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Resultant greenhouse gases from the use of inhaled
corticosteroid based on Global Initiative for Asthma (GINA)
guidelines: a primary care used case from Singapore

Ding Xuan Ng'®™, Mabel Qi He Leow'?, Yi Ling Eileen Koh', Wai Keong Aau' and Ngiap Chuan Tan'?

Inhaled corticosteroid (ICS) is recommended by Global Initiative for Asthma 2022 Guidelines for patients to attain asthma control.
However, inhalational short-acting B2-agonist (SABA) is needed for reliever therapy and emits greenhouse gases (GHG). Despite
evidence supporting ICS-formoterol’s superior effectiveness as both maintenance and reliever therapy, and more recent guidelines
as the preferred treatment option, some patients continue to be prescribed with ICS. The study aimed to quantify GHG from adults
on ICS inhalers treated in primary care in Singapore, including their SABA use, and compare good versus suboptimal asthma
control. Data from nine public primary care clinics in eastern Singapore were retrieved from the electronic medical records,
comprising asthma-diagnosed patients aged 21 years and older. Records contained their demography, clinical diagnoses, asthma
control test (ACT) scores and ICS (beclomethasone pMDI, budesonide DPI and fluticasone pMDI) dispensed from in-house
pharmacies. Patients with ACT > 20 were classified as having good asthma control. Total GHG resulting from ICS and SABA were
calculated for pMDI or DPI inhalers. Between 2015 and 2023, patients on ICS decreased from 3647-2265, while proportion of well-
controlled asthma improved from 53.6-82.5%. Annual GHG emissions showed substantial reductions: ICS-only emissions fell from
101,685-71,899 kgCO,e, and ICS+SABA emissions decreased from 629,989-316,283 kgCO,e. Individual patient emissions dropped
from 173 kgCO,e (2015) to 140 kgCO,e (2023). Patients using Fluticasone propionate inhalers had the highest GHG emissions (227
kgCO,e/year). Patients with suboptimal asthma control produced significantly higher GHG emissions, exceeding those with good
control by 30 kgCO,e /year (p < 0.001). GHG emissions declined with fewer ICS-treated patients over the years, accompanied by a

reduction in per patient GHG emission. Suboptimal asthma control was associated with higher GHG, demonstrating the
interdependency between asthma outcomes and environmental sustainability.
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INTRODUCTION

Direct inhalation of medication is the evidence-based effective
mode of pharmacotherapy in asthma management’. The medica-
tion is delivered to the airway via inhalers, either assisted by
propellent in pressurized metered-dose inhalers (pMDI), direct
inhalation of powdered medication via dry powder inhalers (DPI)
or soft mist inhalers (SMI). Inhaled corticosteroids (ICS) are the
primary treatment of asthma to curb the underlying airway
inflammation?. Inhaled short-acting f2-agonist (SABA) is needed
to dilate the airways in rescue therapy when a person experiences
bronchoconstriction during an acute asthma exacerbation.

Currently, ICS delivered in pMDI form is more commonly
prescribed. However, usage of pMDI results in elevated carbon
footprints due to its hydrofluorocarbons (HFCs) propellants, which
are potent greenhouse gases (GHG) that contribute to global
warming?>. DPIs which are void of propellants, have significantly
lower carbon footprint compared to pMDlIs. Furthermore, patients
with suboptimal asthma control might experience an asthma
exacerbation and in turn require rescue therapy using SABA,
which are often delivered by pMDI, further aggravating HFC
damage to the environment*.

Singapore is an island state in which the lifetime prevalence of
asthma among its Asian population is estimated at 10.5%, and
current asthma prevalence of 3.9% among adults aged 18-69
years®. These figures are comparable to global patterns, with the
United States reporting an asthma prevalence of 8.7% and five

pooled European countries reporting a prevalence of 6.7%%’.
However, the burden of acute asthma care in Singapore is
particularly high, based on the hospitalization rate of approxi-
mately 80 episodes per 100,000 from 2003-2019 - nearly three
times higher than the United States’ rate of 29 per 100,0008,
Additionally, Emergency Department (ED) visit rate in Singapore
reached 390 per 100,000 in 2019°. Based on these acute asthma
exacerbation rates, the expected GHG emissions from the current
asthma control status of patients will be significant.

However, patients with asthma are largely managed in primary
care in Singapore. They can access asthma care in the private
General Practitioner (GP) clinics or public primary care clinics
known as polyclinics, where they can receive rescue therapy
during asthma exacerbation'®. Alternatively, they can also choose
to access ED directly for rescue therapy. In primary care clinics,
evacuation to ED for further treatment will occur in the event
where rescue therapy fails to relieve the patients from their
bronchoconstriction. Nevertheless, the burden of asthma manage-
ment in primary care and the impact on environment has yet to
be elucidated.

