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Background: Chronic mucus hypersecretion (CMH) in chronic obstructive pulmonary disease (COPD) is associated with severe
outcomes, but its impact on mortality across COPD stages is not well understood. This study evaluated the risk of mortality according
to mucus plugs and COPD severity.

Methods: A subset analysis was performed using secondary unadjusted data from published figures of a study on the COPDGene
cohort. Data on mortality rates and mucus plug scores were extracted and classified by the GOLD stages. The mortality risk was
calculated based on the number of mucus plugs occluding lung segments and GOLD stage, using calibration curves and best-fitting
non-linear regression curve analysis.

Results: The risk of all-cause mortality was significantly increased for GOLD stage 1 patients with >1 occluded lung segments (1.48,
95% CI 1.10-1.86; P<0.01) compared to those with no occlusions. Patients with GOLD stage 1 and >3 occluded lung segments had
a significantly higher mortality risk (1.89, 95% CI 1.43-2.36; P<0.001). No increased mortality risk resulted for patients with 1-2
occluded lung segments and those at GOLD stage 2—4. The number needed to harm analysis indicated that 6 patients with >3 occluded
segments at GOLD stage 1 were required to observe one death, compared to 26 patients at GOLD stage 4.

Conclusion: The significant mortality risk associated with multiple mucus-plugged segments at GOLD stage 1 supports the potential
benefit of thiol-based mucolytic therapy. Targeted interventions to reduce mucus plugs could be crucial in improving survival
outcomes for early-stage COPD patients.
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Introduction
Chronic mucus hypersecretion (CMH) in chronic obstructive pulmonary disease (COPD) is associated with a decline in
forced expiratory volume in the 1°* second (FEV,), increased risk for pulmonary infections, elevated frequencies of
exacerbations and hospitalizations, and reduced health-related quality of life (QoL)."* CMH is due to altered activity of
goblet and submucosal gland cells as well as decreased elimination of mucus due to altered mucociliary clearance.”
Evidence from a large observational retrospective analysis of prospectively collected data of 4363 patients with
a diagnosis of COPD in the Genetic Epidemiology of COPD (COPDGene, https://copdgene.org) cohort indicates that
40.7% of participants had mucus plugs in one or more medium- to large-sized bronchi according to chest computed

tomography (CT) scan.” Among the analyzed patients, 40.6% died in a median follow-up of 9.5 years, with the presence
of mucus plugs occluding airways being significantly associated with higher risk of all-cause mortality.’

Indeed, the quantitative risk analysis was performed accordingly to the number of airways occluded by mucus.
However, it was not matched with the severity of disease. In fact, the mortality rate, and not the risk, by chronic
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obstructive lung disease (GOLD) stage and mucus plug score were only qualitatively reported in the primary publication
(Figure SIA and E).3 The absence of a detailed analysis of mortality risk in relation to both the extent of airway
occlusion by mucus and disease severity is a missed opportunity to comprehensively evaluate the impact of mucus in
COPD patients, even at early stages of the disease.

In this respect, it has been demonstrated that CMH is a pivotal treatable trait (TT) with thiol-based drugs in COPD,
that chronic sputum production is significantly associated with COPD and is consistently reported across all stages of the
disease, from mild to very-severe patients, with a prevalence around 30%.*® Current international recommendations are
proposing increasing interest in the management of mucus hypersecretion with mucolytic agents for the treatment of
COPD, even at early stages of the disease and in subjects with chronic bronchitis.” Effectively, mucolytic therapy may
improve symptoms and QoL while also reducing the risk of exacerbations and hospitalization in COPD patients.® '

Intriguingly, CMH is also significantly reported with a prevalence of 20% in early COPD patients, who are
individuals under 50 years of age with >10 pack-years of tobacco consumption with one or more of the following
conditions: FEV,/forced vital capacity ratio less than the lower limit of normal and/or chest CT abnormalities and/or
accelerated FEV, decline.'

The impact of pharmacological treatment on mortality in COPD is a highly relevant topic, as highlighted by the last
GOLD document.” Therefore, characterizing a TT such as CMH in relation to mortality and disease severity may provide
further support in the use of mucolytic agents in COPD.

