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Background: Inhaled therapies are essential for chronic obstructive pulmonary disease (COPD) management but also contribute to 
healthcare-related carbon emissions. Real-world evidence linking inhaler-related carbon burden to clinical outcomes remains limited. 
This study evaluated the relationship between inhaler-related CO2 emissions and clinical effectiveness of different treatment regimens.
Methods: This retrospective single-center observational study included patients with COPD. Patients were categorized into four 
groups based on the inhaled therapy: long-acting muscarinic antagonists (LAMA) monotherapy, LAMA/long-acting β2-agonists 
(LABA), LABA/inhaled corticosteroids (ICS), and triple therapy (LAMA/LABA/ICS). Clinical outcomes, including pulmonary 
function test (PFT) parameters and health-related quality of life (HRQL), were assessed over one year. Total inhaler-related CO2 

emissions were calculated using published conversion factors. Emission-adjusted outcomes were derived to evaluate the clinical 
benefits per unit of CO2 emission.
Results: Clinical improvements in HRQL and PFT were comparable across groups, with no significant differences in ΔFEV1, ΔFVC, or 
ΔCAT. However, CO2 emissions differed significantly, being the lowest in the LAMA monotherapy group and the highest in the LABA/ 
ICS and triple therapy groups (p < 0.001). Emission-adjusted analysis demonstrated that lower-intensity regimens, particularly LAMA 
monotherapy, were associated with more favorable CO2-adjusted treatment efficiency, particularly in ΔmMRC/CO2 (p = 0.001) and 
ΔFEV1 (%)/CO2 (p = 0.026), indicating higher clinical benefit per unit carbon emission. After adjustment for baseline severity-related 
variables, including age, sex, smoking status, baseline FEV1, baseline CAT score, and baseline mMRC score, higher-intensity regimens 
remained associated with lower CO2-adjusted pulmonary function improvement compared with LAMA monotherapy.
Conclusion: High-intensity regimens were associated with substantially increased inhaler-related CO2 emissions. Although major 
clinical outcomes were generally comparable across groups, lower-emission regimens showed relatively more favorable CO2-adjusted 
outcomes in this cohort. These findings highlight the importance of balancing clinical effectiveness with environmental considerations 
while maintaining guideline-based, individualized COPD management according to disease severity and clinical needs.
Keywords: chronic obstructive pulmonary disease, inhaler, carbon emissions, treatment efficiency, pulmonary function, health-related 
quality of life

Introduction
Chronic obstructive pulmonary disease (COPD) is a major global health burden and a leading cause of morbidity and 
mortality worldwide, accounting for approximately 3.7 million deaths each year.1 The disease is characterized by 
persistent respiratory symptoms and progressive airflow limitation, leading to substantial healthcare utilization and 
economic burdens.2 COPD profoundly compromises patient outcomes, leading to impaired quality of life, reduced 

International Journal of Chronic Obstructive Pulmonary Disease 2026:21 617602                         1
© 2026 Jao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Chronic Obstructive Pulmonary Disease       

Open Access Full Text Article

https://doi.org/10.2147/COPD.S617602
Received: 16 April 2026
Accepted: 18 June 2026
Published: 17 July 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f C

hr
on

ic
 O

bs
tr

uc
tiv

e 
P

ul
m

on
ar

y 
D

is
ea

se
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0002-6503-5189
http://orcid.org/0009-0007-6062-6178
http://orcid.org/0000-0001-7898-6963
http://orcid.org/0000-0002-9065-2058
http://orcid.org/0000-0002-9047-8141
http://orcid.org/0000-0001-9376-6539
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


functional capacity, and an increased risk of mortality.3 Management of COPD requires comprehensive and sustained 
pharmacological therapy, particularly with bronchodilators.2

Bronchodilators constitute the cornerstone of COPD therapy and provide sustained improvement in airflow 
limitation.2 Long-acting bronchodilators, including long-acting muscarinic antagonists (LAMA) and long-acting β2- 
agonists (LABA), are the mainstay of maintenance treatment, improve lung function, reduce symptoms, decrease 
exacerbation risk, and enhance health-related quality of life (HRQL).2,4 In selected patients, inhaled corticosteroids 
(ICS), typically in combination with LABA or as part of triple therapy (LAMA/LABA/ICS), further reduce exacerbations 
and provide additional clinical and HRQL benefits.2,5

The environmental impact of healthcare systems has gained increasing attention in recent years.6 Inhaler devices are 
recognized as contributors to the carbon footprint of respiratory care, with substantial variations in greenhouse gas 
emissions across device types.6–8 This environmental impact has important public health implications, as inhaler-related 
emissions contribute to climate change, which is associated with worsening air quality, increased frequency of extreme 
weather events, and a higher risk of respiratory exacerbations.7 Reflecting these concerns, several guidelines have begun 
to incorporate environmental considerations into inhaler prescriptions.7,9 This underscores a critical paradox in respira
tory care: although inhalers are essential for disease management, their cumulative environmental impact may indirectly 
contribute to worsening respiratory health outcomes.7,9

