nucleic acid in patients with COPD with
exacerbations [77]. A prospective study of 68 patients evaluated their exhaled breath
profiles before, during, and after COPD exacerbation and demonstrated classification
accuracies of 71% for baseline vs. exacerbation and of 78% for exacerbation vs. recovery [78].
Elevated levels of H,O, and 8-isoprostanein have also been shown to be linked with
dyspnea sensation in COPD [79].
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The study of EBC biomarkers is an evolving field, but challenges remain with regard
to identifying reliable and clinically useful exhaled breath biomarkers that are accurate and
effective for their intended use. Additional limitations include the lack of standardized
interpretation for these biomarkers, as well as the need for a well-equipped laboratory to
ensure an accurate performance [80].

4. Overview of Imaging Biomarkers for COPD

Numerous thoracic computerized tomography (CT) features are emerging biomarkers
for COPD. Quantitative CT (QCT) imaging reliably characterizes the changes in obstructive
lung disease, including air trapping, hyperinflation, mucus plugging, airway remodeling,
and emphysema severity, among others. Advanced QCT techniques elucidate more nu-
anced and dynamic disease classifications within COPD. For example, parametric response
mapping (PRM) identifies the heterogenous air trapping regions between emphysema
and functional small airway disease (fSAD) and strongly correlates with all the stages
of COPD severity [81-83]. Research on QCT for COPD has proliferated due to the avail-
ability of imaging datasets from several large cohort studies and provides new tools for
COPD screening, early diagnosis, monitoring disease progression, predicting lung function
decline, and prognosticating exacerbations and mortality (Table 2).

Table 2. Association of imaging biomarkers with different COPD outcomes.

Imaging Biomarker Lungivilirlllc:ion Ex?cizll'(bfa(’:;on Funcg(;rcliailnitatus Mortality References
Mucus Plugs T T T 1T [84-88]
Airway Wall Thickness 0 T T T [89-97]
Total Airway Counts 0 [94]
Emphysema T 0 1T [98-107]
fSAD T [108]
Pulmonary Artery Pruning 1 0 T [109,110]
Enlarging Pulmonary Arteries T T [111]

1 = positive clinical association; fSAD = functional small airway disease.

4.1. Changes in Airway Anatomy

In patients with COPD, mucus plugs obstructing medium-to-large airways are asso-
ciated with higher mortality [84]. Silent mucus plugs are very common in patients who
smoke tobacco [85]. In patients without cough or phlegm, silent mucus plugs are associated
with poor disease control and a worse functional status [86]. Mucus plugs are linked to air-
flow limitation [87,88]. Airway wall thickness was associated with impaired quality of life,
but not arterial oxygen tension [89,90]. In addition, airway wall thickness was associated
with increased mortality as emphysema progressed [91]. Pathological airway remodeling
with diminished airway branching complexity was prognostic of respiratory morbidity
and lung function [92]. Ex-smokers were found to have thinner airway walls, which was
linked to higher total (presumably recovered) airway counts [93]. Decreasing total airway
counts are related to lung function decline, serving as an early imaging biomarker for
COPD progression [94]. Changes in the airway-surface-area-to-volume ratio are associated
with respiratory morbidity, COPD progression, and mortality [95]. A cohort of 400 patients
with COPD with increasing Pil0 values (normalized index of airway thickness) could
predict exacerbation risk, lung function decline, and mortality [96]. Current or former
smokers with normal spirometry, but airway wall thickening on QTC, have exacerbations
and functional limitations [97].
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4.2. Developing and Progressing COPD: Emphysema and Lung Function

In one cohort of patients with clinical symptoms of COPD and significant emphysema,
spirometry was normal 10% of the time [98]. Visual emphysema in smokers at GOLD
stage 0 predicted structural physiological disease progression [99]. QCT determines the
percentage of low-level attenuation areas on expiration, indicating regions of air trapping,
which are strongly associated with airflow obstruction on spirometry [100]. QCT on
emphysema is correlated with the diffusion capacity of the lungs for carbon dioxide [101].
In a 5-year cohort of patients actively smoking tobacco, most emphysema progression was
not accounted for by the FEV1 trends, but rather the QCT measures of air trapping [102].
Pan lobular emphysema is associated with greater airflow obstruction, increased respiratory
symptoms, and systemic inflammation [103]. Severe centrilobular emphysema was linked
to worsening diffusion capacity and higher mortality in severe GOLD stage [104]. Higher
grades of emphysema on visual grading and artificial intelligence deep learning were
associated with disease progression across all the GOLD stages [105,106]. Emphysema
progression on QCT is associated with increased all-cause respiratory mortality [107].

Functional small airway disease (fSMAD) is associated with FEV1 decline in mild-to-
moderate COPD [112]. The spatial analysis of coalescing fSMAD pockets predicted lung
function decline and identified regions of emphysema onset [108]. The regions of {SAD to
emphysema transition may serve as an imaging biomarker that identifies otherwise healthy
patients at risk for developing COPD [113]. Decline in lung density was associated with
the serum biomarkers SP-D and sRAGE [114]. Centrilobular emphysema is associated with
sRAGE [115]. Declines in quantified total lung capacity are associated with an FEV1 increase
in PRISm, but FEV1 decreases through GOLD stages 3—4 [116]. Over 10 years, patients
actively smoking with emphysema had the greatest decrease in lung density [117]. The QCT
markers linked with spirometry and the development of COPD include FEV1 and airway
wall thickness, FEV1/FVC and emphysema, air trapping and residual volume, functional
small airway disease and FEV1, and lung volumes with COPD progression [112,118,119].

Disease progression modeling characterizes developing COPD subtypes. One study
found a “tissue to airway” pattern of fSAD and emphysema before large airway changes
(airway wall thickness and airway wall area), whereas the “airway to tissue” pattern was
reversed. Such QTC information applied across multiple biomarker domains, and indeed
30% of healthy smokers, showed features of both COPD pathologic patterns [120]. Two
indices of CT-measured lung volume in patients smoking tobacco were successfully descrip-
tive of emphysematous pathology (high TLC) versus airway disease/airflow obstruction
(high FRC/TLC) [121].

4.3. Predicting Exacerbations by Imaging

The QCT markers of lung tissue texture and airway structure were predictive of exac-
erbations and performed better than BODE or exacerbation history [122,123]. Airway wall
area and wall thickness were associated with the frequent COPD exacerbation phenotype
in patients with stable disease [92]. Even when QCT was obtained for non-pulmonary
reasons, the incidental finding of emphysema and airway wall thickness predicted future
severe COPD exacerbations [124].

4.4. Pulmonary Vasculature and Other Imaging Markers

Some patients with mild COPD were found to have reduced pulmonary microvascular
blood flow in non-emphysematous lung regions, a potentially distinct process, or in the
“airway to tissue” subtype [125]. Pulmonary artery strain is reduced in COPD [126]. An
increased residual volume in patients with COPD was linked to a larger pulmonary artery
area [127]. Pulmonary artery pruning was associated with progressing emphysema, rapid
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lung function decline, increased residual volume, exercise capacity, and COPD mortal-
ity [109,110]. The total cross-sectional area of sub-segmental pulmonary artery vessels was
correlated with the degree of emphysema [128]. Enlarging pulmonary arteries in patients
with COPD were associated with lower exercise tolerance and increased mortality [111].
Hyperinflation is associated with coronary artery disease in patients who smoke [129].

4.5. Identifying Undiagnosed COPD by Imaging

COPD is highly prevalent in lung cancer screening populations [130]. Almost 2/3 of
patients in a lung cancer screening cohort were found to have undiagnosed COPD [131].
In another large cohort of patients undergoing general lung health screening, almost 20%
were found to have undiagnosed COPD [132]. One study found low-dose expiratory CT
scans for male smokers undergoing lung cancer screening had 63% sensitivity and 88%
specificity for diagnosing COPD [133].

5. Clinical Utility of COPD Biomarkers

Physiological biomarkers have varying degrees of utility in the clinical evaluation and
management of COPD. Blood eosinophil count is a crucial biomarker for identifying pa-
tients with type 2 inflammation who are more likely to benefit from inhaled corticosteroids,
as well as biologics like dupilumab, and it also carries prognostic information concerning
exacerbation frequency and lung function decline [1,18] (Figure 2). As such, the GOLD
Report guidelines now recommend the measurement of blood eosinophil as a component
of routine COPD evaluation [16]. IgE is emerging as an important prognostic biomarker
and one that may also predict the response to dupilumab [18]. The systemic inflammatory
markers CRP and fibrinogen offer predictive and prognostic values for exacerbations and
mortality, with CRP also showing promise in guiding antibiotic use in the management
of exacerbations. The role of procalcitonin in guiding antibiotic therapy in COPD exacer-
bations remains debated, but it remains a sound strategy to de-escalate antibiotics based
on decreasing procalcitonin levels. The cytokines IL-6 and IL-8 have demonstrated prog-
nostic associations with exacerbations, hospitalizations, and mortality, though their use
in acute settings is less clear. Novel biomarkers, such as IL-33/ST-2, sSRAGE, CC16, and
SP-D, provide potential prognostic insights into exacerbation risk, disease severity, lung
function decline, and mortality, but require further investigation of how this insight tailors
management. Sputum biomarkers are being investigated for their ability to reflect airway
inflammation and predict exacerbations, while invasive biomarkers from bronchoalveolar
lavage and lung biopsies require more exploration. FeNO is proving useful in distinguish-
ing COPD from asthma/ACO, predicting the exacerbation risk, and potentially monitoring
and predicting the response to therapies targeting type 2 inflammation [44—48]. Exhaled
breath condensate analysis offers a non-invasive approach to assess airway inflammation
and oxidative stress, though the identification of reliable clinical biomarkers in this domain
remains a challenge.

Currently, there are only a few clinical applications for imaging biomarkers in COPD.
The guidelines highlight QCT for planning endobronchial valve placement or lung re-
duction surgery [16]. Specifically for bronchial valves, QCT identifies the emphysema
lobe level, emphysema distribution, adjacent lobar volume, and fissure integrity, which
are critical for proper patient and valve site selection [134-136]. Another clinical appli-
cation for imaging biomarkers uses annual low-dose CT (LDCT) scans for lung cancer
screening. One study reported 63% sensitivity and 88% specificity of LDCT for detecting
COPD [133]. A very high prevalence of COPD has been identified in other patient cohorts
undergoing annual LDCT, highlighting the clinical utility of LDCT for COPD diagnosis
and population-level case findings [131,132,137].

140



Diagnostics 2025, 15, 1245

Clinical Applications of Biomarkers in COPD
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Figure 2. Clinical applications of biomarkers in COPD (created with www.biorender.com).

In a few short years, we anticipate other emerging QCT techniques to enter clinical
medicine. Emphysema percent quantification (somewhat analogous to the left ventric-
ular ejection fraction) identifies the percent of low-level attenuation areas in pulmonary
parenchyma, which are associated with COPD symptoms, airflow obstruction, disease
progression, and mortality [100]. The systematic grading of airway mucus plug burden or
small airway counts should become easier with artificially intelligent automated radiology
software, and these findings have been associated with airflow obstruction, symptoms, and
exacerbations [138]. Future challenges remain, such as defining optimal imaging protocols
considering age, sex, and race, where meaningful clinical differences exist; proper artificial
intelligence training on large imaging datasets; and further technological advancements in
scanning resolution and software processing power.