The aim of this study was to perform a subset analysis of results obtained from the COPDGene study, as published by
Diaz et al.> As independent researchers without access to the COPDGene database, we extracted data from the primary
article by Diaz et al.® This analysis seeks to determine the risk of mortality in COPD patients associated with the
presence of airway-occluding mucus plugs at specific levels of COPD severity, namely GOLD stage 1 (mild COPD),
GOLD stage 2 (moderate COPD), GOLD stage 3 (severe COPD), and GOLD stage 4 (very severe COPD).

Materials and Methods

Data Extraction

Unadjusted data were extracted from Figure S1, which reports data adapted from the study published in JAMA by Diaz
et al.” Specifically, the percentage for all-cause mortality rates and participant counts were obtained by GOLD stage and
mucus plug score from Figure S1C and D, respectively.

The severity of COPD was classified according to the level of airflow limitation as defined by the GOLD stages:
GOLD 1: post-bronchodilator (PB) FEV; >80% predicted; GOLD 2: 50%< PB FEV; <80% predicted; GOLD 3: 30%<
PB FEV, <50% predicted; GOLD 3: PB FEV, 30%< predicted.” The mucus plug score identified the number of lung
segments with mucus plugs, defined as a CT opacity that completely occluded the lumen of a medium-to-large-sized
airways.’

Outcomes

The primary outcome was the risk of all-cause mortality based on GOLD stage and the number of lung segments with
mucus plugs. The secondary outcomes were the strength of association between all-cause mortality based on GOLD
stage and the number of lung segments with mucus plugs, as well as the number needed to harm (NNH).

Data Analysis

Color images in Figure S1A and B were converted from RGB to 8-bit grayscale using Heckbert’s median-cut color
quantization algorithm to quantify the luminance of each cell and the corresponding specific scales. Figure S1C and D
show the converted to 8-bit grayscale, reporting all-cause mortality and participants by GOLD stage and mucus plug
score. The RGB-to-grayscale conversion was a procedure necessary to optimize image classification and data
extraction.!® Data from scales were assessed at 20%, 40%, 60%, and 80% for all-cause mortality rate and at 5%,
10%, 15%, 20%, and 25% for the percentage of participants. The luminance levels ranged from 0 (black) and 255
(white), with intermediate values representing shades of gray.
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The correspondence of scale luminance with the above reported percentages was used to build specific calibration
curves that allowed to calculate the percentages of all-cause mortality rate and participants according to GOLD stage and
the number of lung segments with mucus plugs. The number of patients at each GOLD stage was provided in the primary
publication (GOLD 1, n=766; GOLD 2, n=1887; GOLD 3, n=1127; GOLD 4, n= 583).3

Using data from the calibration curves, along with the number of participants for each GOLD stage and the total
number of patients, it was possible to calculate the exact number of participants for each cell based on GOLD stage and
the number of lung segments with mucus plugs. These values were then used to determine the exact number of deceased
and surviving patients for each cell according to GOLD stage and the number of lung segments with mucus plugs. This
allowed for the calculation of the risk of all-cause mortality based on the GOLD stage for patients with >1, 1-2, and >3
lung segments with mucus plugs compared to those without mucus plugs in the lung segments. The risk of all-cause
mortality was also analyzed via a best-fitting non-linear regression curve analysis to assess whether there is a trend in the
risk of death related to the severity of COPD and the number of lung segments with mucus plugs.'®

The strength of association between all-cause mortality based on the GOLD stage and the number of lung segments
with mucus plugs, as well as the NNH, were also calculated as previously described.'”'® Detailed information is
available in the supplementary data.