Both clinical effectiveness and environmental impact are important considerations when selecting inhaler therapies. 
However, current evidence is largely based on lifecycle or modeling studies with limited real-world, patient-level data.6–8 

Moreover, previous studies have primarily focused on differences between inhaler device types, whereas treatment 
regimens in COPD often reflect differences in disease severity, medication intensity, and inhaler utilization patterns in 
real-world clinical practice.6–8 These factors may substantially influence both cumulative carbon emissions and clinical 
outcomes. Therefore, evaluating carbon emissions across treatment regimens may provide more clinically relevant 
information regarding the balance between therapeutic benefit and environmental burden in routine COPD management. 
Accordingly, this study aimed to quantify inhaler-related CO2 emissions in patients with COPD and compare emission 
profiles across different treatment regimens to evaluate both clinical benefits and carbon burden.

Materials and Methods
Study Design and Population
This retrospective observational study was conducted at Taipei Tzu Chi Hospital, Buddhist Tzu Chi Medical Foundation, 
New Taipei City, Taiwan. Patients were enrolled during the study period from January 1, 2025 to December 31, 2025. 
The patient selection process is summarized in Supplementary Figure 1. Adult patients (aged ≥18 years) with COPD 
were included in this study. Patients were eligible for inclusion if they had a confirmed diagnosis of COPD based on 
clinical evaluation and spirometric criteria, with available medical records including treatment details, HRQL assess
ments, and pulmonary function test (PFT) data during the study period. Patients were excluded if they had incomplete 
clinical data, no follow-up assessments, or were receiving long-term mechanical ventilation or palliative care at baseline. 
Patients were categorized into four groups based on their inhaled pharmacological regimens: Group 1, LAMA mono
therapy; Group 2, combined LAMA and LABA; Group 3, combined LABA and ICS; and Group 4, triple therapy 
(LAMA/LABA/ICS). Patient grouping was based on the inhaled treatment regimen that was maintained for the majority 
of the follow-up period rather than solely on the baseline regimen. Specifically, patients were classified into the treatment 
group corresponding to the inhaled regimen used for more than two-thirds of the one-year follow-up period (ie, >8 
months). Treatment escalation, de-escalation, or switching during follow-up was allowed in real-world clinical practice. 
However, all inhalers used during the study period were included in the calculation of cumulative CO2 emissions 
regardless of subsequent treatment changes.

The study protocol was approved by the Institutional Review Board of Taipei Tzu Chi Hospital (IRB No. 14-IRB 
106) and all procedures were conducted in accordance with the Declaration of Helsinki. Written informed consent was 
obtained from all patients for review of their medical records and use of anonymized clinical data for research purposes. 
All patient information was de-identified prior to analysis, and confidentiality of patient data was strictly maintained 
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throughout the study. This study was implemented as part of the Disease Specific Care–Chronic Obstructive Pulmonary 
Disease certification program, reflecting real-world quality improvement practices in COPD management.

Patients were followed for one year to assess outcomes. Follow-up assessments in this retrospective study were 
conducted as part of routine clinical care and the Disease Specific Care–Chronic Obstructive Pulmonary Disease 
certification program at our institution. Patients were regularly followed at outpatient clinics according to standard 
management practice, including scheduled clinical evaluations, inhaler prescription records, HRQL assessments, and 
pulmonary function testing. Clinical data were retrospectively collected from the electronic medical record system. 
Patients without sufficient follow-up data during the study period were excluded from the analysis.

Changes in clinical outcomes, including PFT parameters and HRQL scores, were assessed by comparing baseline and 
one-year follow-up data within each treatment group. Total CO2 emissions were calculated for each patient during the 
study period. Between-group differences in outcome changes were also analyzed to evaluate the relative effectiveness of 
the different inhaled regimens.