Despite the growing interest in COPD biomarkers, several challenges hinder their
widespread clinical application and incorporation into practice guidelines. Conflicting
evidence across studies for these biomarkers creates uncertainty regarding their reliability
and utility. A significant limitation is the lack of validation in large, prospective studies
to confirm the clinical significance of these biomarkers and to establish reliable cut-off
values for clinical decision making. Furthermore, the heterogeneity of COPD contributes to
inconsistencies in the research findings. COPD is a complex disease that involves multiple
inflammatory pathways and clinical phenotypes, so relying on individual biomarkers may
not appropriately capture the multifaceted nature of the disease. Many of these biomarkers
are altered in a multitude of other disease states, and there are a lack of validated data
to support the specificity in utilizing these biomarkers in the clinical setting of COPD
management. Lastly, while the emerging targeted therapies have highlighted the need for
effective biomarkers, the translation of the research findings into routine clinical practice
often faces hurdles related to standardization and cost-effectiveness. Overall, further
research will be essential to validate the clinical utility of COPD biomarkers and to develop
biomarker-driven strategies for precision COPD care.
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6. Differential Biomarkers Between Tobacco Smoke and Biomass
Burning Smoke Exposure

It is estimated that almost half of COPD worldwide is due to non-tobacco expo-
sure [139]. Although the majority of COPD biomarker work has been conducted on pa-
tients exposed to tobacco smoke, (TS-COPD) there are emerging biomarker data for COPD
related to biomass burning smoke exposure (BS-COPD). A cohort of over 700 patients from
Morrocco who self-reported cumulative biomass burning smoke exposure (wood heating
for men and cooking biomass for women) revealed increased odds of COPD with higher
biomass burning smoke exposure indices [140]. The natural history of BS-COPD is different
from that of tobacco smoking, with less parenchymal destruction, more chronic bronchitis,
and the slower decline of lung function [141,142].

One small study found greater bronchial hyperresponsiveness in BS-COPD compared
to TS-COPD [143]. Another study directly compared the cytokine profiles between 29
women with TS-COPD and 31 women with BS-COPD and found the level of chemokine
ligand 5 was higher in the TS-COPD group [65]. Additional research has uncovered distinct
features of BS-COPD compared to those of healthy controls; one cross sectional study of
180 women in rural Peru found that kitchen concentrations of black carbon were associated
with increased blood levels of the pro-inflammatory cytokine TNF-alpha [144]. Another
cohort of 140 women from East India who cook exclusively with biomass burning smoke
exposure had elevated serum levels of TNF-alpha and neutrophils compared to those of
women who cook with cleaner petroleum gases, and this finding was replicated in a larger
cohort study involving over 1000 participants [145]. Conversely, a smaller case—control
study from South India found that serum TNF-alpha levels were much higher in 40 patients
with tobacco smoke COPD versus those of 40 patients with BS-COPD [146]. What is clear,
however, is that more research is needed to understand the major BS-COPD phenotype.

7. Conclusions

Biomarkers have significant potential for improving the diagnosis, prognosis, and
management of COPD. Serum, sputum, imaging, and exhaled biomarkers are becoming
increasingly important tools in not only predicting COPD outcomes, but predicting the
treatment response to evolving therapies in COPD. The integration of these biomarkers into
clinical assessments promotes personalized treatment strategies, enabling more targeted
interventions and better patient outcomes. However, important unmet needs remain, in-
cluding the stability of biomarkers over time, the predictive ability of composite biomarkers,
and the lack of well-defined type 1 biomarkers. Importantly, additional research that would
clinically validate these various biomarkers longitudinally is warranted. An ongoing inves-
tigation of novel biomarkers, including other known inflammatory mediators and genetic
markers, may also uncover new therapeutic targets, improve prognostic guidance, and
further enhance the understanding of COPD pathogenesis. There has been immense devel-
opment in investigating the role of biomarkers in COPD, but further research is needed to
continue to progress COPD care and improve the quality of life for affected patients.
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Abstract: Interstitial Lung Disease (ILD) is one of the most common causes of mortality
in idiopathic Inflammatory Myopathies (IIM). Despite these conditions being commonly
associated with proximal weakness, skin rashes and arthritis, ILD can be the first or the sole
clinical feature in up to 60% of patients, potentially leading to incorrect diagnosis. The early
recognition of an underlying IIM in ILD patients can allow for prompt treatment, which
could potentially stabilize or even improve the lung disease, also avoiding the development
of other clinical features associated with the condition. The objective of this review is to
describe the clinical, serological and radiological features associated with IIM-ILD, mainly
focusing on dermatomyositis and antisynthetase syndrome.

Keywords: interstitial lung disease; idiopathic inflammatory myopathies; dermatomyositis;
polymyositis; antisynthetase syndrome; autoantibodies

1. Introduction

The term “Interstitial Lung Disease” (ILD) defines the deposition of cells and/or
extracellular matrix in the lung interstitium. While in some cases, the disease may regress
or stabilize, in other cases, especially in the presence of a fibrotic phenotype, it can progress,
leading to decreased quality of life or even death due to respiratory failure [1].

Over 200 different conditions are associated with ILD, such as environmental exposure
(smoke, dust, drugs), genetic factors, infections and autoimmune conditions. Among the
latter group, Connective Tissue Diseases (CTDs) are responsible for about 25% of ILDs [2].
In particular, about 6% of the total ILD is caused by a subgroup of CTDs called Idiopathic
Inflammatory Myopathies (IIM) [3].

The diagnosis of an IIM underlying ILD is not straightforward because it requires tight
collaboration between rheumatologists and pulmonologists for the recognition of clinical
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and serological signs, which are often nuanced. Moreover, as seen in primary Sjogren’s
Syndrome (pSS), ILD may be the first or even the sole clinical manifestation of IIM reported
by patients in 20-60% of cases [4-7]. Those patients are commonly classified as idiopathic,
especially in the presence of fibrotic features identified by High-Resolution Computed
Tomography (HRCT) or biopsy [8,9].

Despite ILD being a common manifestation of IIM, it was not included in the classifi-
cation criteria for IIM or DM [10-12], which are currently the most widely used criteria for
the classification of these patients, contributing further to the diagnostic delay.

Clearly, an incorrect diagnosis may delay an appropriate therapeutic approach, which
may have a potential impact on survival.

The objective of this review is to describe the diagnostic approach to ILD patients,
with a focus on the identification of potentially underlying IIM.

2. Classification of Idiopathic Inflammatory Myopathies

The term IIM encompasses a group of CTDs characterized by proximal weakness
and prevalent inflammation of muscles. The group initially included only Polymyositis
(PM) and Dermatomyositis (DM), according to the criteria proposed by Bohan and Peter
in 1975 [10,11]. In the following years, Inclusion Body Myositis (IBM), Immune-Mediated
necrotizing Myopathy (IMNM) and Antisynthetase Syndrome (ASyS) were added [12-14],
and some authors suggested including Overlap myositis [15], conditions in which patients
have myositis associated with another CTD. Increased knowledge of myositis histology,
along with the discovery of a number of autoantibodies serving as disease markers, has
given rise to suggestions of removing PM from this classification, as most patients proved
to be more correctly classified as IBM, IMNM, or ASyS [14].

At present, the sole classification criteria available for the recognition of these condi-
tions are the historical Bohan & Peter Criteria [10,11], while ASyS is classified according
to expert opinion-based criteria [16], pending the forthcoming criteria endorsed by the
American College of Rheumatology (ACR) and the European Alliance for Associations for
Rheumatology (EULAR) [17].

As DM and ASyS are responsible for the vast majority of IIM-ILD, this review mainly
focuses on these two entities.

3. Clinical Features of Dermatomyositis and Antisynthetase Syndrome

The clinical manifestations of DM and ASyS are mainly associated with skin and
muscle involvement. These features can be very useful for diagnosis. However, it should
be noted that up to 40% of non-Jol + ASyS patients will only show ILD during their entire
clinical course [18]. A comprehensive list of possible clinical features is reported below.

3.1. Unexplained Fever

Fever is quite common in IIM, with a prevalence ranging from 19-41% [17,19]. This
symptom seems to be more common in DM than in ASyS, probably due to its under-
lying pathogenic mechanism driven by interferon 1 [20]. Generally, it is described as
an increased oral body temperature of 37.5 °C for 3 days [19]. Significantly higher val-
ues can help differentiate an autoimmune origin from an infectious one, although this is
not always straightforward. Some infections, such as COVID-19 pneumonia, can induce
an inflammatory ILD very similar to that expected in IIM-ILD and can even be associated
with the production of anti-MDAS5 autoantibodies [21,22]. Of note is the fact that the
presence of fever is mainly associated with the presence of consolidations on HRCT and an
increased risk of acute exacerbation [23].
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3.2. Raynaud’s Phenomenon

Raynaud’s Phenomenon (RP) is a relatively common sign in both healthy individuals
and CTD patients. RP results from the vasoconstriction of terminal circulation (mainly in
the hands, but also feet, ears and nose), with a color change from white to blue and red
(at least the first two phases must be present to define the condition) [24]. The prevalence
of RP is 3-5% in healthy subjects; it is almost always present in Systemic Sclerosis (SSc),
while it affects about 20-30% of IIM patients [25-27]. Nailfold Videocapillaroscopy (NVC)
is a very useful tool to determine whether RP is isolated (“primary RP”) or associated
with an underlying autoimmune disease: in the presence of SSc, NVC findings include
giant capillaries and/or avascular areas [28]. NVC can also be pathologic in IIM, with the
possible presence of bushy capillaries [29]. However, differently from SSc, NVC positivity
is not associated with the presence of RP in IIM patients [30,31]. Therefore, it could be
useful to perform NVC on all ILD patients for whom IIM is suspected.

3.3. Inflammatory Arthritis

Inflammatory arthritis, together with myositis and ILD, is part of the classic triad used
to define the typical clinical pattern of ASyS [32]. Prevalence ranges from about 15% in DM
patients to 45% in ASyS patients [17]. Different patterns of arthritis have been described: if
present at the onset of ASyS (about 30% of cases), arthritis shows a distribution and clinical
behavior similar to Rheumatoid Arthritis (RA), with symmetrical involvement of the small
joints and the potential presence of erosions. If inflammatory arthritis develops during the
disease course (about 15% of cases), it resembles a more common arthritis seen in CTDs
(asymmetrical, without erosions) [33].

3.4. Myositis

Myositis is present in up to 70% of ASyS cases during the clinical course, and it is
virtually always present in DM, although some DM cases, mainly those associated with
anti-MDADJ positivity, can present a clinically amyopathic phenotype [17,34]. The presence
of myositis may be suggested by increased levels of muscle enzymes: Lactic Dehydrogenase
(LDH), Aspartate and Alanine Transferase (AST and ALT), and other more specific markers
such as Creatine Phosphokinase (CPK), myoglobin and aldolase [35]. The most important
enzyme for diagnosing myositis is CPK, although aldolase may be increased with normal
CPK levels, suggesting early muscle cell regeneration [36]. Clinically, myositis typically
involves the proximal muscles of the arms and legs, as well as neck flexors, pharynx
and the proximal esophagus, leading to fatigue, proximal weakness, and, more rarely,
dysphagia [37]. These two latter symptoms are considered very important for a correct
diagnosis and were included in the classification criteria for IIM [12]. The clinical picture
often also includes myalgia, reported by about 40% of patients [17]. While myalgia is
common, it is deemed nonspecific and was not included in the classification criteria for any
IIM. However, it could be diagnostically valuable, especially in patients presenting with
ILD. ILD-IIM patients often show little or no increase in muscle enzymes, making diagnosis
difficult [38]. However, ILD patients with myalgia have been found to test positive for
myositis autoantibodies in up to 68% of cases [39].

Myositis can be confirmed by electromyography (EMG), commonly showing a myopathic
pattern, or through imaging: ultrasound can suggest the presence of edema, while Magnetic
Resonance Imaging (MRI) can provide more specific details on muscle inflammation and
damage. Finally, Positron Emission Tomography (PET) can be useful both in evaluating
muscle inflammation and as a potential screening tool for associated cancer [40,41]. Indeed,
IIM patients present an increased risk of various cancers within 3 years of diagnosis [42].
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Rarely, confirmation of myositis may require histological examination. DM is histo-
logically characterized by CD4+ cells in the endomysium, B lymphocytes in perivascular
areas, endothelial hyperplasia with thrombi, reduced capillary density, and perifascicular
atrophy. In AsyS, macrophages predominate, with a similar distribution of CD4+ cells, B
cells in the perimysium, and CD8 cells in the peri and endomysium. Perifascicular regions
typically show necrosis [43,44].