Software and Statistical Significance

Image] software was used to extract data from the Figures;?® GraphPad Prism (CA, US) software was used to build the
calibration curves, calculate the risk of all-cause mortality, the strength of association, and NNH, and to perform the best-
fitting non-linear regression curve analysis. Data are generally reported as mean and 95% confidence interval; the best-
fitting non-linear regression models were graphed reporting the 95% confidence bands, which indicate the likely location
of the true curves. The level of statistical significance was set at P<0.05.'¢

Results

Calibration Curves and Extracted Data

The calibration curves used to calculate the percentages of all-cause mortality rate and participants according to the levels
of luminance of the respective scales are presented in Figure 1A and B, respectively. Both the calibration curves fit
parabolic equations, characterized by a very high goodness of fit as indicated by the R? values. The percentages of all-
cause mortality rate and participants, according to GOLD stage and the number of lung segments with mucus plugs, are
shown in Figure 1C and D, respectively.

Risk of All-Cause Mortality Based on the GOLD Stage and the Number of Lung

Segments with Mucus Plugs

The overall unadjusted analysis indicated that the risk of all-cause mortality was significant at GOLD stage 1 and 3
(P<0.01 and P<0.001, respectively) and that the GOLD stage was inversely related to the risk of all-cause mortality. The
unadjusted analysis performed according to the number of lung segments with mucus plugs showed that when 1 or 2
segments are occluded by mucus plugs, there is no significant increased risk of all-cause mortality at GOLD stage 1, 2,
and 4. When >3 lung segments are occluded by mucus plugs, the risk of all-cause mortality is significantly increased at
GOLD stage 1 (P<0.001) and is also reported at GOLD stage 3 (P<0.01), showing an inverse relationship with the GOLD
stage. Detailed information on the unadjusted risk of all-cause mortality based on GOLD stage and the number of lung
segments occluded by mucus plugs is reported in Table 1.

The overall best-fitting non-linear regression curve analysis of the risk of all-cause mortality confirmed a significant
inverse relationship with the GOLD stage following a hyperbolic trend (R? 0.85), with a significantly increased risk of
death at GOLD stage 1 (P<0.01) (Figure 2A). For participants with 1 or 2 segments occluded by mucus plugs, no
significant trend was detected (P>0.05) (Figure 2B). However, in participants with >3 segments occluded by mucus
plugs, the significant inverse hyperbolic trend with GOLD stage (R? 0.95) was confirmed, with the risk of all-cause
mortality significantly increased at GOLD stage 1 (P<0.001) (Figure 2C). Detailed information on the significant best-
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Figure | Calibration curves with equations and R? values for the percentages of all-cause mortality rate (A) and participants (B) according to the levels of 8-bit luminance;
percentages of all-cause mortality rate (C) and participants (D), according to GOLD stage and the number of lung segments with mucus plugs.

fitting non-linear regression hyperbolic models describing the risk of all-cause mortality by GOLD stage and the number
of lung segments with mucus plugs is provided in the supplementary data. Table 2 presents the predicted risk of all-cause
mortality based on GOLD stage and the number of lung segments with mucus plugs vs participants without mucus plugs
derived from the best-fitting non-linear regression models.

The evidence resulting from the best-fitting non-linear regression curve analysis was supported by the analysis of the
strength of association. A moderate association was found at GOLD stage 1 between all-cause mortality and participants

with >1 occluded lung segments. A strong association was consistently observed at GOLD stage 1 in participants with >3

occluded lung segments.
The NNH analysis, reported in Table 3, indicates the worst-case scenario at GOLD stage 1 in participants with >3
occluded lung segments, where 6 patients were required to observe one death, compared to 26 patients at GOLD stage 4.

Discussion
The findings of this study underscore the significant impact of GOLD stage and the number of lung segments occluded

by mucus plugs on all-cause mortality in COPD patients. The overall best-fitting non-linear regression curve analysis

Table | Unadjusted Risk of All-Cause Mortality Based on GOLD Stage and the Number of Lung Segments With Mucus
Plugs vs Participants Without Mucus Plugs. Values Reported as Mean and 95% CI

GOLD 4 1.05 (0.95-1.17) 1.05 (0.94-1.19) 1.05 (0.94-1.19)

GOLD 3 1.22 (1.09-1.37)%* 1.21 (1.06—1.39)** 1.22 (1.07-1.40)**

GOLD 2 1.22 (0.98-1.29) 1.10 (0.93-1.30) 1.14 (0.93-1.37)