Data Collection
Demographic and clinical data, including age, sex, height, weight, body mass index, smoking status, and HRQL, were 
collected from electronic medical records. HRQL was assessed using the COPD Assessment Test (CAT), modified 
Medical Research Council (mMRC) dyspnea scale, and Brief Symptom Rating Scale (BSRS-5), along with PFT recorded 
at baseline and follow-up. The CAT is an 8-item questionnaire that assesses the impact of COPD on health status, with 
higher scores indicating worse symptoms.10 The mMRC dyspnea scale grades the severity of breathlessness from 0 to 4 
based on functional limitations, with higher scores indicating a greater severity of dyspnea.11 The BSRS-5 is a 5-item 
instrument evaluating psychological distress, including anxiety, depression, hostility, inferiority, and insomnia, with 
higher scores indicating greater distress.12 PFTs were performed by trained technicians in accordance with the guidelines 
of the American Thoracic Society using a spirometer (Medical Graphics Corporation, St. Paul, Minnesota, USA).13 

Measurements included forced vital capacity (FVC), forced expiratory volume in one second (FEV1), and the FEV1/ 
FVC ratio. The severity of airflow obstruction was assessed based on the FEV1 percentage (FEV1%) of predicted 
values.13 Patients were classified into Global Initiative for Chronic Obstructive Lung Disease (GOLD) Groups A, B, and 
E according to symptom burden and exacerbation history, with Group A representing low symptoms and low exacer
bation risk, Group B representing higher symptom burden, and Group E representing frequent exacerbations.2

Estimation of Inhaler-Related Carbon Emissions
Inhaler-related carbon dioxide equivalent (CO2-eq) emissions were estimated based on patient inhaler use over the 
preceding year. Total CO2 emissions were calculated as the cumulative sum of all inhalers used during this period. 
Emission estimates were derived using previously published conversion factors for inhaler-related carbon footprint.14–17 

Berotec® pressurized metered-dose inhaler (pMDI, 200 puffs) has a carbon footprint of 16.484 kg CO2-eq per inhaler.14 

Among ICS+LABA combination therapies, Symbicort® pMDI (MDI, 120 puffs) generates 34.400 kg CO2-eq per inhaler, 
whereas Foster® pMDI and Seretide® Evohaler (pMDI, 120 puffs) generate 14.153 and 19.000 kg CO2-eq, respectively.14 

Trimbow® pMDI (MDI, 120 puffs) has emissions of 14.5 kg CO2-eq.13 Dry Powder Inhaler (DPI) devices such as 
Relvar® Ellipta (30–60 puffs), Anoro® Ellipta (30 puffs), Trelegy® Ellipta (30 puffs), and Ultibro® Breezhaler (30 puffs) 
have lower emissions of approximately 0.4–0.8 kg CO2-eq per inhaler.14–16 Soft mist inhalers (SMIs), including Spiriva® 

Respimat and Spiolto® Respimat (both 60 puffs), have emissions of approximately 0.775 kg CO2-eq per inhaler.14,17

Clinical and Pulmonary Outcomes
Treatment-related outcomes were evaluated by assessing changes in HRQL and PFT, calculated as the difference between 
follow-up and baseline values (Δ). To evaluate treatment efficiency relative to environmental impact, CO2 emission– 
adjusted outcomes were calculated by normalizing clinical changes to total CO2 emissions, expressed as ratios such as 
ΔCAT/CO2 emission, ΔmMRC/CO2 emission, and ΔFEV1/CO2 emission. In this study, “treatment efficiency” refers to 
the magnitude of clinical or pulmonary function improvement achieved per unit of inhaler-related CO2 emission. For 
symptom-related scores, including CAT, mMRC, and BSRS-5, more negative values indicate greater clinical 
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improvement per unit of CO2 emission, whereas for pulmonary function parameters, higher positive values indicate 
greater pulmonary improvement per unit of CO2 emission.

Statistical Analysis
Continuous variables are presented as mean ± standard deviation, and categorical variables as counts and percentages. 
Comparisons across groups were performed using one-way analysis of variance for continuous variables and the chi- 
squared test or Fisher’s exact test for categorical variables, as appropriate. When significant differences were detected, 
post hoc comparisons were conducted using the Games–Howell test. To control for potential confounding factors, 
multivariable linear regression analysis was additionally performed, adjusting for age, sex, smoking status, baseline 
FEV1, baseline CAT score, and baseline mMRC score. Adjusted associations between inhaled treatment groups and 
clinical outcomes were evaluated using regression coefficients with corresponding 95% confidence intervals and p- 
values. Statistical significance was defined as a two-sided p-value of < 0.05. Statistical analyses were performed using the 
SPSS software (IBM Corp., Armonk, NY, USA).