3.5. Skin Involvement

Skin involvement is very important for diagnosing ILD-IIM. ASyS is typically as-
sociated with hyperkeratotic rashes, while DM is associated with erythematous lesions.
Among the hyperkeratotic rashes, Mechanic’s Hands and Hiker’s Feet are notable. They
are characterized by cracking and hyperkeratosis of the fingers (generally the first three)
and the palms and plantar soles, respectively [45]. Regarding erythematous rashes, the
most important are Gottron Papules. They are red-to-violaceous papules on the extensor
surfaces of joints, primarily the hands. The lesion is considered pathognomonic for DM [46].
Another nearly pathognomonic feature is the Heliotrope Rash, a violaceous, dusky rash
around the eyes, with or without associated edema. Other erythematous-violaceus rashes
and macules may appear on the elbows and knees (Gottron Sign), the posterior neck
and shoulders (Shawl Sign), the anterior neck and chest (V sign) and the thighs (Holster
Sign) [46]. DM can also be associated with facial erythema involving the nasolabial folds
and calcinosis [46].

It is important to highlight that, when facing a patient with ILD, the presence of
florid erythematous skin involvement, especially if not associated with significant myositis,
should raise a suspicion of Amyopathic DM, a condition generally associated with positivity
for anti-MDADS antibodies and a severe risk of rapid progression [47]. A collection of typical
skin rashes associated with IIM is reported in Figures 1 and 2.

Figure 1. Shawl Sign present in the last year in a 68-year-old woman with DM.
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Figure 2. (A): Gottron Papules that first appeared a week before in a 43-year-old woman with DM;
(B): Heliotropic Rash present in the last 6 months in a 64-year-old woman with DM; (C): Hiker’s Feet,
undated, in a 53-year-old woman with ASyS.

4. Autoantibodies in Dermatomyositis and Antisynthetase Syndrome

Autoantibodies play a crucial role in diagnosing IIM in the context of ILD potentially
associated with IIM. In recent years, many new myositis-related autoantibodies have
been described. The majority of these are associated with the presence of ILD, and each
autoantibody typically correlates with a specific clinical presentation [48].

4.1. Types and Classification of Myositis Autoantibodies

Myositis autoantibodies are commonly divided into two categories, namely Myositis
Associated Autoantibodies (MAA) and Myositis Specific Autoantibodies (MSA). The former
includes anti-PM/Scl, anti-Ku, anti-UIRNP and anti-Ro52kD. These autoantibodies are
often present in overlap conditions or may also be found in CTDs other than IIM. In contrast,
MSA is regarded as highly specific for different [IM subtypes [49]. Table 1 summarizes
the main [IM-related autoantibodies, categorizing them according to the specific disease

subtype with which they are associated [50].

Table 1. Autoantibodies in Idiopathic inflammatory Myopathies.

Class Subclass Autoantibody Target A.N A Condition Clinical Picture
Staining
. ILD, DM skin rashes,
Anti-Pm/Scl Anti-Pm/scl L myositis (100 kD),
exosome complex Nucleolar Scleromyositis
[51,52] (100kD or 75 kD) Scleroderma features
(75 kD)
Ku (DNA bindin Scleromyositis,
Anti-Ku [53] . 8 Fine speckled but also other SSc features, myositis
MAA MAA protein) CTD
Negative, fine ASyS, pSSbut  Severe ILD, commonly
Anti-Ro52kD [54] TRIM21 speckled or also other CTDs associated with ASA
cytoplasmic
Mixed Connective
. Subunit 1 of Coarse . .
Anti-UIRNP [55] Ribonucleoprotein speckled MCTD Tissue Disease (ILD,

arthritis, myositis)
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Table 1. Cont.

ANA

Class Subclass Autoantibody Target . Condition Clinical Picture
Staining
. Cytosolic Weakness with mild
IBMA Anti-CN1A [56] 5'-nucleotidase 1A none IBM increased CPK
Sienal R nition Myositis with little or
Anti-SRP [57] & ecognitio Cytoplasmic IMNM no histologic
Particle . :
inflammation
IMNMA .
. 3Hy.droxy 2 Negative or Myositis with little or
Anti-HMGCR methilglutaryl- . . .
cytoplasmic IMNM no histologic
[57] Coenzyme A . ¢
speckled inflammation
reductase
Multiple Classic DM, severe
Anti-MJ/NXP2 NXP2 nuclear dots or DM my9s1tls at opse.:t,
[58] possible association
speckled .
with cancer
. DM, mainly
Anti-Tifly [59] . Tran§cnphon Fine speckled DM (c.ancer— cancer-related. Possible
intermediary factor 1y associated) h -
ypo-amyopathic
DMA Nucleosome
Anti-Mi2 [60] remodeling Fine speckled DM Classic DM, mild
deacetylase complex
Melanoma Negative or Clinically amyopathic,
Anti-MDA?5 [61] Differentiation faint DM (CADM) potentially severe ILD
associated protein 5 cytoplasmic and rashes
MSA Small ubiquitin-like
Anti-SAE1 [62] modifier activating Speckled DM Classic DM
enzyme
-1 . ASyS, classic triad
Anti-Jo1 [34] Hystidil tRNA (;ytoplasmlc ASyS ILD-inflammatory
synthetase fine speckled . o
arthritis and myositis
) Cytoplasmic ASyS, prevalence of
PL-7 [63] ThreonyltRNA dense fine ASyS ILD (potentially
synthetase
speckled severe)
) Cytoplasmic ASyS, prevalence of
PL-12 [63] AlanyltRNA dense fine ASyS ILD (potentially
synthetase
speckled severe)
. ASyS, prevalence of
ASA Anti-E] [63] GlycylHRNA Cytoplasmic ASYS ILD (potentially
synthetase speckled
severe)
. soleucyl-tRNA Cytoplasmic ASyS with prevalent
Anti-OJ [64] synthetase speckled ASyS ILD or even ILD alone
. Asparaginyl-tRNA Cytoplasmic ASyS with prevalent
Anti-KS [64] synthetase speckled ASYS ILD or even ILD alone
. Phenylalanyl-tRNA Cytoplasmic
Anti-Zo [65] synthetase speckled ASyS ILD commonly alone
. Tyrosyl-tRNA Cytoplasmic
Anti-Ha [65] synthetase speckled ASyS ILD commonly alone

Legend: ANA: Antinuclear Antibody; ASA: Antisynthetase Antibodies; ASYS: Antisynthetase Syndrome;
CADM: Clinically Amyopathic Dermatomyositis; CPK: Creatine Phosphokinase; CTD: Connective Tissue Disease;
DM: dermatomyositis; DMA: Dermatomyositis Antibodies; IBM: Inclusion Body Myositis; IBMA: Inclusion
Body Myositis Antibodies; ILD: Interstitial Lung Disease; IMNM: Immune Mediated Necrotizing myosi-
tis; IMNMA: Immune Mediated Necrotizing myositis Antibodies; MCTD: Mixed Connective Tissue Disease;

MSA: Myositis Specific Antibodies; SSc: Systemic Sclerosis.
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Considering MAA from a pneumological perspective, the most important autoanti-
bodies are probably anti-Ro52kD. They may be detected in virtually all CTD subtypes, but
they are associated with Antisynthetase Antibodies (ASA) in up to 50% of cases of ASyS,
portending a worse prognosis in ILD patients [54]. In clinical practice, it is not uncommon
to find anti-Ro52kD autoantibodies in the sera of ILD patients in the absence of any extra-
pulmonary sign of CTDs. These patients are usually classified as “Interstitial Pneumonia
with Autoimmune Features” (IPAF) [66]. In these cases, a thorough assessment of the
autoimmune profile, including IIM-related autoantibody testing, is warranted to detect
potentially associated ASA. Moreover, IPAF patients should undergo a prompt follow-up
to promote early recognition of potential progression toward specific CTDs [67,68].

The remaining MAA are anti-Pm/Scl, anti-Ku and anti-UIRNP. The first two are
associated with an overlap condition between SSc and myositis called “scleromyositis”,
while anti-UIRNP is the typical marker of Mixed Connective Tissue Disease (MCTD), a rare
condition characterized by an overlap between myositis, Systemic Lupus Erythematosus
and SSc. ILD is generally present in scleromyositis and MCTD in an established clinical
picture; therefore, the diagnosis is generally quite straightforward.

ILD secondary to IIM (ILD-1IM) is closely associated with MSA, mainly in the subclass
of Dermatomyositis Antibodies (DMA) and ASA. DMA include anti-MJ/NXP2, anti- Tifly,
anti-Mi2, anti-MDADS and anti-SAE. All of these autoantibodies are associated with signifi-
cant erythematous skin involvement. Myositis is generally more severe in anti-MJ/NXP2,
whereas anti-MDADS is associated with a severe interferon-1-mediated interstitial lung dis-
ease, potentially rapidly progressive with a poor prognosis [34]. The frequent associations
of DM with cancer should also be highlighted. Of note, cancer-related DM is generally
associated with the presence of anti- Tifly autoantibodies [59].

ASAs are a group of MSAs representing the serological hallmark of ASyS. The classic
triad of inflammatory arthritis, ILD, and myositis is more common with anti-Jol positivity
(which is also the most common ASA) [32]. Other autoantibodies are rarer but are associated
with severe ILD, which can be the sole ASyS manifestation during the entire course of the
disease [18]. Since anti-Jol is the only ASA detected by commonly available commercial
kits for Extractable Nuclear Antigen, specific testing for non-jo1-ASA should be performed
whenever the suspicion of secondary ILD is raised [68].

4.2. Interpretation and Reliability of Myositis Autoantibodies

Correct interpretation of MSA /MAA is crucial in the management of ILD patients.
Therefore, it is important to highlight current limitations in autoantibody testing. The
current gold standard for the assessment of MSA/MAA is Immunoprecipitation (IP),
which is an expensive, time-consuming technique and, therefore, not available on a large
scale. Moreover, incorrect results are possible even with IP testing due to the potential
co-migration of other proteins affecting the recognition of some autoantibodies (e.g., anti-
MDADS5, anti-NXP2, anti-SRP, anti-SAE) [48]. A certain variability has been shown in IP
performed in different centers [69]. Other techniques, such as Line Blot Immunoassay
(LIA), can recognize different autoantibodies at the same time in a semi-quantitative
manner. They are easy and cheap to perform, but they are also burdened by a significant
number of incorrect results. It is relatively common to see false positivity for MSAs such as
anti-TIF1ly, anti-MDADS, anti-Mi2, and false negativity for rare ASA [70-72]. The optimal
approach could be a periodic test in selected patients, followed by confirmation through IP
in patients who test positive on LIA for MSA/MAA. However, other measures should also
be employed to improve the reliability of LIA. First of all, MSA/MAA testing shows low
reliability in populations with a low pre-test probability of IIM diagnosis [72]. Correlation
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with the expected clinical picture is useful in the general population [73] but probably less
so with ILD patients since isolated ILD is very common in MSA-positive patients.
Correlation with the expected Antinuclear Antibody (ANA) pattern has also been
shown to improve the reliability of LIA results [74]. The expected ANA pattern is reported
for each autoantibody in Table 1. Moreover, false positivity is more common for low
autoantibody titers and rare in the presence of high titers [75]. Inconclusive results, such
as the “grey zone” in LIA, should be treated as negative. Finally, MSAs are considered
mutually exclusive [49]: the association of multiple MSAs and the association of anti-
Pm/scl with MSA is extremely uncommon [76]. However, some authors reported the
coexistence of multiple autoantibodies, repeatedly confirmed and correctly associated with
the clinical picture in about 10% of patients [77,78]. This is in line with clinical practice,
where it is relatively common to find patients with seropositive ASyS showing clinical
features associated with other conditions (mainly SSc). Therefore, positivity for multiple
autoantibodies should be treated with caution by carefully considering the overall clinical
picture, autoantibody titers and the expected ANA pattern. Importantly, the high risk of
false positivity and the possibility of a potential overlap syndrome should be considered.

5. ILD Associated with Dermatomyositis and Antisynthetase Syndrome

ILD is a major cause of mortality in I[IM, with an increased mortality rate of around
40% [79]. Respiratory failure is pathologically linked with the infiltration of inflammatory
cells and/or the deposition of extracellular matrix in the lung interstitium. However,
weakness of the respiratory muscles can also contribute [80]. As pointed out before, ILD
can be the main or even the sole clinical feature in the context of IIM. Therefore, recognition
of the underlying autoimmune disease can be difficult. Of note, patients with isolated
lung involvement tend to be referred to lung units for respiratory symptoms prior to any
rheumatologic assessment [17,81].