SingHealth Polyclinics currently comprises ten polyclinics
located in eastern Singapore which provide primary care services
to the residents in the neighborhood, including continuing care
for patients with stable asthma control and rescue therapy for
those who walk in for acute exacerbations. The polyclinic
clinicians, including physicians, trained advanced practice nurses
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and pharmacists prescribe inhaled asthma medications, which are
dispensed from the in-house pharmacy. The electronic medical
record (EMR) and e-prescription systems provide invaluable data
to estimate the GHG produced resulting from the longitudinal
asthma care and related prescriptions of the patients served by
these polyclinics. The data will provide insight into the asthma
care burden in the community and lays the foundation for a
comprehensive action plan to address both the gaps and
environmental concerns.

The retrospective longitudinal study aimed to report the asthma
control status of patients who were treated in a primary care
institution from 2015-2023, quantify the inhaled asthma medica-
tions dispensed from the in-house pharmacies and to estimate the
GHG resulting from the asthma treatment.

METHODS

Study design

This retrospective longitudinal study leverages on the data from
the electronic medical record (EMR) of routine clinical asthma
management in SingHealth Polyclinics. The study period covers
from 2015-2023 and includes 8 public primary clinics located in
eastern Singapore.

Study sites and population

All patients aged 21 years old and above with clinical diagnosis of
asthma within the study period were included. The extracted
clinical and administrative data includes their demographics,
Asthma Control Test (ACT) scores, dispensed asthma-related
medication, Rescue Therapy (RT) records. RT refers to the
institution protocol-based administration of inhalational salbuta-
mol and ipratropium via space chamber to patients at the
polyclinic who presented with wheezing and/or breathlessness
and had rhonchi detected on auscultation of the lungs by
healthcare professionals such as doctors and trained nurses. The
polyclinics allow walk-in access to patients presenting with acute
medical conditions, including RT for asthma exacerbations to
increase healthcare access to any residents. Empanelment of
patients with chronic diseases such as asthma to specific polyclinic
in Singapore is strongly encouraged but is not mandatory by
regulations.

Patients were included if they had at least one ACT score
available in the year, reflecting an asthma consultation at the
clinic. Patients were excluded if they had incomplete or missing
ACT records as they can visit a clinic for other purposes. Those
who had a switch in inhaler, with either a switch in type (DPI or
pMDI) or brand, or switch to ICS-LABA inhalers were also excluded.
The asthma medications were dispensed directly from the in-
house pharmacy in each polyclinic in accordance with clinic’s
formulary. The prescription and dispensing data were captured in
the EMR.

Data management

To comply to national bioethics regulations, the data extracted
from the Electronic Health intelligence System (eHINTS), a single
enterprise data repository for clinical data, was de-identified by an
independent approved trusted third-party in SingHealth Medical
Information Office prior to analysis by the study team members. A
detailed list of variables extracted are as follows: demographic
(age, gender, and ethnicity), ACT records, RT records with
treatment intensity, dispensed inhaled ICS medication (Beclo-
methasone Dipropionate, Budesonide and Fluticasone propio-
nate) and dispensed inhaled beta-agonist (Salbutamol). The RT
utilization records were only accessible from 2016 onwards,
following the integration of these records into standardized
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clinical documentation. Only the de-identified dataset availed to
the study team members for analysis.

Outcome measures

The primary outcome was inhaler usage, assessed based on the
number of canisters dispensed, inhaler type and brand. Each
inhaler included in the analysis was assigned a carbon footprint
value, determined by the propellant used, with values sourced
from literature'"'2, More details on carbon footprint values are
provided in Supplementary Table 1. The carbon footprint value for
each canister represents the total greenhouse gas emissions
associated with its usage, measured in kilograms of carbon
dioxide equivalent. The carbon footprint calculation for RT was
based on the standard dosage of 10 puffs of Ventolin per RT cycle,
in accordance with the SHP’s clinical guideline. The total carbon
footprint calculation is as follow:

Total Carbon Footprint (kgCO,e) = N;x CF;

where, N; = Number of canisters dispensed for inhaler type iCF; =
Carbon footprint per canister of inhaler type i (kgCO5e)

ACT scores were used to categorize patients into two groups:
suboptimal controlled (ACT <20) and well-controlled (ACT = 20).
Patients with at least 1 recorded ACT of less than 20 within a
calendar year were classified as suboptimal. A comparative
analysis of the GHG emission was done between patients who
had suboptimal asthma control versus those with well-controlled
asthma status.