Results
Clinical and demographic variables were compared across the four treatment groups among the 148 patients included in the final 
analysis: Group 1 (n = 9), Group 2 (n = 51), Group 3 (n = 15), and Group 4 (n = 73). The baseline characteristics are summarized 
in Table 1. Significant differences were observed in terms of age, sex, and smoking status. Group 4 patients were older (73.42 ± 
9.27 years), while Group 3 had the lowest mean age (65.67 ± 12.49 years; p = 0.035). Male predominance was highest in Group 4 
(95.9%) and lowest in Group 3 (66.7%, p = 0.008). Smoking status showed a higher proportion of current smokers in Group 3 
(40.0%, p = 0.020). No significant differences were found in height, weight, or body mass index (all p > 0.05). Group 4 had lower 
FEV1/FVC and FEV1 values than Groups 1–3 (both p < 0.001). GOLD stage distribution also differed across groups, with Group 

Table 1 Baseline Characteristics Across Groups

Variable Group 1 Group 2 Group 3 Group 4 p-value

Age (years) 67.22 ± 9.31 72.47 ± 11.55 65.67 ± 12.49 73.42 ± 9.27 0.035

Height (cm) 162.78 ± 7.36 164.62 ± 6.50 163.47 ± 8.92 162.28 ± 5.83 0.269
Weight (kg) 72.24 ± 21.04 64.33 ± 12.82 64.66 ± 12.25 63.27 ± 11.85 0.278

BMI (kg/m2) 26.91 ± 6.09 23.69 ± 4.30 24.24 ± 4.38 24.01 ± 4.17 0.243

Sex (male) 8 (88.9%) 45 (88.2%) 10 (66.7%) 70 (95.9%) 0.008
Smoking status 0.020

Never (N, %) 1 (11.1%) 11 (21.6%) 6 (40.0%) 9 (12.3%)

Former (N, %) 7 (77.8%) 24 (47.1%) 3 (20.0%) 48 (65.8%)
Current (N, %) 1 (11.1%) 16 (31.4%) 6 (40.0%) 16 (21.9%)

FEV1/FVC (%) 68.0 ± 14.1a 62.6 ± 12.7a 64.7 ± 7.1a 53.7 ± 13.6b <0.001

FVC (%) 92.1 ± 15.1 95.8 ± 25.3 85.2 ± 19.3 91.0 ± 23.1 0.421
FEV1 (%) 78.4 ± 18.3a 76.6 ± 26.2a 69.0 ± 17.5ab 63.1 ± 24.3b 0.016

Predominant inhaler type (N, %) SMI (9, 100%) DPI (38, 74.5%) 

/SMI (13, 25.5%)

pMDI (13, 86.7%) 

/DPI (2, 13.3%)

pMDI (48, 65.8%) 

/DPI (25, 34.2%)
Berotec use (canisters/year) 0.00 ± 0.00a 2.65 ± 4.30b 3.27 ± 4.99b 7.71 ± 4.73c <0.001

GOLD stage 0.055

Stage A 5 (55.6%) 25 (49.0%) 7 (46.7%) 20 (27.4%)
Stage B 4 (44.4%) 20 (39.2%) 7 (46.7%) 33 (45.2%)

Stage E 0 (0.0%) 6 (11.8%) 1 (6.7%) 20 (27.4%)

Prior ER visits within 1 year (≥1) 0 (0.0%) 3 (5.9%) 1 (6.7%) 22 (30.1%) 0.001

Notes: Group definitions: Group 1, LAMA monotherapy; Group 2, LAMA/LABA; Group 3, LABA/ICS; Group 4, triple therapy (LAMA/LABA/ICS). 
Different superscript letters (a, b, c) indicate statistically significant differences between groups based on post hoc Games–Howell analysis (p < 0.05). 
Groups sharing the same superscript letter are not significantly different. 
Abbreviations: BMI, body mass index; ER, emergency room visit; FEV1/FVC, forced expiratory volume in one second/forced vital capacity; FVC, 
forced vital capacity; FEV1, forced expiratory volume in one second; GOLD, Global Initiative for Chronic Obstructive Lung Disease; pMDI, pressurized 
metered-dose inhaler; DPI, dry powder inhaler; SMI, soft mist inhaler.
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4 showing a higher proportion of patients classified as GOLD Stage E (27.4%), whereas no patients in Group 1 were classified as 
Stage E. In addition, prior exacerbation-related emergency room visits within 1 year were more frequent in Group 4 (30.1%) than 
in the other groups (p = 0.001). In Group 1, all patients received Spiriva Respimat (9, 100%). In Group 2, DPI devices were 
predominant, with Anoro Ellipta DPI (29, 56.9%) and Ultibro Breezhaler DPI (9, 17.6%) accounting for 74.5% of prescriptions, 
while Spiolto Respimat accounted for 25.5% (13 patients). In Group 3, pMDI therapies were predominant (86.7%), mainly 
Symbicort pMDI (7, 46.7%) and Foster pMDI (5, 33.3%), whereas Relvar Ellipta DPI was used in 13.3% of patients (2 patients). 
In Group 4, pMDI-containing regimens accounted for 65.7% of prescriptions, including Trimbow pMDI (27, 37.0%), Seretide 
pMDI plus Spiriva Respimat (10, 13.7%), Symbicort pMDI plus Spiriva Respimat (10, 13.7%), and Anoro Ellipta plus Seretide 
pMDI (1, 1.4%), while DPI-only regimens accounted for 34.3%, primarily Trelegy Ellipta DPI (24, 32.9%) and Relvar Ellipta 
plus Spiriva Respimat (1, 1.4%).