It should be noted that from the clinical point of view, respiratory symptoms of
IIM-ILD patients are the same as those reported for other ILD patients (dyspnea, dry
cough), but Velcro crackles on chest auscultation are uncommon, given the rarity of a UIP
pattern in these conditions [3]. Attention should be given to the possibility that a significant
proportion could be asymptomatic, as well as the severity of ILD in IIM and the myositis
disease activity [3]. In addition, Pulmonary Function Tests (PFTs) can be sensitive but not
specific. They can be normal or show a restrictive pattern characterized by a reduction
in forced vital capacity and diffuse lung capacity for carbon monoxide. It is of great
interest that a restrictive pattern can also be due to the inflammatory involvement of
respiratory muscles rather than ILD. In these cases, the evaluation of maximal inspiratory
and respiratory pressure (respectively, Total Lung Capacity and Residual Volume) has
been proposed [82]. In any case, clinics, objective exams, and PFTs can be used as a first
diagnostic assessment, but appropriate imaging is required. Their role had greater value
during follow-up.

Chest X-ray can recognize parenchymal abnormalities, but usually when present at
advanced stages [83]. HRCT is, therefore, the gold standard for detecting ILD, monitor-
ing the response to treatment and identifying disease progression and/or complications.
Importantly, HRCT allows early diagnosis of ILD and is useful to localize pulmonary
lesions, estimating their extent and assess the fibrotic burden. HRCT is also crucial for
prognostic purposes, as it can highlight the presence of ventilation defects and aspiration
pneumonia. However, radiological findings alone are not sufficient for the proper diagnosis
and classification of ILD patients; therefore, a multidisciplinary approach is warranted.
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5.1. Radiological Pattern of ILD in IIM

The most common ILD pattern associated with the presence of IIM is Nonspecific
Interstitial Pneumonia (NSIP), with or without superimposed Organizing Pneumonia (OP)
(Figure 3). The NSIP pattern can be divided into cellular and fibrotic. Both are characterized
by the presence of bibasilar and symmetric ground-glass opacities, with the fibrotic form
adding fine reticulations. OP is characterized by ground-glass consolidations and rarely by
reticulation, bronchiectasis, interstitial nodules, interlobular thickening of septa, halo sign,
inverted halo sign or airspace nodules. OP lesions have a subpleural/peribronchovascular
and perilobular distribution, with bilateral involvement, especially in the middle-basal
lung regions [84]. These two patterns are present in about 66% and 32% of DM patients,
respectively. However, when considering only Rapidly Progressive ILD-DM cases, the
proportion of NSIP and OP patterns shifts to 30% and 70%, respectively, clearly suggesting
that consolidations should be considered a marker of potential rapid progression, com-
monly associated with the presence of anti-MDAS antibodies [85]. These autoantibodies
are also associated with a possible acute Diffuse Alveolar Damage (DAD) pattern [85,86].
This pattern, although rare, is very similar to that observed in COVID-19 pneumonia,
potentially associated with pneumothorax and/or subcutaneous emphysema [87]. The
Usual Interstitial Pneumonia (UIP) pattern is also uncommon in DM-ILD, being present in
about 2% of patients [86]. It is characterized by traction bronchiectasis, honeycombing and
thickening of bronchovascular bundles [86].

Figure 3. NSIP + OP pattern in a 57-year-old male at the time of diagnosis of DM.

ILD is also the main clinical sign of ASyS, affecting about 80% of patients in the largest
cohort of ASYS available in the literature [17]. The most commonly encountered pattern,
characterizing about 60% of cases, is also NSIP with or without associated OP. However,
a UIP pattern is also possible, with a prevalence of about 12% of patients [7]. Mainly in
the presence of non-Jol ASyS antibodies, ILD can be the first, or even the only, clinical
feature associated with the condition. Notably, the prognosis seems to be more severe in
the presence of anti-PL7 antibodies due to the higher risk of ILD progression [17].

5.2. Progressive Fibrosing Phenotype in IIM-ILD

The concept of progressive fibrosing phenotype has recently gained significant value
in the management of ILD patients, especially since the antifibrotic agent nintedanib was
shown to slow the progression of fibrotic ILD other than Idiopathic Pulmonary Fibrosis
(IPF) and its use was subsequently approved for the treatment of these patients [88].
Unfortunately, it is difficult to directly extrapolate information for the treatment of IIM
patients from the INBUILD trial, as the proportion of IIM-ILD patients recruited is unclear.
However, the concept is of great interest, as it has been demonstrated that about 30% of
non-IPF patients with a fibrotic phenotype on HRCT share a similar prognosis to classic
IPF patients despite the underlying condition [89]. Progressive fibrosing ILD is not limited
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to UIP patients but is potentially also connected to fibrotic NSIP and OP, being defined
by specific criteria including a relative decline of Forced Vital Capacity (FVC) of 10% or
a decline of FVC between 5-10% combined with worsening of the fibrotic extension in
HRCT or respiratory symptoms within 24 months [88].

It is reported that about 25% of ASyS-ILD present a progressive fibrosing phenotype,
mainly associated with the seropositivity for non-anti-Jol antibodies and the presence
of reticular opacities on HRCT. This group could benefit from antifibrotic treatment in
addition to the classic immunosuppressive drugs [90].

There are no available data on PPF in the context of ILD-DM. However, some authors
reported on the administration of the antifibrotic agent pirfenidone to clinically amyopathic
dermatomyositis patients, showing no effects in the acute phase but a trend for the reduction
of mortality in the sub-acute phase [91].

Overall, these data highlight the importance of the correct recognition of ILD-IIM
patients in order to avoid their misclassification as indeterminate or idiopathic ILD cases
with the consequent risk of receiving incomplete treatment.

6. The Problem of Interstitial Pneumonia with Autoimmune Features

IPAF was proposed as a research classification to include ILD patients with some
clinical and/or serological features of autoimmune disease that do not meet classification
criteria for specific CTDs [66]. The concept resembles the idea of Undifferentiated CTD, used
in rheumatology, and it could potentially include patients where the association between
the ILD and autoimmune characteristics is entirely stochastic, but also patients where ILD is
the first or even the sole clinical feature of a well-defined autoimmune disease [92]. Since
its publication in 2015, the IPAF classification has also become common in clinical practice,
with several concerns mainly regarding IIM. In fact, the criteria are divided into clinical,
serological, and morphological domains, and classification requires at least one criterion
from two different domains. In the clinical domain, IPAF criteria include Gottron Papules,
which are considered pathognomonic for DM. Also, in the serological domain, the IPAF
classification includes autoantibodies highly specific for IIM, such as anti-MDA and all of the
ASA. The morphological domain includes all possible HRCT patterns of ILD, excluding the
UIP pattern, which is deemed to be insufficiently associated with autoimmune conditions.
The main difficulty is that ILD is not considered in the historical Bohan and Peter criteria
for DM and is not mentioned even in the 2017 criteria for IIM. ASyS still lacks validated
classification criteria (although they are expected to be available in early 2025). Therefore,
ILD patients with positivity for ASA might be classified as ASyS or IPAF depending on the
clinical setting (the first being a reasonable diagnosis in a rheumatology unit and the second
in a respiratory setting), with possible implications on treatment. This is especially true for
UIP-like patients with ASA positivity. This condition is likely sufficient for a rheumatologist
to classify as ASyS (and therefore suggest immunosuppressive treatment) but not sufficient
for a classification as IPAF. Consequently, in some respiratory settings, these patients may
be classified as IPF and treated with antifibrotic drugs. Retrospective studies on IPAF have
reported a surprisingly high prevalence of ASA positivity, whereas this number is almost
absent in prospective studies [67,93]. As expected, IPAF patients with MSA positivity show
a prognosis similar to established ILD-IIM, further suggesting that a true positivity for MSA
in ILD patients could be enough to make a specific diagnosis [94]. Diagnosis is particularly
important in patients with fibrotic ILD, as those treated with antifibrotic medications have
an almost identical prognosis to IPF, while those treated with immunosuppressive therapy
show benefits even in a fibrotic phenotype [95,96].

In light of this, ILD patients with pathognomonic clinical features and/or a true pos-
itivity for highly specific MSA should be considered to be affected by IIM and treated
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accordingly. The IPAF classification has the merit of highlighting the potential autoim-
mune pathway underlying ILD; however, it requires revision of its criteria in light of new
knowledge, mainly regarding MSA.

7. Conclusions

The recognition of an underlying systemic autoimmune disease in ILD patients is
crucial, opening the way to significant therapeutic opportunities. Immunosuppressive
drugs can stabilize or even improve lung involvement, also potentially preventing the
development of other typical signs of the disease. This is particularly important for IIM
because ILD is potentially severe and commonly even the sole clinical manifestation
associated with the autoimmune condition.

Screening for a possible underlying IIM should be proposed to ILD patients showing
an NSIP and/or OP pattern, but it should not be limited to these because about 30% of
ILD-IIM patients show a UIP or indeterminate pattern.

All patients with ILD should be clinically evaluated for the presence of proximal weak-
ness, myalgia and typical IIM skin rashes, which are of great diagnostic value. Recognizing
them may not be easy for physicians who are not properly trained; therefore, we suggest close
collaboration between pulmonologists and rheumatologists working together in lung units or
at least on a multidisciplinary team. Indeed, this collaboration could be of mutual benefit.

In addition, all patients with ILD should be evaluated for the presence of serological
clues of possible underlying IIM. A significant increase in muscular enzymes such as
transaminases, CPK, aldolase and myoglobin (1.5-2x the upper limit) could be meaningful,
even if not associated with proximal weakness.

Finally, the autoimmune profile should be thoroughly assessed in all patients with
particular attention to the testing for MSA /MAAs in the presence of ANA positivity with
a nucleolar or cytoplasmic pattern, positivity for anti-Ro52kD and/or clinical features
suggestive of IIM, even if classic autoimmunity tests (such as ANA and ENA) are negative.
However, positivity for MSA /MAA should be carefully evaluated for possible false posi-
tivity, particularly in the presence of borderline positivity and lack of compelling clinical
features. A possible approach is summarized in Figure 4.

POSSIBLE UNDERLYING IIM IN ILD PATIENTS

Clinical Assessment - Proximal weakness, asthenia, typical skin rashes, fover, RP, arthritis

% Contact a rheumatologist to confirm

Laboratory Tests Complete blood count, ferritin, CRP, transaminascs, aldolasc, CPK, ANA,
ENA profile, including anti-Ro32 kD

m Alternatlve dlaanSIS

Caontact a theumatologist to evaluate reliability

Search for
MSA/MAA

HRCT pattern All NonUIP  OP+NSIP  Mon UIP all
Typical Rashes = + + - =
Myositis = + - + =
Antibodies ASA DMA DM&A DMA/MAA ornone  MAA
Conclusion ASSD DM CADM IPAR/OM IPAF/OM

Figure 4. ANA: Antinuclear Antibody; ASA: Antisynthetase Antibodies; ASyS: Antisynthetase
Syndrome; CADM: Clinically Amyopathic DM; CPK: Creatine Phosphokinase; DM: Dermatomyositis;
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DMA: DM Antibodies; ENA: Extractable Nuclear Antigen; IIM: Idiopathic Inflammatory Myopathy;
IPAF: Interstitial Pneumonia with Autoimmune Features; HRCT: High-Resolution Computed Tomog-
raphy; ILD: Interstitial Lung Disease; Ind: Indeterminate; MAA: Myositis Associated Antibodies;
MSA: Myositis Associated Antibodies; NSIP: Nonspecific Interstitial Pneumonia; OM: Overlap Myosi-
tis; OP: Organizing Pneumonia; RP: Raynaud’s Phenomenon; UIP: Usual Interstitial Pneumonia.
+: present; —: absent; +: possible.
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Abstract: Background: Chronic obstructive pulmonary disease (COPD) has higher rates among
the general population, so early identification and prevention is the goal. The mechanisms of
COPD development have not been completely established, although it has been demonstrated that
endothelial dysfunction plays an important role. However, to date, the measurement of endothelial
dysfunction is still invasive or not fully established. Nailfold video capillaroscopy (NVC) is a safe,
non-invasive diagnostic tool that can be used to easily evaluate the microcirculation and can show
any possible endothelial dysfunctions early on. The aim of this review is to evaluate if nailfold
microcirculation abnormalities can reflect altered pulmonary vasculature and can predict the risk of
cardiovascular comorbidities in COPD patients. Methods: A systematic literature search concerning
COPD was performed in electronic databases (PUBMED, UpToDate, Google Scholar, ResearchGate),
supplemented with manual research. We searched in these databases for articles published until
March 2024. The following search words were searched in the databases in all possible combinations:
chronic obstructive pulmonary disease (COPD), endothelial damage, vascular impairment, functional
evaluation, capillaroscopy, video capillaroscopy, nailfold video capillaroscopy. Only manuscripts
written in English were considered for this review. Papers were included only if they were able to
define a relationship between COPD and endothelium dysfunction. Results: The search selected
10 articles, and among these, only three previous reviews were available. Retinal vessel imaging,
flow-mediated dilation (FMD), and skin autofluorescence (AF) are reported as the most valuable
methods for assessing endothelial dysfunction in COPD patients. Conclusions: It has been assumed
that decreased nitric oxide (NO) levels leads to microvascular damage in COPD patients. This finding
allows us to assume NVC'’s potential effectiveness in COPD patients. However, this potential link is
based on assumption; further investigations are needed to confirm this hypothesis.