GOLD | 1.49 (1.13-1.95)** 1.20 (0.84-1.70) 1.90 (1.38-2.58)***
Overall: 21 lung segments with mucus plugs | 1-2 lung segments with mucus plugs | 23 lung segments with mucus plugs

Notes: ** P<0.01 and *** P<0.001 vs lung segments without mucus plugs. 95% Cl: 95% confidence interval.
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Figure 2 Best-fitting non-linear regression curve analysis of the risk of all-cause mortality by GOLD stage according to 21 occluded lung segments (A), 1-2 occluded lung
segments (B), and 23 occluded lung segments (C). The average best-fitting non-linear regression models are graphed reporting the 95% confidence bands, which indicate the
likely location of the true curves. ** P<0.01 and *** P<0.001 vs lung segments without mucus plugs.
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Table 2 Predicted Risk of All-Cause Mortality Based on GOLD Stage and the Number of Lung Segments With Mucus Plugs
vs Participants Without Mucus Plugs Derived From the Best-Fitting Non-Linear Regression Models. Values Reported as
Mean and 95% ClI

GOLD 4 1.09 (0.84-1.34) I.11 (0.88-1.35) 1.06 (0.78-1.35)

GOLD 3 1.12 (0.89-1.35) 1.12 (0.91-1.33) 1.12 (0.84-1.39)

GOLD 2 1.20 (0.99-1.40) 1.14 (0.96-1.32) 1.24 (0.98-1.50)

GOLD | 1.48 (1.10-1.86)** 1.20 (0.86—1.54) 1.89 (1.43-2.36)***
Overall: 21 lung segments with mucus plugs | -2 lung segments with mucus plugs | 23 lung segments with mucus plugs

Notes: ** P<0.01 and *** P<0.001 vs lung segments without mucus plugs. 95% CI: 95% confidence interval.

Table 3 NNH Values for the All-Cause Mortality Based on GOLD Stage and the Number of Lung Segments With Mucus

Plugs. Values Reported as Mean and 95% ClI

GOLD 4 26 (9 - ») 26 (8 - ») 26 (8 - »)
GOLD 3 10 (6-23) 10 (6-36) 10 (6-29)
GOLD 2 28 (12 - =) 33 (12 - ) 25 (10 - )
GOLD | 12 (7-37) 28 (9 — =) 6 (4-12)
Overall: 21 lung segments with mucus plugs | 1-2 lung segments with mucus plugs | 23 lung segments with mucus plugs

Notes: 95% Cl: 95% confidence interval; NNH: number needed to harm.

reveals a moderately increased risk of all-cause mortality at GOLD stage 1 for COPD patients with at least one lung
segment occluded by mucus plugs. In examining the role of mucus plugs, our results show that the presence of 1 or 2
occluded lung segments has not relevant impact on the risk of all-cause mortality according to the GOLD stage. This
suggests that a low number of occluded segments might not sufficiently impair lung homeostasis to influence mortality
risk appreciably.?! However, the situation changes dramatically when >3 lung segments are occluded. At this threshold,
the risk of all-cause mortality rises significantly and becomes strong at GOLD stage 1, reinforcing the inverse relation-
ship between the severity of GOLD stage and all-cause mortality risk. This suggests that early stages of COPD, as
defined by the GOLD classification, are critical in influencing all-cause mortality risk, particularly in patients with CMH
and multiple mucus-plugged lung segments.

This evidence has important clinical relevance because patients at GOLD stage 1 have a lower mortality rate than
those with more severe COPD.? However, this low prevalence of mortality may mask an increased risk of death for
patients with lung segments occluded by mucus plugs compared to those without mucus plugs. This is a typical condition
in which, when an event rate is low, the relative distribution of risk estimates may be highly skewed, potentially masking
significant risks in a specific population.”? Indeed, this finding represents the main scientific added value that did not
emerge in the initial analysis by Diaz et al.®

Another study?® found that the mortality rate, rather than the risk of mortality, was associated with a high mucus
score, but it did not provide information about the severity of COPD. Additionally, even a recent sophisticated artificial
intelligence-based analysis of automated mucus quantification on chest CT scans, which explored the association with
mortality in the full cohort of all Phase 1 COPDGene participants, did not provide models to assess the risk of mortality
according to the severity of COPD, but only for patients across GOLD stages 1-4.>* This evidence further corroborates
the novelty of our analysis, which addresses a critical gap in the current literature.