The HRQL outcomes are presented in Table 2. CAT and BSRS-5 scores showed no significant differences among 
groups at baseline, follow-up, or in change (Δ) (all p > 0.05). In contrast, mMRC scores differed significantly at both 
baseline and follow-up (p < 0.001), with Group 4 showing greater dyspnea severity; however, the magnitude of 
improvement (ΔmMRC) was similar across groups.

PFT outcomes are presented in Table 3. At baseline, Group 4 had lower FEV1/FVC, FVC, and FEV1 values (all p < 
0.05). After treatment, Group 4 continued to exhibit significantly lower FEV1/FVC, FEV1, and FEV1 (%) than the other 
groups (p < 0.05). Regarding changes over time, no significant between-group differences were observed in ΔFEV1/ 
FVC, ΔFVC, or ΔFEV1.

Figure 1 illustrates CO2 emissions across the four groups. Total CO2 emissions differed significantly (8.78 ± 0.87 kg 
CO2-eq in Group 1, 63.11 ± 86.55 kg CO2-eq in Group 2, 322.89 ± 174.79 kg CO2-eq in Group 3, and 271.55 ± 

Table 2 HRQL Outcomes Across Groups

Variable Group 1 Group 2 Group 3 Group 4 p-value

CAT (baseline) 8.78 ± 4.74 10.51 ± 5.51 11.47 ± 5.63 12.26 ± 5.49 0.162

CAT (follow-up) 7.56 ± 3.71 8.88 ± 4.98 9.40 ± 4.17 10.82 ± 5.38 0.093
ΔCAT −1.22 ± 2.64 −1.63 ± 3.46 −2.07 ± 4.04 −1.44 ± 3.27 0.910

mMRC (baseline) 1.22 ± 0.67 1.14 ± 0.53 1.33 ± 0.62 1.82 ± 0.84 <0.001
mMRC (follow-up) 1.00 ± 0.50 1.18 ± 0.59 1.07 ± 0.46 1.74 ± 0.87 <0.001

ΔmMRC −0.22 ± 0.44 0.04 ± 0.40 −0.27 ± 0.59 −0.08 ± 0.80 0.340

BSRS-5 (baseline) 2.2 ± 3.3 1.6 ± 1.8 1.7 ± 1.6 1.5 ± 1.7 0.875

BSRS-5 (follow-up) 1.3 ± 1.2 1.7 ± 1.9 1.6 ± 1.3 1.3 ± 1.5 0.707

ΔBSRS −0.11 ± 1.17 0.14 ± 1.78 −0.27 ± 1.16 0.12 ± 1.50 0.801

Notes: Group definitions: Group 1, LAMA monotherapy; Group 2, LAMA/LABA; Group 3, LABA/ICS; Group 4, 
triple therapy (LAMA/LABA/ICS). 
Abbreviations: CAT, COPD Assessment Test; mMRC, modified Medical Research Council dyspnea scale; BSRS- 
5, Brief Symptom Rating Scale-5; Δ, change from baseline to follow-up.

Table 3 Pulmonary Function Across Groups

Variable Group 1 Group 2 Group 3 Group 4 p- 
value

Post-hoc

Baseline pulmonary function

FEV1/FVC (%) 68.0 ± 14.1a 62.6 ± 12.7a 64.7 ± 7.1a 53.7 ± 13.6b <0.001 Gr4 < Gr1,2,3

FVC (L) 2.8 ± 0.7 2.9 ± 0.8 2.6 ± 0.7 2.5 ± 0.7 0.062 NS
FVC (%) 92.1 ± 15.1 95.8 ± 25.3 85.2 ± 19.3 91.0 ± 23.1 0.421 NS

FEV1 (L) 1.9 ± 0.7a 1.8 ± 0.6a 1.7 ± 0.5a 1.4 ± 0.5b <0.001 Gr4 < Gr1

FEV1 (%) 78.4 ± 18.3a 76.6 ± 26.2a 69.0 ± 17.5ab 63.1 ± 24.3b 0.016 Gr4 < Gr1

(Continued)
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127.10 kg CO2-eq in Group 4; p < 0.001), with Group 3 and Group 4 showing markedly higher levels than Group 1 and 
Group 2. Berotec-related CO2 emissions also differed significantly (0.00 ± 0.00 kg CO2-eq in Group 1, 43.63 ± 70.85 kg 
CO2-eq in Group 2, 53.85 ± 82.29 kg CO2-eq in Group 3, and 128.09 ± 77.92 kg CO2-eq in Group 4; p < 0.001), with the 
highest levels observed in Group 4. Non-Berotec CO2 emissions also differed significantly, with Group 3 showing the 

Table 3 (Continued). 