Keywords: chronic obstructive pulmonary disease (COPD); emphysema; nailfold video capillaroscopy
(NVC); endothelial dysfunction; nitric oxide (NO)

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a global problem and currently is
the third cause of death worldwide, leading to almost 6 million deaths annually around the
globe [1-6]. While the management of this disease is a hugely important objective, at the
same time, it is quite complicated and challenging because COPD is commonly exhibited
in patients with multiple comorbidities [2-8]. COPD often occurs with some relevant
cardiovascular comorbidities, such as arterial hypertension, heart failure, acute myocardial
infarction, stroke, or peripheral arterial disease. These comorbidities largely contribute to

Diagnostics 2024, 14, 950. https:/ /doi.org/10.3390/ diagnostics14090950 167 https://www.mdpi.com/journal /diagnostics



Diagnostics 2024, 14, 950

increasing COPD’s severity and accelerate the disease’s progression, leading to progres-
sive deterioration in quality of life, resulting in poorer clinical outcomes [3-10]. In-depth
studies of this pathology and progress in our knowledge of the underlying pathogenetic
mechanisms have led to evidence in the literature that support a strict correlation between
chronic systemic inflammation, which characterizes COPD patients, and comorbidities
that are commonly associated with COPD, especially cardiovascular comorbidities [11-20].
In particular, this generally increased inflammatory state plays an important role in pro-
moting atherosclerotic mechanisms, which are obviously a main cause of cardiovascular
events [20-32].

Except for a few unusual situations, COPD can undoubtedly be considered a medical
condition that is specifically related to old age. Both prevalence and incidence of this
disease are higher within age groups >50 years old, and the average age of patients with
COPD is 70 years old [4-8].

COPD is a virtually untreatable disease; it is defined as chronic airflow obstruction,
not fully manageable, and with an inevitable progression over time [5-9]. In this chronic
lung disease, there is increased inflammation in the airways and pulmonary remodelling,
often related to parenchymal destruction and primarily responsible for emphysema; in
addition, mucous hyper-secretion and loss of elastic recoil are major events that are related
to the development of airflow obstruction [6-10]. These mechanisms underlie the typical
symptomatology of COPD, in particular dyspnoea, wheezing, fatigue, cough, and possibly
sputum production [6-10].

It is stated that cigarette smoking is the main risk factor of COPD; in fact, the literature
has proven that non-smokers develop this disease less frequently [7-10]. Nevertheless,
smoking is not the only cause of this disease, and as a matter of fact, only 30% to 50% of
smokers develop COPD, so there are other major risk factors that play an almost equally
key role related to the disease [5,8]. For example, exposure to high levels of indoor and
outdoor air pollution, tuberculosis infection, frequent childhood infections, or childhood
asthma all contribute to COPD development [5,8].

On the other hand, there is also a small percentage of people affected by COPD due to
genetic abnormalities leading to a deficiency of alpha-1 antitrypsin, which plays a major
role in protecting the lungs against proteolytic damage [5-9].

Diagnosis of COPD should be made starting from an analysis of exposure history,
considering both smoking and the other main risk factors previously indicated, then
moving towards clinical examination and instrumental exams [2-6].

A firm diagnosis is mainly based on spirometry parameters which show airway obstruc-
tion, characterized by irreversibility, revealed after the administration of a bronchodilator.

Moreover, the two major spirometry parameters of interest are FEV1 (forced expiratory
volume during the first second) and the FEV1/FVC ratio, both of which are decreased in
COPD patients.

So, a positive patient history, clinical signs, and a suggestive pulmonary function test
are enough for a firm diagnosis. According to GOLD classification, COPD severity is graded
according to the predicted FEV1 value as follows: mild (FEV1 > 80%), moderate (FEV1 from
50% to 80%), severe (FEV1 from 30% to 50%) and very severe (FEV1 < 30%) [2-6,32-38].

One the most serious challenges in COPD management is to control, treat, and prevent
exacerbations of the disease, defined as severe and acute worsening of the symptoms
and/or patient wellbeing. Within the Asia—Pacific region, almost 50% of patients with
COPD had exacerbations and almost 20% of them needed hospitalization due to severe
symptoms [9].

2. Role of Endothelium in COPD

COPD is a disorder strictly associated with a general increased inflammation status.
Almost all researchers have focused on the role of inflammatory cells in COPD and did not
give proper attention to endothelial function [38—47].
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Nowadays, it is well established that, in COPD, the pulmonary vasculature does not
work properly due to endothelial dysfunction, which is associated with disease severity and
clinical outcomes; in addition, it is probably also an important pathogenic factor [13-15].

The vascular endothelium is composed of a monolayer of endothelial cells that lies
between the luminal surface of the vasculature and the vessel wall [16]. In the lung, the
endothelium represents the interface between the blood and other lung compounds, such
as the parenchyma and airways, so it has a critical position and must function properly to
ensure the balance of the whole system. Like in the lung, the endothelium has other similar
critical roles for the whole body [48-58].

Endothelial activity plays a key role in the development of COPD, as shown by Table 1.

Table 1. Endothelial mechanism in COPD. In the lung, the endothelium has a critical position and
must function properly to ensure the balance of the whole system. The endothelial activity plays a
key role in the development of the disease.

Transendothelial migration (TEM)

TEM involves the migration of neutrophils through the endothelial cell, bypassing the
normal paracellular route which involves its junction [52]. This mechanism appears to be
upregulated in patients with COPD, with a unique pathway [13,52]. Since NO levels have
the purpose of regulating neutrophil-endothelial interactions, lower levels of NO
probably play a role in stimulating the TEM route [53]. In addition, ICAM-1, which is
actively involved in TEM, seems to be inversely related to lung function and
proportionally related to the severity of emphysema on CT scans [13].

Endothelial apoptosis

Apoptosis is a process regulated by the cell in response to various stimuli or triggers, such
as DNA damage or oxidative stress [54]. Initial clinical trials suggested pulmonary
vascular endothelial cell apoptosis may plays a significant role in emphysema
development [13,54,55].

Endothelial cell
senescence

In patients with COPD, especially smokers, oxidative stress is obviously more elevated as
a result of many altered mechanisms. Consequently, this results in an accelerated
senescence, which is related to BPCO development and to increases in systemic
inflammation [56]. Interestingly, it has been proven that corticosteroids appear to have
beneficial role in protecting pulmonary endothelial cells from cell senescence [56].

VEGF

VEGEF is released in response to hypoxia and plays the role of a growth factor for
endothelial cells. VEGF expression prevents endothelial cell apoptosis and induces cell
proliferation [13]. Levels of VEGF have been shown to be decreased in patients with

COPD [13,28].

So, in COPD, the endothelium appears to not work as it is supposed to. Endothelial
dysfunction is an abnormal action of the endothelium, mainly characterized by decreased
vasodilatation, promotion of the inflammatory state, and loss of its anti-thrombotic func-
tions [13,17,18]. There are three main mechanisms responsible for endothelial dysfunction:
oxidative stress, which is highly increased in COPD; systemic inflammation, a major char-
acteristic in the pathogenesis of COPD; and in particular the reduced availability of nitric
oxide (NO) [13,17,18]. The latter is one of the most important vasodilator molecules, as it
inhibits crucial events in the development of atherosclerosis, and abnormalities in its levels
reflect mainly in the microcirculation [17]. A link seems to exist between oxidative stress
and NO, since reactive oxygen species (ROS) act as enzymatic inhibitors of NO synthase,
leading to decreased levels of NO [57]. Loss of NO-dependent vasodilatation may result in
a reduced perfusion, as well as in the maintenance of inflammatory status [58].

Patients with severe COPD or who experience exacerbations of the disease demon-
strate a greater rate of circulating inflammatory cells, with upregulation of various molecules,
among which are cytokines, chemokines, and acute-phase proteins cells [20]. The literature
states that some abnormalities within circulating cells may maintain the inflammatory state
and contribute to the different mechanisms indicated in Table 1 [18]. Endothelial dysfunc-
tion plays an important role in COPD’s severity, mainly contributing to the pathogenesis of
atherosclerosis, an important comorbidity in COPD patients that leads to the worst disease
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outcomes. Furthermore, the degree of endothelial dysfunction seems to have a significant
prognostic value in cardiovascular events [18].

Nevertheless, some works in the literature showed evidence of alterations in lung
vascularity in patients in the early stages of COPD, suggesting that these alterations may
take part in the initial development of the disease, not only as an alteration during more
severe COPD stages or during exacerbations [19].

Despite the proven role of the endothelium in the pathogenesis of various diseases and
the scientific community’s focus on the endothelium, data on the peripheral changes that
occur in COPD, peripheral abnormalities, and pulmonary function tests are still missing.

Endothelial dysfunction is present in both the coronary circulation and in other mi-
crovascular networks, such as retinal vessels, which may suggest that pulmonary endothe-
lial dysfunction may have an effect on other organs [10,11,17]. In addition, endothelial
dysfunction is not restricted to central circulation, but it also affects smaller vessels in
the peripheral microcirculation [21]. Moreover, these findings suggest that microvascular
assessment may be used as an alternative marker of pulmonary endothelial dysfunction, al-
lowing us to detect cardiovascular risk factors that can worsen existing COPD. This possible
link has been previously shown to be potentially associated with induced retinal vasodila-
tion [11]. Over the last few years, new and non-invasive methods such as nailfold video
capillaroscopy (NVC) have gained relevance in the assessment of microvascular activity in
unconventional diseases. Up to now, there is a lack of literature regarding these themes,
despite the potential of these methods in terms of their diagnostic and prognostic relevance.

3. Nailfold Video Capillaroscopy (NVC)

NVC is a non-invasive technique employed to evaluate nailfold microcirculation,
allowing us to define characteristics and functionalities of the nailfold capillaries [22].
Nowadays, it plays a well-established role in the assessment of Raynaud’s phenomenon
(RP) and systemic sclerosis (SSc); starting from 2013, NVC assessment of scleroderma
pattern was included in the classification criteria for SSc.

An initial clinical trial showed that patients who suffer from RP without NVC abnor-
malities, monitored with a strict NVC follow-up, may show new possible NVC alterations
that can predict a transition to secondary Raynaud phenomenon (SRP) [51].

Moreover, the importance of NVC is becoming an increasingly valuable asset for other
diseases such as antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV)
and non-rheumatic diseases, even though its role in this field is still not well assessed [23].

NVC is a safe technique that can be used to easily evaluate several microvascular
parameters: qualitative assessment (global capillaries array and morphology), semiquan-
titative analysis (presence of giant capillaries, capillary architecture disorganization, mi-
crohaemorrhages, neoangiogenesis, and capillary loss), quantitative analysis (estimates of
capillary density, avascular areas, diameter of enlarged capillaries), and dynamic parame-
ters (blood flow velocity) [24,25].

New methods, including laser speckle contrast analysis (LASCA), able to measure
peripheral blood perfusion are being tested and are showing good results [49].