Data cleaning

Data wrangling was performed to ensure the accuracy, reliability,
and consistency in the desired data format. Inhaler usage data was
reviewed and filtered to ensure that patients remained on the
same inhaler type and form throughout the year. Duplicated ACT
records from the same visit were removed. The final dataset was
structured in a longitudinal format for analysis, where a single
patient could have records in multiple years within the study
period. Patients with missing data on demographics and ACT
score were excluded to ensure that patients who were regularly
reviewed and managed by the respective polyclinics were
included in the study population. Only complete case records
were analyzed.

Statistical analyses

Descriptive statistics were used to evaluate the annual impact of
GHG based on dispensed medication from the study population.
The mean values were calculated to summarize the aggregated
GHG emission with respect to the different types of medication.
Generalized Estimating Equations (GEE) were used to analyze
trends in GHG emissions over a 9-year study period, comparing
between patients with well-controlled and suboptimal asthma
control. The GEE model was chosen to account for repeated
measured within patients over the study period and handle
within-subject correlation due to non-consecutive records of
patients across different years. An exchangeable correlation
structure was employed to handle within-subject correlation.
The model accounted for fixed effects in asthma control and year,
with patient ID as the clustering variable. The GHG emission
associated with each medication type were further analyzed and
compared. A p value < 0.05 was deemed statistically significant. All
statistical analysis were carried out using Python 3.11.2 and
Tableau 2023.3.

RESULTS

A total of 10,042 unique patients across the 9-year period was
analyzed. Despite a 38% reduction in patients on ICS inhalers
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Table 1. Annual greenhouse gas emission among patients on ICS.

Year Asthma Control N (%) Carbon Emission (kg/co2e)

Total Per Group ICS Salbutamol Rescue Therapy (RT) ICS + Salbutamol + RT Total
2015 Good 3647 1956 (53.6) 57,457 251,216 — 308,673 629,988
2015 Suboptimal 1691 (46.4) 44,227 277,088 — 321,315
2016 Good 3472 2016 (58.1) 59,741 250,824 930 311,495 568,606
2016 Suboptimal 1456 (41.9) 36,510 217,392 3209 257,111
2017 Good 3469 2052 (59.2) 59,664 246,064 879 306,607 561,523
2017 Suboptimal 1417 (40.8) 34,858 217,112 2946 254,916
2018 Good 3345 2137 (63.9) 60,256 242,536 1042 303,834 512,110
2018 Suboptimal 1208 (36.1) 29,586 175,952 2738 208,276
2019 Good 3293 2172 (66.0) 63,462 248,920 1176 313,558 504,714
2019 Suboptimal 1121 (34.0) 28,291 159,936 2929 191,156
2020 Good 2776 2228 (80.3) 71,436 255,920 459 327,815 417,444
2020 Suboptimal 548 (19.7) 14,914 73,808 907 89,629
2021 Good 2586 2215 (85.7) 70,334 241,640 498 312,472 375,017
2021 Suboptimal 371 (14.3) 10,252 51,688 605 62,545
2022 Good 2373 1994 (84.0) 65,484 221,032 594 287,110 351,607
2022 Suboptimal 379 (16.0) 10,379 53,536 582 64,497
2023 Good 2265 1868 (82.5) 59,860 188,104 689 248,653 317,571
2023 Suboptimal 397 (17.5) 12,039 56,280 599 68,918
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Fig. 1 Greenhouse gas emission per patient by medication type.

(3647-2265) between 2015 and 2023, the proportion of well-
controlled patients improved from 54-82%. In 2023, 83.5% of the
patients were treated with Beclomethasone Dipropionate, fol-
lowed by Budesonide (10.6%) and Fluticasone propionate MDI
(5.9%). Between 2015-2023, total annual GHG emission reduced
by approximately half, from 629,988-317,571 kgCO,e (Table 1).
Salbutamol usage contributed substantially to the annual GHG
emission, with approximately 5.2 and 3.4 times that of dispensed
ICS inhalers in 2015 and 2023 respectively. The annual GHG
emissions attributed to Rescue Therapy declined from 0.7% (2016)
to 0.4% (2023) of total emissions.

On average, each patient emits 139.6 kgCO,e yearly, a decline
from 172.7 kgCO,e in 2015. Dispensed salbutamol was the main
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contributor to GHG emission, ranging from 108-145 kgCO,e per
patient, an equivalent of approximately 5 canisters yearly. In
contrast, ICS inhalers contributed to 32 kgCO,e per patient and
increased slightly over the years, mainly driven by increased
dispensing of Fluticasone propionate canisters (4.6-4.8). Contribu-
tion from RT to GHG emissions reduced over the years, declining
from 1.2-0.6 kgCO,e per patient. Annual GHG emission per patient
are summarized and reflected in Fig. 1.