Variable Group 1 Group 2 Group 3 Group 4 p- 
value

Post-hoc

Follow-Up pulmonary function

FEV1/FVC (%) 69.5 ± 12.3a 63.1 ± 13.0a 65.8 ± 6.3a 53.8 ± 13.9b <0.001 Gr4 < Gr1,2,3

FVC (L) 2.9 ± 0.6a 2.8 ± 0.8ab 2.7 ± 0.8ab 2.4 ± 0.8b 0.016 Gr4 < Gr1
FVC (%) 101.2 ± 19.3 95.9 ± 23.9 86.3 ± 16.7 91.0 ± 31.0 0.438 NS

FEV1 (L) 2.0 ± 0.6a 1.8 ± 0.6a 1.8 ± 0.6a 1.4 ± 0.6b <0.001 Gr4 < Gr1,2,3

FEV1 (%) 88.1 ± 18.3a 78.7 ± 27.5ab 71.3 ± 13.7ab 64.7 ± 28.1b 0.008 Gr4 < Gr1

Change (Δ)

ΔFEV1/FVC 1.5 ± 3.7 0.5 ± 4.7 1.1 ± 8.3 −0.1 ± 5.0 0.793 NS

ΔFVC (L) 0.1 ± 0.2 −0.1 ± 0.3 0.0 ± 0.3 −0.1 ± 0.3 0.126 NS

ΔFVC (%) 9.1 ± 15.3 0.0 ± 13.8 1.1 ± 9.6 1.6 ± 23.4 0.588 NS
ΔFEV1 (L) 0.1 ± 0.2 0.0 ± 0.2 0.1 ± 0.3 −0.1 ± 0.2 0.144 NS

ΔFEV1 (%) 9.7 ± 13.0 2.1 ± 11.7 2.3 ± 12.2 0.1 ± 15.3 0.274 NS

Notes: Group definitions: Group 1, LAMA monotherapy; Group 2, LAMA/LABA; Group 3, LABA/ICS; Group 4, triple therapy 
(LAMA/LABA/ICS). Different superscript letters (a, b) indicate statistically significant differences between groups based on post 
hoc Games–Howell analysis (p < 0.05). Groups sharing the same superscript letter are not significantly different. 
Abbreviations: FEV1, forced expiratory volume in one second; FVC, forced vital capacity; FEV1/FVC, forced expiratory 
volume in one second/forced vital capacity; Δ, change (follow-up minus baseline); NS, not significant; Gr, group.

Figure 1 Carbon dioxide emissions across treatment groups. Groups 3 and 4 demonstrates markedly higher levels compared with Gr1 and Gr2 (p < 0.001). Berotec-related 
CO2 emissions were highest in Gr4, indicating a substantial contribution from short-acting bronchodilator use. In contrast, non-Berotec CO2 emissions were highest in Gr3, 
followed by Gr4, suggesting that non-bronchodilator sources were the primary drivers of elevated emissions in Gr3. Data are presented as mean ± standard deviation. 
Statistical comparisons were performed using a one-way analysis of variance. 
Abbreviations: CO2, carbon dioxide; Gr, group.
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highest levels, followed by Group 4 (8.78 ± 0.87 kg CO2-eq in Group 1, 19.47 ± 34.68 kg CO2-eq in Group 2, 269.04 ± 
139.17 kg CO2-eq in Group 3, and 142.73 ± 118.07 kg CO2-eq in Group 4; p < 0.001).

CO2 emission–adjusted clinical and PFT responses are presented in Table 4. Among symptom-related outcomes, 
ΔmMRC/CO2 differed significantly across groups (−0.028 ± 0.056 in Group 1, 0.008 ± 0.029 in Group 2, −0.007 ± 0.027 
in Group 3, and −0.0002 ± 0.0026 in Group 4; p = 0.001), whereas ΔCAT/CO2 and ΔBSRS/CO2 showed no significant 
between-group differences. For PFT responses, most parameters, including ΔFEV1/FVC/CO2, ΔFVC/CO2, and 
ΔFEV1/CO2, did not differ significantly across groups. However, ΔFEV1 (%)/CO2 showed a significant difference (p 
= 0.026), with Group 1 showing greater improvement per unit CO2 emission compared with Groups 3 and 4.