Patients with SSc present microvascular changes mainly due to endothelial cell dys-
function, characterized by an imbalance between the decrease in vasodilatation levels and
the upregulation of vasoconstrictor molecules [26,27]. This impairment of microvascu-
lar homeostasis leads to microvascular abnormalities such as increase in capillary wall
permeability and progressive microvascular weakness, conditions that appear in NVC
as microhaemorrhages and local oedema [26,27]. In SSc patients, the resulting hypoxia
leads to an overproduction of VEGF that determines the presence of bizarre and ramified
capillaries, reflecting a neoangiogenic process. Nevertheless, in these patients, the chronic
hypoxia induces irreversible microangiopathy, seen in NVC as avascular areas [27].

Several studies have demonstrated NVC'’s usefulness in lung diseases such as idio-
pathic pulmonary fibrosis (IPF) [29]. The underlying mechanism of endothelial dysfunction
of SSc patients shares certain characteristics with COPD, despite the different levels of
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VEGEF that are upregulated in SSc patients, in contrast to COPD, where they are underregu-
lated [13,28].

The structural assessment of nailfold microvasculature could add important informa-
tion allowing clinicians to better establish the cardiovascular risk and perhaps even COPD
severity. Despite the proven association between retinal vessel diameter and cardiovascular
risk, in-depth studies have not been conducted yet [10]. Studying microvascular reactivity
is one of the most effective ways to assess endothelial function, as alterations in reactivity
could be used as a surrogate marker of its function, but more data are required to confirm
this theory [10-12,30].

However, the potential to evaluate the endothelial function of large and small vessels
in the periphery with non-invasive methods is promising. Retinal imaging, finger-pulse
plethysmography, and especially brachial artery flow-mediated dilation (FMD) have re-
vealed significant results in COPD. The interest for new reliable methods of measuring
endothelial functions is growing, even if the prognostic and diagnostic utility is still unclear.
There are neither data nor known limitations regarding the possible utility of NVC in
COPD, so the goal of this review is to assess any possible use of NVC in COPD patients
based on the evidence gained from other diseases.

4. Assessment of Endothelial Dysfunction in COPD Patients

The research work retrieved 17 articles, of which 7 were excluded because they lacked
data of interest. In detail, three studies assessed the microvasculature through high-
resolution images of retinal blood vessels [10,12,31]; three studies evaluated endothelial
functioning by both FMD and nitrate-mediated dilatation (NMD) [32,35,36]; one review
evaluated articles with different assessment methods such as optical coherence tomography
(OCT), retinal fundus imaging, retinal oximetry, and colour Doppler ultrasonography [37];
one study measured peripheral endothelial dysfunction by using the EndoPat-2000 [33];
one study measured retinal vessel calibres, urine albumin, and myocardial blood flow on
MRI as markers of microvascular dysfunction [39]; and lastly, one review included several
methods for detecting endothelial dysfunction such as FMD, peripheral arterial tonometry
(PAT), flow-mediated skin fluorescence (FMSF), and forearm blood flow after bradykinin
infusion (VOP) [34].

4.1. Article Features

The 10 selected articles are listed in the table below, with the aim of the table being to
highlight their similarities and differences and especially to define the aim of each paper
and the different methods used to assess possible endothelial dysfunction in COPD patients.
The main clinical papers are listened in Table 2.

Table 2. List of the selected articles reporting the patient and study characteristics.

S o Smoking Assessment .

Study Pop (n) Age (Years) Comorbidities (%) History (%) Methods Aim of the Study
60% were
hypertensive, 40% 43.3% were The primary aim was
had (pre)diabetes, e High-resolution to assess the effects of

Vaes AW et al. o current smokers, . . -

[10] 30 64+7 77% had 53.3% were images of ocular exercise on retinal
dyslipidaemia, 15% ex;smokers fundus. microvasculature in
had markedly high ‘ COPD patients.
levels of PCR.

o The primary aim was
68.3% were o to assess the
hypertensive, 24% relationship between

Vaes AW et al had (pre)diabetes, 28% were current  High-resolution tinal pl idth

aes etak 246 64.4£85 58.1% had smokers, 65.9% images of ocular retma’ vessel widths

[12] - . o and pulmonary
dyslipidaemia, 14.2%  were ex-smokers.  fundus. p . di
had marke dly high unction tests, disease
levels of PCR outcomes, and

cardiovascular risk.
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Table 2. Cont.

 gees Smoking Assessment .
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Study Pop (n) Age (Years) Comorbidities (%) History (%) Methods Aim of the Study
62.9% were Retinal vessel images Primary aim was to
hypertensive, 24.2% 48.4% were were used to assess determine the

. B (¢} . . .
Vaes AW etal. 1] 62 oaiss  momed e cumentsmokers, DGaseuiarhealh  Beaction petween
’ ’ ’ e . N 51.6% were . .
dyslipidaemia, 9.8% exsmokers accumulation of microvascular
had markedly high AGEs was assessed by  health in COPD
levels of PCR. skin AF. patients.
72.7% were The primary aim
hypertensive, 22.7% was to evaluate the
ypert S 29.5% were Evaluated the forearm  relationship
had diabetes, and . .
Moro et al. [32] 44 767 higher prevalence of current smokers,  blood flow induced between severity of
’ ’ . 40.9% were by both FMD and bronchial
cardiovascular .
. ex-smokers. NMD. obstruction and
disease than healthy .
endothelial
controls. .
dysfunction.
62.5% were The primary aim
hypertensive, 32.5% Microvascular was to expand the
hzg (pre)diabetes 37.5% were endothelial knowled pe about
o p 4 current smokers, . ‘g€ ab

Vaes AW et al. [33] 40 62.8 +7.3 85% had 62.5% were dysfunction was the relationship
dyslipidaemia, 25% x.— moker measured with novel between peripheral
had markedly high CX-STOKELS. EndoPAT. endothelial function
levels of PCR. and COPD patients.

The aim was to
define the
differences in

Theodorakopoulou Review. endothelial

MP et al. [34] - - - - ’ dysfunction

between COPD
patients and control
cohort.

Brachial artery FMD . .
The primary aim

was used for the . .

Rodriguez- assessment of was to investigate
. . . the reproducibility

Miguelez P et al. 17 56 +2 _ _ endothelial function; /

. of FMD and arterial

[35] this exam was . .

. . stiffness in COPD
combined with .
. patients.
arterial tonometry.
The aim was to
bring together and
0-86.7% were o Reviewed the data simplify the role of

Ambrosino et al hypertensive, 0-43.3% 70.5-100% had concerning FMD and FMD and NMD as

[36] - - had diabetes, 0-56.7%  PoStivesmoking i copp markers of
had dysli id’aemia. ’ history. atients endothelial

ysip ' P ' dysfunction and
cardiovascular risk
assessment.
Reviewed 10 articles The primary aim
that used 4 different was to bring
assessment methods:  together as much

Vaes AW et al. [37] - - - - .OCT,.retmal.fundus 1nfor.mat10n as

imaging, retinal possible about
oximetry, colour retinal vessel
Doppler imaging and COPD
ultrasonography. patients.
Microvascular

Patients without func’gon was as§essed The primary aim

. by high-resolution was to define

cardiovascular o . .

diseases were 14% were current  images of ocular whether systemic

Harris B et al. [39] 3397 64.5+ 19 smokers, 33% fundus, measurement  microvascular

recruited; 41.6% were
hypertensive, 10.4%
had diabetes.

were ex-smokers.

of urine albumin and
creatin, and
myocardial perfusion
evaluation.

changes are related
to lung function
and density.
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4.2. Association between Microvascular Impairment and COPD

Spirometry was performed to determine the main pulmonary function parameters of
interest, and the conclusions are listed in Table 3.

Table 3. Spirometry parameters and main findings.

Articles FEV1 (% Predicted) = FEV1/FVC Ratio (S:gfléfi)ty Main Findings
Exercise did not lead to any significant changes in
o o retinal blood vessel diameters. The article
?C’;%?:S ngB 13;033'3 Yo suggested that this might be due to inappropriate
Vaes AW et al. [10] 446 +174 36.2 (14.1) GOLD Hi 2(')0 . ° endothelium vasodilatory response, or
COLD IV, ¢ inadequate exercise intensity during the test. The
study cohort was small in terms of GOLD stage I
patients.
59% patients showed retinal abnormalities (most
common sign was vessel tortuosity). These
7.7% GOLD I, 28% alterations seem to be related with cardiovascular
GOLD I, 46.7% risk, and above all with hypertension and levels
Vaes AW etal. [12] 4731199 359 +130 GOLD 111, 17.5% of systemic inflammation. A relationship with
GOLD IV lung function parameters was not detected,
which is supposedly due to the already highly
compromised lung function.
Demonstrated an independent association
0, 0,
ééﬁg 8]:]1)8 2052'6 Yo between skin AF and retinal vessel diameter as
Vaes AW et al. [31] 45.0 +20.7 34.8 +14.5 GOLD II,I 21’0 . ° well as with lower pulmonary functional tests,
COLD IV’ ¢ potentially adding a new tool for the assessment
of endothelial function.
The study shows evidence about a predictable
inverse relationship between endothelial
. vasodilatation and bronchial obstruction in
Moro etal. [32] (143 L./min] - - COPD. The latter is strictly associated with
bronchial inflammation, which in turn is
associated with systemic inflammation.
Patients with peripheral endothelial dysfunction
demonstrated a lower maximal aerobic capacity,
0, 0,
égﬁg ng])Dz 15’055 K the latter being evaluated by VO2, which is
Vaes AW et al. [33] 458 +17.5 358 +13.3 GOLD Hi 1 5'0 . ° measured using CPET. Nevertheless, using
COLD IV, ° EndoPAT, an association between endothelial

function and systemic inflammation was not
found.

Theodorakopoulou MP
et al. [34]

Values are highly variable depending on the article chosen.

Looking at almost all available functional
methods, a significant endothelial impairment
was found in COPD patients compared to healthy
controls.

This study proved for the first time the

Rodriguez-Miguelez P 23% GOLD Io’ 58% reproducibility of both FMD in the evaluation of
51.54+34 54.8 £3.8 GOLDI, 24% . . .
et al. [35] GOLD III endothelial function and PWV to assess arterial
stiffness in COPD patients.
It has been shown that patients with a more
10% GOLD 1, 43.3% severe disease, expressed by GOLD classification,
. GOLD I, 26.7% had wider gaps in FMD analysis between COPD
Ambrosino et al. [36] Vary from 4110 61.9  Vary from 43 to 59 GOLD 111, 20% and healthy controls. Moreover, it has been
GOLD IV proven that FMD is strictly associated with

endothelial disfunction and cardiovascular risk.

Vaes AW et al. [37]

Values are highly variable depending on the article chosen.

Changes in retinal microvasculature showed
higher rates in COPD patients compared to
healthy controls.

Harris B et al. [39]

95.7

74.5

This article introduced new systemic markers for
endothelial damage, all of which are associated
with lung function, suggesting that COPD
patients show diffuse microvascular alterations.
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As stated in Table 3, retinal vessel diameters and, more generally, the functional
and structural analysis of retinal vasculature are considered good markers of changes in
endothelial functionality, as well as in cardiovascular risk assessment, since an association
exists between hypertension and systemic inflammation [12,37]. It is known that COPD
patients have significantly greater rates of wider retinal vessels compared to healthy
controls [39]. Moreover, Harris B et al. described a potential link between retinal vessel
diameters and decreased lung function (assessed by FEV1), and they defined a possible
association between retinal vascular calibre and brachial artery FMD [39]; these findings
were not confirmed by other studies considered in our review [10,12]. FMD is a widely
used method aimed to evaluate endothelial function which seems to be correlated with
decreased performance in pulmonary function tests and COPD severity [36,39].

COPD patients have a linear relationship between aerobic capacity and disease mor-
tality. In addition, some articles showed that both retinal vessel evaluation and FMD could
have a role in the assessment of endothelial response to exercise [10,33]. In particular, Vaes
et al. did not detect any significant changes in vessel diameters during exercise in COPD pa-
tients, potentially due to an inadequate endothelium-mediated vasodilatory response [10].
On the other hand, endothelial function was shown to be strictly related to aerobic exercise,
since it was negatively associated with VO2 values [33]. Overall, a more impaired FMD is
correlated with worsening bronchial obstruction in COPD [32,34,36].