Producing such important clinical evidence by extracting data from Figures in previously published study’ may
initially seem speculative or imprecise. However, it is important to highlight the robust scientific basis supporting
graphical data extraction methods. When performed with suitable software,?” such as that used to interpret the Figure in
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the original article by Diaz et al,® this approach has been shown to ensure high accuracy and enable reliable interrater
consistency.”>® These methods are particularly valuable when primary data, such as patient-level data from resources
like the COPDGene database, are restricted to study investigators and not available to independent researchers. In such
cases, Figure-based data extraction serves as a validated and effective strategy for generating reproducible results in
clinical research.

In this regard, our study provides additional evidence, marking an important advancement beyond the primary
analysis conducted by Diaz et al.> The NNH analysis identified the most unfavorable case at GOLD stage 1 in COPD
patients with >3 occluded lung segments, reporting a worrying NNH value of 6. This means that for every only 6 mild
COPD patients with >3 lung segments occluded by mucus plugs, one died. This value is particularly striking compared to
very severe COPD patients, where 26 patients with >3 lung segments occluded by mucus plugs were necessary to report
one death. Although there are no established rules for what constitutes an acceptable NNH, considering the severity of
the outcome “mortality”, pragmatically an NNH value <10 can be generally regarded as concerning.”’ Indeed, this
highlights the urgent need for targeted interventions in these patients to mitigate the elevated risk of mortality.

The potential benefit of mucolytic therapy, particularly with thiol-based drugs, should be considered as part of these
targeted interventions. Thiol-based mucolytics break the disulfide bonds linking mucin proteins by donating electrons to
the thiol groups of cysteine residues in mucin monomers. This process leads to the depolymerization of mucin oligomers,
altering the rheology of mucin-rich secretions. As a result, the elasticity and viscosity of the mucus are reduced, making
it easier to expel from the lungs.?® By reducing mucus plugs, thiol-based mucolytics may help prevent the occlusion of
lung segments, thereby reducing the risk of all-cause mortality, especially in patients with mild COPD (GOLD stage 1)
who have multiple occluded lung segments.

In the era of TT approach, where CMH is recognized as a pivotal trait in COPD,** and considering that mortality has
been suggested as a potential outcome for the pharmacological treatment of COPD,*° addressing mucus hypersecretion in
patients with a hypersecretory phenotype may offer both pharmacological and clinical rationale.” The currently
recommended thiol-based mucolytics in COPD include carbocysteine, erdosteine, and N-acetylcysteine.” Regular treat-
ment with carbocysteine and N-acetylcysteine has been shown to reduce the risk of exacerbation only in patients not
receiving inhaled corticosteroids (ICS). Erdosteine, however, has demonstrated a significant effect against exacerbation
regardless of concurrent ICS treatment.®*'33 As prodrug, erdosteine contains two blocked thiol groups which are stable
in the stomach acid environment and become available only after first-pass metabolism, this accounting for the very good
safety profile of erdosteine.’**> Additionally, erdosteine has been proven to potentiate the effectiveness of antibiotics.>*
This is particularly important as COPD exacerbations are often caused by bacterial infections, which require antibiotics
and corticosteroid therapy.*®*” Furthermore, ICS-containing treatment are frequently prescribed in COPD management,
with data from routine clinical practice indicating that 50-80% of COPD patients are prescribed with ICS.*®

Considering that increased mortality is associated with exacerbations even in COPD patients with mild lung function
impairment, thiol-based mucolytics, particularly erdosteine, may counteract the risk of mortality by both reducing the
risk of mild exacerbation and decreasing CMH.>° However, it is yet to be investigated whether the increased risk of death
in patients with mild COPD and multiple occluding mucus plugs is primarily due to the higher mortality risk associated
with COPD exacerbations.? Identifying the TT CMH in early-stage COPD could be pivotal as part of a broader precision
medicine strategy. In any case, it remains unclear whether mitigating this TT with thiol-based mucolytic therapy in early-
stage COPD might also reduce the risk of mortality, as the efficacy of these therapies in reducing mucus plugs is
currently unproven and requires further investigation.