To control for potential confounding factors and baseline disease severity differences among groups, multivariable 
linear regression analyses were additionally performed adjusting for age, sex, smoking status, baseline FEV1, baseline 
CAT score, and baseline mMRC score. After adjustment, Groups 2, 3, and 4 remained independently associated with 
lower ΔFEV1 (%)/CO2 compared with Group 1. The regression coefficients compared with Group 1 were −0.89 for 
Group 2 (p = 0.018), −1.08 for Group 3 (p = 0.013), and −1.23 for Group 4 (p = 0.001), respectively. Similarly, for 
ΔmMRC/CO2, Groups 2, 3, and 4 remained independently associated with higher ΔmMRC/CO2 compared with Group 1. 
The regression coefficients compared with Group 1 were 0.032 for Group 2 (p = 0.001), 0.022 for Group 3 (p = 0.033), 
and 0.028 for Group 4 (p = 0.002), respectively. Detailed regression results are presented in Supplementary Table 1.

Discussion
This study provides novel real-world evidence highlighting the balance between clinical effectiveness and environmental 
impact in COPD management. Despite comparable improvements in HRQL and PFT across treatment groups, substantial 
differences in CO2 emissions were observed, with higher-intensity regimens, particularly LABA/ICS and triple therapy, 
associated with markedly greater carbon burden. CO2 emission–adjusted outcomes suggested that LAMA monotherapy 
was associated with greater clinical improvement per unit of carbon emitted in this cohort, particularly in ΔmMRC/CO2 

and ΔFEV1%/CO2. These associations remained significant after adjustment for age, sex, smoking status, baseline FEV1, 
baseline CAT score, and baseline mMRC score, supporting the robustness of the observed associations despite baseline 
differences among groups.

Table 4 CO2 Emission-Adjusted Clinical and Pulmonary Responses Across Groups

Variable Group 1 Group 2 Group 3 Group 4 p-value Post-hoc

Symptom response

ΔCAT/CO2 −0.132 ± 0.289 −0.084 ± 0.253 −0.008 ± 0.016 −0.015 ± 0.044 0.094 NS

ΔmMRC/CO2 −0.028 ± 0.056 0.008 ± 0.029 −0.007 ± 0.027 −0.0002 ± 0.0026 0.001 —
ΔBSRS/CO2 −0.019 ± 0.132 0.014 ± 0.210 0.013 ± 0.054 −0.001 ± 0.028 0.854 NS

Pulmonary response

ΔFEV1/FVC/CO2 0.17 ± 0.40 0.01 ± 0.48 0.04 ± 0.13 0.00 ± 0.02 0.559 NS
ΔFVC (L)/CO2 0.01 ± 0.03 0.00 ± 0.05 −0.00 ± 0.00 −0.00 ± 0.01 0.655 NS

ΔFVC (%)/CO2 0.99 ± 1.64 0.13 ± 1.70 −0.01 ± 0.07 −0.04 ± 0.28 0.116 NS

ΔFEV1 (L)/CO2 0.01 ± 0.02 0.00 ± 0.04 0.00 ± 0.00 −0.00 ± 0.00 0.490 NS
ΔFEV1 (%)/CO2 1.06 ± 1.39a 0.25 ± 1.46ab 0.04 ± 0.11b −0.03 ± 0.22b 0.026 G1 > G3,4

Notes: Group definitions: Group 1, LAMA monotherapy; Group 2, LAMA/LABA; Group 3, LABA/ICS; Group 4, triple therapy (LAMA/LABA/ 
ICS). Different superscript letters (a, b) indicate statistically significant differences between groups based on post hoc Games–Howell analysis 
(p < 0.05). Groups sharing the same superscript letter are not significantly different. CO2-adjusted outcomes represent HRQL and pulmonary 
function changes achieved per unit of inhaler-related CO2 emission. For CAT, mMRC, and BSRS-5, more negative values indicate greater 
symptom improvement per unit of CO2 emission, whereas for pulmonary function parameters, higher positive values indicate greater 
improvement in lung function per unit of CO2 emission. 
Abbreviations: CAT, COPD Assessment Test; mMRC, modified Medical Research Council dyspnea scale; BSRS-5, Brief Symptom Rating 
Scale-5; FEV1, forced expiratory volume in one second; FVC, forced vital capacity; FEV1/FVC, forced expiratory volume in one second/forced 
vital capacity ratio; CO2, carbon dioxide; Δ, change (follow-up minus baseline); NS, not significant; Gr, group.
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The observed differences in carbon emissions are largely attributable to the inhaler device characteristics. The MDI- 
containing regimens, which were more prevalent in Group 3, contributed substantially to higher emissions owing to propellant- 
related greenhouse gas release, whereas the DPI and SMI devices had lower lifecycle emissions.14–17 In addition, higher reliance 
on short-acting bronchodilators in Group 4 further increased carbon burden. These results are consistent with previous lifecycle 
and modeling studies but extend existing knowledge by demonstrating these differences in a real-world clinical setting.14–17