Other methods have been evaluated by Vaes et al. in 2020 for the assessment of
endothelial dysfunction in COPD patients. Skin AF showed associations with retinal vessel
diameters and reductions in the predicted FEV1% and FEV1/FVC. Moreover, this study
also suggested that skin AF is also related to cardiovascular risk [31].

There is not enough evidence towards EndoPAT as a useful tool in COPD patients.
Nevertheless, while some studies did not detect an adequate association between EndoPAT
and FMD [17,33], it is proven to provide a potential value for predicting cardiovascular
events and early atherosclerosis [17]. Moreover, this method can easily detect peripheral
finger endothelial dysfunction, which is related to metabolic and cardiovascular risk factors,
playing a role as a potential tool in predicting non-obstructive coronary atherosclerosis [17].

Asset endothelial function through the evaluation of peripheral fingers could have
potential for cardiovascular risk assessment in COPD patients, considering that cardiovas-
cular comorbidities are, aside from exacerbations, the first cause of poorer outcomes in
COPD patients. Nailfold video capillaroscopy has never been used in this disease, and
no evaluation of the relationship between capillaroscopic alteration and cardiovascular
risk, exacerbations risk, or COPD severity has ever been conducted. Nevertheless, NVC is
starting to see potential use in chronic pulmonary diseases such as idiopathic lung fibrosis,
where the main alterations found were higher rates of neoangiogenesis and lower capillary
density [29].

5. Potential Role of NVC in COPD

The link between nailfold microvascular disarrangement, which is seen in NVC
(Figure 1), and endothelial dysfunction, primarily assessed via FMD, is yet to be clarified in
COPD. Few studies have evaluated this possible relationship [40—45].

Peripheral microvascular endothelial dysfunction has shown to play a role in the
development of RP, where decreasing levels of NO lead to vasospasms reflected by nailfold
microcirculation, suggesting a close relationship between endothelial dysfunction (defined
as a decrease in NO availability) and capillaroscopic abnormalities that are usually present
in SRP patients [40]. In patients with secondary RP, the reduction in FMD is reported to be
associated with nailfold microcirculation impairment. Moreover, an inverse association
has been found between FMD and microangiopathy evolution score, corroborating the
theory explained before; so, NVC has been proposed has a useful tool for the evaluation
of endothelial dysfunction [44]. The same inverse relation was detected by Rollando
et al. in 2010 in a study which enrolled SSc patients within asymptomatic cardiovascular
disease and found a reduction in FMD values in early NVC microangiopathy patterns
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and lower FMD values according to late NVC microangiopathy patterns [41]. FMD is
a marker for vascular function and NO release, both of which are demonstrated to be
significantly reduced in COPD and SSc patients [13,28,41] and which seem to correlate
with peripheral microvascular injury [40-43,45]. FMD, together with NVC, may play an
important role in the assessment of vascular damage in SSc patients and may also predict
future vascular complications, allowing clinicians to better stratify the cardiovascular risk
in those patients [43,45].

Figure 1. Capillaroscopic images recorded at our centre in a 78-year-old patient with moderate

COPD, emphysematous phenotype: capillary density is preserved and capillaries with tortuous and
winding morphology (red arrow) and capillaries with multiple and single cross-overs (blue arrow)
are associated with normoconformed capillaries.

Controversially, a possible link between NVC and retinal imaging has not been found
yet, despite few works explaining that retinal abnormalities may reflect vascular damage
in SSc patients [46,47]. In 2020, Jakhar et al. found that retinal abnormalities were mostly
associated with greater NVC alterations. However, no statistically significant data were
found, and clinical relevance of this possible relationship must be analysed further to be
confirmed [48].

So, taking everything into account, the association between NVC and FMD has been
established in patients with SSc and SRP. The main cause of microvascular damage in
those patients has been shown to be lack of NO availability, a main marker of endothelial
damage in COPD patients [13,28,41]. All of these findings lead to the speculation that NVC
may play a role in COPD patients, particularly together with FMD or other methods that
assess endothelial damage. Moreover, clinical applications of FMD are difficult to perform
due to the strict protocols involved, the expensive equipment, and the need for highly
qualified operators and a controlled environment [34]. Nevertheless, one study has shown
that FMD provides evidence for the reproducibility of endothelial function assessment
in COPD patients [35]. However, this evidence is not supported by other studies and
needs further investigations. On the other hand, NVC is nowadays a non-invasive, easily
reproducible, non-operator-dependent tool, and thanks to initial evidence of its possible
overlap with FMD values, its possible role in evaluating and studying COPD patients
should be assessed.
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NVC’s enhanced ease-of-use are also due to new advances in digital imaging tech-
nology which have led to the development of a validated, fully automated algorithm,
AUTOCAPI, with the aim of making NVC more easily reproducible and accurate [50].

We are aware that all these hypotheses strike us more as interpretations and supposi-
tions than as scientifically well-founded evidence. To date, systematic studies characterizing
the nailfold microvasculature in patients with COPD are missing, and no relevant articles
were found concerning NVC in those patients.

6. Conclusions

In conclusion, this review pointed out that the COPD is not just a lung disease, but
is strictly connected with systemic involvement. We can therefore consider COPD as a
systemic disease. This could seriously open the door for new, possibly effective prospec-
tive tools, such as nailfold video capillaroscopy, that aim to evaluate different parameters
concerning the microcirculation and can give more meaningful information about systemic
endothelial function. This could add important medical evidence to help better understand
the role of endothelial dysfunction as a primary factor leading to COPD development and
progression, and at the same time, encourage the development of cardiovascular comorbidi-
ties and/or COPD exacerbations, which are the main factors of the worst patient outcomes.

7. Future Developments

More effective early diagnostic methods are needed for COPD, with the perspective
that such tools will lead to early diagnosis and be able to predict the risk of disease
exacerbations or cardiovascular comorbidities.

A further area of development is to consider NVC as a possible option available to
better stratify COPD patients, since NVC is providing to be a useful tool for many diseases.
Endothelial damage is proven to be a significant event during COPD, and therefore, greater
understanding of its assessment can reveal novel targets in the management and prevention
of this disease.
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Abstract: Background/Objectives: Small airway disease/dysfunction (SAD) is crucial in obstructive
airway diseases but is less investigated in interstitial lung disease (ILD). There are only a few
physiological studies investigating SAD in the context of pulmonary fibrosis. Oscillometry is a simple
technique that assesses SAD with minimal patient effort. In this study, we investigated the role of
oscillometry in patients with mild pulmonary fibrosis without evident obstructive disorder, focusing
on small airways. Methods: Oscillometry and pulmonary function test (PFT) data of consecutive
patients newly diagnosed with pulmonary fibrosis of unknown etiology in a university hospital ILD
clinic were collected and analyzed. Results: Data from 34 patients with mild pulmonary fibrosis
were collected in 6 months. Disease severity, as evaluated by FVC, presented strong correlations
with the oscillometry parameters: resistance (R5: r = —0.588, p < 0.001), reactance (X5: r = 0.671,
p < 0.001), resonant frequency (Fres: r = —0.562, p = 0.001), and the area of reactance (AX: r = —0.515,
p = 0.002). The oscillometry parameter R5-19-expressing was abnormal in 27% of patients, correlated
with FEF25-75% (r = —0.370, p = 0.021) and was a predictor of a FEF25-75% < 60% pred. with AUC
0.738 (95%Cl 0.519-0.956). R5-19 correlated with FVC (r = —0.481, p = 0.004) and was the only SAD
parameter that correlated with the composite physiologic index (CPI, r = 0.338, p = 0.04), while FEF
25-75% and RV/TLC% did not. Conclusions: Oscillometry is an easy to perform technique that may
reveal early mechanical alterations caused by pulmonary fibrosis. Peripheral resistance, as expressed
by R5-19, which identifies small airway dysfunction as a marker of peripheral lung pathology, may
be complementary to pulmonary function testing and may also have prognostic implications for
ILD patients.

Keywords: interstitial lung disease; small airway dysfunction; oscillometry; R5-19

1. Introduction

Small airways, airways with a diameter of 2 mm or less, are often called the “silent
zone” of the lung, mainly because they are affected early in the course of disease before any
symptoms or spirometric changes occur [1]. Although small airway disease/dysfunction
(SAD) is a fundamental element of chronic obstructive pulmonary disease (COPD) and
asthma, this factor is less investigated in interstitial lung disease (ILD), where findings are
mainly focused on interstitial and alveolar abnormalities [2]. Recent studies combining
pathology and HRCT observations have demonstrated that the perception that idiopathic
pulmonary fibrosis (IPF) spares the airways is not quite right, as regions of minimal fibrosis
are associated with a significant reduction in the number of terminal bronchioles, while
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the remainder exhibit wall thickening and lumen distortion [3]. There are only a few
physiological studies that have investigated SAD in the context of pulmonary fibrosis. A
small number of previous studies have shown that spirometry-defined SAD is a feature of
advanced fibrosis and correlates with decreased survival, especially when it is combined
with obstructive disease [4,5].

Oscillometry is a simple technique that assesses small airway dysfunction (SAD) with
minimal patient effort [6]. Forced oscillation technique (FOT) assesses the mechanical
properties of the lung and evaluates pulmonary obstruction by measuring the respiratory
system’s response to small-pressure stimuli generated by a loudspeaker during normal
breathing [7]. Oscillometry provides additional valuable information about lung periph-
ery, the first area affected in pulmonary fibrosis, including the compliance of the lung
parenchyma and the small airways.

Therefore, in this pilot study, we investigated whether oscillometry provides comple-
mentary data to pulmonary function tests (PFTs) in patients with mild pulmonary fibrosis
without evident obstructive disorder, focusing on small airways.

2. Materials and Methods

In this prospective observational pilot study, we evaluated consecutive patients with
newly diagnosed idiopathic fibrosing ILD in our tertiary ILD clinic, which is a referral
university hospital clinic, in a 6-month period. All participants had a predominantly
fibrotic pattern on high-resolution computerized tomography (HRCT) of less than 20%
extent. HRCT scans were scored according to the easily applicable limited /extensive
staging system reported by Goh et al. [8]. Two experienced clinicians (A.G. and K.K.)
meticulously evaluated the study population and excluded individuals with ILDs of known
etiology (e.g., in the context of collagen vascular disease or hypersensitivity pneumonitis)
and also patients with asthma, COPD, or radiological signs of airway obstruction such as
mosaic attenuation, air trapping, emphysema, and centrilobular nodules. This study was
performed in accordance with the recommendations of the Declaration of Helsinki, the
International Conference of Harmonisation—Good Clinical Practice (ICH-GCP) Guidelines,
the EU-Directive 2001/20, and all national requirements and was approved by the Scientific
Council of our hospital. Written informed consent was obtained from all participants prior
to their inclusion in this study.

All patients underwent FOT (RESMON pro Full-V3, MCG Diagnostics, Saint Paul,
MN, USA) and full pulmonary function tests (PFT, Vyntus Body Plethysmograph, Vyaire
Inc., Mettawa, IL, USA). The forced expiratory flow rate between 25 and 75% of forced vital
capacity (FVC) (FEF25-75%) and the ratio of residual volume (RV) to total lung capacity
(TLC) (RV/TLC) were assessed as SAD indices. The oscillometry parameters resistance (R5),
reactance (X5), resonant frequency (Fres), and the area of reactance (AX) were evaluated,
while resistance heterogeneity measured between 5 and 19 Hz (R5-19) assessed SAD.
Specifically, R5-19 was considered the primary oscillometry parameter indicative of SAD.
We also calculated the composite physiologic index (CPI), an index that reflects the extent
of pulmonary fibrosis better than individual pulmonary function tests and is associated
with prognosis including mortality [9].

Descriptive statistics were presented as mean (SD), and correlations were performed
with Spearman’s rank correlation coefficient. Correlations between FOT and PFT were in-
vestigated. Statistical analysis was performed with SPSS (Version 22; IBM, Chicago, IL, USA)
and GraphPad Prism v7 software (GraphPad, Inc., San Diego, CA, USA). p-values < 0.05
were considered statistically significant.