Assessing the impact of thiol-based mucolytic agents on a rare event such as mortality presents significant challenges,
particularly due the need for a very large population size when employing classic frequentist inference. This limitation
may be addressed by utilizing Bayesian inference, which is well-suited for modeling uncertainty, an essential aspect
when predicting rare events that often necessitate data extrapolation. The Bayesian statistical approach allows for
a substantial reduction in the required population size, providing a reliable assessment of rare events without dependence
on p-values.*

The limitation of this study is that it is a subset analysis of secondary data extracted from published Figures of a study
on the COPDGene cohort, which has already been analyzed.> Additionally, the data were not adjusted for critical
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variables such as smoking status, body mass index (BMI), and comorbidities. As independent researchers not affiliated
with the COPDGene study consortium, we do not have direct access to patient-level data.*' Consequently, we could not
adjust data for age, sex, race and ethnicity, BMI, pack-years smoked, current smoking status, FEV, and CT measures of
emphysema and airway disease, as performed in the primary publication.® Therefore, the extraction and use of unadjusted
data may have led to an inflated effect size in the assessment of the risk of all-cause mortality reported in Table 1 of our
study, similar to the difference between unadjusted and adjusted hazard ratios reported by Diaz et al**** The unadjusted
nature of data may also have introduced potential bias especially for outcomes with small effect sizes; thus, caution is
warranted when interpreting results originating from unadjusted analysis.*’

The consequent risk of Type I error is particularly important when outcomes result in a small effect size, especially
during large-N replication stage. This is evident in our detection of the risk of all-cause mortality at GOLD stage 2 to 4,
where we reported risk values between 1.05 and 1.22.** These values fall within the range of a small effect size for
measures of risk of rare events, thereby increasing the probability of theoretical false positive.***> Conversely, the
significant risk values detected at GOLD stage 1 were greater and thus less likely to be affected by Type I error.***

To address this matter, we aimed to reduce the risk of Type I error by performing a best-fitting non-linear regression
curve analysis, a procedure shown to be effective in mitigating the risk of obtaining false positive results, particularly for
binary data such as mortality.*? In fact, when adjustment is not possible, balancing in regression models can alleviate the
limitations of unadjusted analyses.*” Notably, applying the best-fitting non-linear regression model abolished the
significance observed at GOLD stage 2 to 4, reinforcing the concern regarding Type I error in the unadjusted analysis.

Therefore, the predicted values resulting from the best-fitting non-linear regression models, as reported in Figure 2
and Table 2 of this study, should be considered the main results of our research depicting the impact of airway-occluding
mucus plugs on mortality in patients with COPD, according to disease severity, in a real COPD population.

In this way, our study represents a significant advancement compared to the analysis performed by Diaz et al in the
primary publication.® Although it is a subset analysis, our regression models provide an in-depth and Type I error-free
evaluation of mortality risk in COPD, offering important insights into the importance of effect sizes as supported by
Gene V. Glass and Jacob Cohen, two of the most influential statistician-researchers of the past half-century.*® Despite
employing robust statistical approach, such as the NNH analysis and regression models, our findings are based on the
specific COPDGene cohort. We recognize that this may limit their generalizability to broader populations, highlighting
the necessity for further research in diverse COPD populations to validate and enhance the applicability of our results.

Concluding, the analysis of secondary unadjusted data from published Figures of the COPDGene study emphasizes
the importance of early detection and intervention in COPD patients, particularly those with CMH. The significant
increase in all-cause mortality risk at GOLD stage 1 in patients with multiple mucus-plugged lung segments suggests that
even early-stage COPD should not be underestimated. Implementing effective pharmacological strategies to reduce
mucus plugs could potentially improve survival outcomes in these patients. Further research is needed to explore
therapeutic approaches aimed at reducing mucus plugging and to validate these findings across diverse COPD popula-
tions with varying levels of disease severity.*’
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