According to the current treatment guidelines, patients with more severe symptoms or frequent exacerbations are more 
likely to receive intensified therapy, including ICS-containing regimens.2 In this study, patients receiving triple therapy had 
worse baseline lung function, higher dyspnea scores and more exacerbation, consistent with more advanced disease. 
Therefore, these findings should be interpreted cautiously because baseline disease severity differed across treatment groups. 
These patients exhibited a more severe baseline status, the magnitude of clinical improvement was not significantly greater 
than that in the other groups, suggesting that the observed clinical improvements were not proportionally greater despite 
increased baseline disease severity. In contrast, patients in Group 1, who had milder disease and did not require short-acting 
bronchodilators such as Berotec®, achieved favorable CO2-adjusted outcomes, including ΔmMRC/CO2 and ΔFEV1 (%)/CO2. 
These findings may suggest that, in clinically stable patients with milder disease, lower-emission treatment strategies may still 
provide acceptable clinical outcomes in selected patients with milder disease. This highlights the importance of individualized 
treatment strategies that balance disease severity, expected clinical benefits, and environmental impact.

Climate change and healthcare-related greenhouse gas emissions have emerged as important public health concerns, 
particularly in patients with chronic respiratory diseases.18 Healthcare systems are estimated to contribute approximately 
5% of global greenhouse gas emissions, and inhaler therapies represent a notable component of the respiratory care 
carbon footprint.18,19 Increased greenhouse gas emissions contribute to climate change, worsening air pollution, rising 
ambient temperatures, and more frequent extreme environmental events, all of which have been associated with increased 
respiratory symptoms, exacerbations, and healthcare utilization in patients with asthma and COPD.20 Optimizing inhaler 
strategies may therefore provide dual benefits by maintaining disease control while simultaneously reducing environ
mental burden. In particular, carbon-conscious prescribing approaches, including appropriate selection of lower-emission 
inhaler devices and reduction of unnecessary rescue inhaler overuse, may help decrease avoidable healthcare-related 
emissions without compromising patient care.10 From a broader population-health perspective, improving respiratory 
disease control may itself reduce downstream environmental impact by lowering exacerbations, emergency visits, and 
hospitalizations, which are associated with substantially greater healthcare-related carbon emissions.21

From clinical and policy perspectives, these findings underscore the importance of integrating environmental 
considerations into COPD management.22 While pharmacological intensification remains essential for patients with 
more severe diseases, optimizing inhaler selection and avoiding unnecessary high-emission devices may improve carbon 
efficiency without compromising clinical outcomes.23 This aligns with the emerging recommendations that advocate 
environmentally sustainable prescription practices. Such efforts are critical for developing carbon-conscious, patient- 
centered treatment strategies in respiratory medicine.24 These findings support consideration of environmental impact 
during inhaler selection in COPD management. Treatment decisions should remain individualized according to disease 
severity, symptom burden, and exacerbation risk. Appropriate use of lower-emission inhaler devices may help reduce 
healthcare-related carbon emissions in selected patients.

Limitations of the Study
This study has some limitations. First, this was a single-center retrospective study, which may limit the generalizability of 
the findings and introduce potential selection bias. Second, CO2 emission estimates were derived from published conver
sion factors rather than direct measurements and therefore may not fully capture real-world variability in inhaler use, 
adherence, and disposal patterns, or other healthcare-related sources of carbon burden, such as exacerbation-related 
emergency visits and hospitalizations. Third, treatment allocation was not randomized, and baseline differences in disease 
severity across groups, particularly in lung function and dyspnea severity, may have influenced both clinical outcomes and 
emission profiles, resulting in potential residual confounding. Although additional multivariable analyses adjusting for age, 
sex, smoking status, baseline FEV1, baseline CAT score, and baseline mMRC score were performed, unmeasured 
confounding factors may still exist. In addition, the relatively small sample size in certain groups, particularly the 
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LAMA monotherapy group, may have limited statistical power and affected the stability of between-group comparisons. 
Finally, the one-year follow-up period limited the assessment of long-term clinical outcomes and environmental impact. 
Therefore, the findings of this study should be interpreted as exploratory and hypothesis-generating.

Conclusions
In patients with COPD, high-intensity regimens, particularly those involving greater use of MDIs, were associated with 
increased CO2 emissions. Treatment efficiency, defined as clinical improvement per unit of CO2 emission, appeared to be 
more favorable in patients with milder disease receiving lower-intensity regimens, particularly LAMA monotherapy. 
These findings highlight the importance of balancing clinical effectiveness with the environmental impact of treatment 
selection. Incorporating carbon-conscious prescribing strategies may help optimize patient outcomes while reducing the 
environmental burden of respiratory care.
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