3. Results

Data from a total of 34 patients newly diagnosed with lung fibrosis of unknown etiol-
ogy were collected in the six months of the study; 19 (56%) were men, with a mean (standard
deviation, SD) age of 71.4 (6.7) years and a mean BMI of 28.8 (4.8) kg/ m?, while half of them
(n =17) were current or ex-smokers with a mean history of 19.1 (28.2) pack-years. The ma-
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jority received an IPF diagnosis (29 patients) according to the Official ATS/ERS/JRS/ALAT
Clinical Practice Guideline [10], 3 had nonspecific interstitial pneumonia (NSIP, this pattern
was proven histologically), and 2 were characterized as having unclassifiable lung fibrosis.

Overall, our patients exhibited mild ILD at diagnosis with an FVC 89.8 (20.7)% pred.
and diffusing capacity (DLCO) 66.5 (23.6)% pred. Additional spirometric parameters in-
cluded forced expiratory volume in 1 s (FEV1), 2.20 (0.62) L [92.7 (21.2)% pred.]; FEV1/FVC,
81.6 (5.4)%; DLCO/VA, 93.9 (26.7)%; and TLC, 73.0 (14.5)% pred. The SAD values were
FEF25-75%, 85.6 (30.1)% pred.; FEF25-75%, 2.31 (0.73) L; RV/TLC%, 88.1 (14.8)% pred.; and
RV/TLC, 38.0 (5.5)%. The oscillometry measurements were R5 act., 3.00 (1.10) cmH,O/L/s;
R5,93.12 (37.78)% pred.; X5 act., —1.84 (0.95) cmH20O/L/s; X5, 139.28 (84.8)% pred.; Fres act,
14.97 (5.13) Hz; Fres, 117.4 (53.7)% pred.; AX act., 9.22 (9.03) cmH,O/L; AX, 230.6 (211.9)%
pred.; R19 act., 4.98 (13.59) cmH,O/L/s; R19, 85.7 (21.3)% pred.; R5-19, act. 0.38 (0.28)
cmH,0/L/s; and R5-19, 94.9 (84.2)% pred. A total of 27% of the patients had abnormal
values of R5-19, using a threshold of 0.7 cmH,O/L/s, as proposed previously [11].

The correlations between oscillometry parameters and PFT parameters are shown
in Table 1. Disease severity, as evaluated by FVC, presented strong correlations with the
oscillometry parameters: resistance (R5: r = —0.588, p < 0.001), reactance (X5: r = 0.671,
p <0.001), resonant frequency (Fres: r = —0.562, p = 0.001), and the area of reactance (AX:
r = —0.515, p = 0.002). The oscillometry parameters also correlated with FEV1 but not
FEV1/FVC%. The SAD FOT parameter R5-19 was negatively correlated with FEF25-75%
(r=—0.370, p = 0.021; Figure 1A) and had an acceptable performance in the prediction of
small airway disease, with FEF25-75% < 60% as the “gold standard” in a ROC analysis
(AUC 0.738, 95%C1 0.519-0.956) (Figure 1B). R5-19 did not correlate with smoking history
but correlated with disease severity assessed by FVC (r = —0.481, p = 0.004). Furthermore,
R5-19 was the only SAD parameter that correlated with the composite physiologic index
(CPI, r =0.338, p = 0.04) (Figure 1C), while FEF25-75% (r = —0.089, p = 0.619) and RV /TLC%
(r=—-0.111, p = 0.539) did not.

Table 1. Correlations of oscillometry parameters with pulmonary function test parameters.

R5 Act. X5 Act. Fres Act. AX act. R5-19 Act.

Variables r P r 4 r 4 r p r p

FEV1, % pred. —0.290  0.096 0.374 0.064 —0.396  0.020 —0.364 0.034 —0.240 0.172
FEVy, L —0.601 <0.001  0.666 0.224 —0.552  0.001 —0.500  0.003 —0.483  0.004
FVC, % pred. —0.287  0.099 0.397 0.047 —0.454  0.007 —0.515  0.002 —0.254 0.148
FVC, L —0.588 <0.001 0.671 <0.001 —0.562 0.001 —0.515  0.002 —0.481  0.004
FEV1/FVC, % 0.218 0.216 —0.289  0.549 0.243 0.166 0.245 0.163 0.174 0.324
FEF25-75, % pred. —0.366  0.033 0.337 0.736 —0.228  0.195 —0.166  0.347 —0.370  0.021
DLCO, % pred. —0.134 0.458 0.208 0.405 —0.251  0.159 —0.184  0.304 -0.234 0.190
DLCO/VA, % pred. 0.084 0.680 0.069 0.767 0.049 0.785 0.081 0.654 —0.085 0.639
RV/TLC, % pred. 0.074 0.680 —0.106  0.750 0.036 0.842 0.081 0.653 —0.017  0.924
RV/TLC, % 0.076 0.690 —0.145 0973 0.238 0.205 0.159 0.401 0.131 0.468
TLC, % pred. —0.324 0.066 0.448 0.100 —0.479  0.005 —0.405 0.019 —0.311  0.078

Bold numbers indicate statistically significant values.
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Figure 1. (A) Correlation of R5-19 with FEF25-75%; (B) receiver operating characteristic (ROC)
analysis evaluating the performance of R5-19 in the identification of small airway disease as expressed
by FEF25-75% < 60% pred.; (C) correlation of R5-19 with the composite physiologic index (CPI).

4. Discussion

In the present study, the oscillometric parameters correlated with ILD disease severity
as assessed by FVC, and R5-19 had a good performance in the prediction of spirometric
SAD as expressed by FEF25-75%. More importantly, R5-19 was the only SAD parameter
related to CPI, a marker of disease prognosis. This study provides evidence for the potential
use of oscillometry in the evaluation of disease severity and lung periphery in interstitial
lung disease.

Although small airway disease is a major characteristic of COPD and this feature is less
investigated in ILD, recent studies based on combined pathology and HRCT observations
have demonstrated that airways are often not spared in pulmonary fibrosis. Small airway
disease seems to represent an early pathologic feature of idiopathic pulmonary fibrosis,
as regions of minimal fibrosis are associated with a significant reduction in the number
of terminal bronchioles, while the remaining exhibit major alterations [12]. Furthermore,
abnormal small airways exhibited increased expression of matrix metalloproteinases 7 and
9 in the bronchial epithelium [13]. These findings highlight the potential pathogenetic role
in lung remodeling of small airways in ILD and raise treatment implications.

SAD may not be easy to assess, and many methods have been developed, including
spirometry, body plethysmography, inert gas washout techniques, and imaging modalities
with various concerns in terms of availability, complexity, and reproducibility [14]. In our
study, oscillometry was evaluated as the main modality to assess SAD in patients with early
pulmonary fibrosis. Oscillometry is a novel, easy technique evaluating proximal and distal
airway function without performing a forced expiratory maneuver. This has a particular
utility in children, the elderly, and patients with severe respiratory disease or specific
contraindications, as it requires minimal effort [15]. Oscillometry was proven to be more
sensitive than spirometry in detecting SAD in populations exposed to the World Trade Cen-
ter collapse on 11 September 2001; spirometry, including measures of midexpiratory airflow
rates, remained within normal limits, while small airway abnormality was correlated with
severity and frequency of wheeze and was independently associated with the presence of
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systemic inflammation confirmed on histologic evaluation [16]. The value of oscillometry
has been more extensively investigated in obstructive diseases. Previous studies have
shown that oscillometry may be a more sensitive marker of SAD than FEF25-75% in asthma
and COPD with preserved pulmonary function, as patients with oscillometry-defined SAD
had a significantly higher incidence of respiratory symptoms compared to those with SAD
defined by spirometry [17]. Furthermore, oscillometry data contribute to more accurate
characterization of asthma phenotype [18].

Our results indicate that oscillometric parameters correlate with ILD severity, as
assessed by FVC, even in mild ILD, consistent with previous reports in more advanced
fibrotic disease. Using the method described by Horita and colleagues [19] to identify
potential differences in the r values in different correlations between oscillometric and
pulmonary function testing parameters, we were not able to identify differences that
exceeded the minimal clinically important difference. In a cohort of eighty Japanese patients
with IPF that underwent high-resolution computed tomography (HRCT) and aimed to
assess the utility of oscillometry as a potential marker for traction bronchiectasis and
airflow obstruction, spirometry and oscillometry were investigated in relation to fibrosis-
related HRCT findings [20]. FVC correlated negatively with oscillometric parameters and
HRCT scores, while respiratory reactance correlated positively with all fibrosis-related
HRCT scores [19]. Zhiang et al. showed that spirometry-defined SAD was associated with
significantly increased risk of mortality in patients with IPF (HR 1.73, 95% CI 1.02-2.92) [5].
In a retrospective analysis, Yin and colleagues demonstrated that one-third of IPF patients
had SAD, assessed by spirometric indices; these patients had a significantly shorter survival
compared to non-SAD patients. Histopathological examination in those undergoing lung
transplantation presented various degrees of airway distortion and obliteration in triple
the number of patients than were captured by spirometry [4]. Finally, Mikamo et al. found
that oscillometry was more sensitive than spirometry in the detection of HRCT-defined
SAD [21]. Ninety patients with different ILDs were evaluated according to the HRCT
findings (mosaic attenuation, air trapping, and centrilobular micronodules) as having or
not having SAD. Although pulmonary function parameters (%FVC, %FEV1, FEV1/FVC,
FEF 25-75,1C, TLC, FRC, RV/TLC, and %DLCO) did not differ between the two groups,
oscillometry parameters were significantly associated with the radiological presence of
SAD [21]. The absence of correlations between oscillometric parameters and DLCO% or
DLCO/ VA in our pilot study likely suggests that oscillometry, focusing on small airway
pathology, evaluates different pathophysiological aspects than diffusing capacity in this
population of patients with mild ILD and may be complementary in the holistic evaluation
of this population.

Our study showed that in patients without radiological evidence of obstruction, R5-19
captured SAD abnormality in one-third, correlated with disease severity and the prognostic
score CPI. SAD may play a role in the worsening of respiratory symptoms and contribute to
mortality risk in more advanced ILD disease, but importantly, early involvement of small
airways in the disease course may imply its potential role in pathogenesis of pulmonary
fibrosis [4,5]. Despite the small number of participants and the cross-sectional design of
this study, our data are derived from a well-characterized population of patients with early
pulmonary fibrosis. We excluded patients with pulmonary fibrosis in the context of collagen
vascular disease or hypersensitivity pneumonitis, where SAD may be a cardinal patho-
logical and radiological feature caused by different mechanisms from idiopathic fibrotic
diseases. In contrast to IPF, small airway dysfunction is well recognized in rheumatoid
arthritis and Sjogren’s syndrome, where obliterative and follicular bronchiolitis are com-
mon findings; similarly, in hypersensitivity pneumonitis (HP), granuloma formation and
lymphocytic infiltrates lead to small airway obstruction [22]. Our results show that small
airways may be abnormal in early pulmonary fibrosis as assessed by R5-19, irrespective of
smoking habit, and this finding correlates with FVC and the CPI. Further research focused
on small airways, and their epithelium is likely warranted in the context of pulmonary
fibrosis, which may stimulate exploration of new treatable traits. Small airway-targeted
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treatment via aerosolized drug delivery onto the airway epithelium could be a therapeutic
option in the early stage of pulmonary fibrosis [23].

The small sample size is a potential limitation of our pilot study, yet the identification
of patients with mild ILD and the meticulous evaluation of these patients, including
pulmonary function testing and forced oscillometry on the same day at the time of the
initial diagnosis supports the validity of our observations. The cross-sectional design of
this study represents an additional limitation, and future prospective cohort studies in
larger populations are certainly needed to identify the role of oscillometry in the evaluation
and management of patients with ILD.

In conclusion, this is the first physiological study to our knowledge, investigating
patients with early pulmonary fibrosis, with no evidence of comorbid obstructive disease,
focusing on small airways. Our data highlight that oscillometry is an easy-to-use technique
revealing early mechanical alterations caused by pulmonary fibrosis and captures SAD, a
sensitive marker of peripheral lung pathology, which may have prognostic implications for
ILD patients.
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