Figure 2 shows that GHG emission was higher in patients with
suboptimal asthma control, contributed vastly by inhaled Salbu-
tamol. In 2023, they emitted 40 kgCO,e more as compared to
those well-controlled. The GEE model revealed that patients with
suboptimal asthma control had a significantly higher GHG
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Fig. 2 Greenhouse gas emission per patient by asthma control.

Table 2. Generalized estimating equation model for annual
greenhouse gas per patient.

Variable Estimate () 95% Confidence Interval  P-value
Asthma Control
Well-Controlled Ref —
Suboptimal 29.5 26.1-32.9 <0.001
Year —-23 —29to —1.6 <0.001

emission, averaging 29.5 kgCO,e more per year (p<0.001).
Additionally, the annual GHG emission per patient showed a
declining trend, decreasing by 2.3 kgCO,e per year (p<0.001)
(Table 2). However, comparison on ICS-only inhalers revealed that
patients with suboptimal control had consistently lower GHG
emission by approximately 3 kgCO,e compared to those with
good control due to fewer canisters of dispensed ICS inhalers.

In comparison between the three brands of ICS among the
suboptimal control group, those treated with Fluticasone propio-
nate contributed more GHG (Fig. 3). Between types of ICS inhalers,
the annual GHG emission per patient were substantially greater
for ICS-pMDI by 14-45 times compared to the approximately 2
kgCO,e emitted via ICS-DPI. The addition of Salbutamol into the
computation led to a reduction in the difference in annual GHG
emitted by 35-43 kgCO,e for ICS-DPI in both suboptimal and well-
controlled groups of patients. Dispensed Salbutamol was highest
in Beclomethasone Dipropionate, averaging 3.9 canisters per
patient, and was similar for patients on Budesonide and
Fluticasone propionate (3.6 canisters) (Table 3).

From Fig. 4, usage of Ventolin for RT was highest in suboptimal
patients using Budesonide and Fluticasone propionate inhalers
(1.9 kgCOye). A substantial dip in RT consumption pattern was
observed in 2022. Utilization of RT services remain similar in
patients with good asthma control across all three ICS inhalers (0.4
kgCOe).

DISCUSSION

This retrospective longitudinal study aimed to report the asthma
control status, quantify the inhaled asthma medications dispensed
from the in-house pharmacies and estimate the GHG resulting
from the asthma treatments. From 2015-2023, the number of
patients using ICS-only inhaler declined by 38%. Consequently,
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the GHG emitted from ICS inhalers declined from 101,684-71,899
kgCO,e. A larger reduction in ICS-only users was observed from
2020, which could be attributed to patients switching to ICS-
formoterol. This was in-line with growing evidence showing ICS-
LABA being more effective in reducing asthma exacerbation' 4,
as well as the Global Initiative for Asthma (GINA) recommendation
of as-needed ICS-formoterol inhalers in place of daily ICS-only
inhalers for patients classified as Step 2'°.

In recent years, the environmental impacts of medical treatment
have become an essential consideration in patient care'®. Patients
with suboptimal asthma control emitted 20-40 kgCO,e more GHG
compared with those with well-controlled asthma yearly, primarily
driven by more salbutamol inhalers used. The environmental
impact becomes particularly pertinent when considering the
cumulative effect across the entire asthma patient population.
With an asthma prevalence of 3.9%° about 163,000 adult
residents in Singapore will have asthma, potentially amounting
up to 6.5 million kgCO,e more GHG emissions for suboptimal
asthma control. Besides good asthma control, adherence to ICS
inhaler can result in reduced use of salbutamol and its resultant
GHG"’. Hence, educating patients on the importance of adher-
ence to ICS inhaler needs to be a key priority.

Though use of salbutamol showed a decreasing trend, it plays
an essential role as a reliever for some patients with asthma. Even
within the well-controlled asthma patients, salbutamol still
contributed a substantial 100 kgCO,e of GHG per patient per
annum. Salbutamol in traditional pMDI preparation is the biggest
contributor to GHG. An alternative would be to use powdered-
form salbutamol which was developed after pMDI, but is less
frequently used and currently not available in our setting. The
literature has proven equal effectiveness between salbutamol in
pMDI and DPI preparations'®. Thus, the provision of salbutamol in
DPI could help in reducing GHG.

This study found an improvement in asthma control despite
reduced ICS usage. While mandatory mask-wearing regulations
during the COVID-19 pandemic likely contributed to improved
asthma control by reducing exposure to airborne irritants,
established clinical processes appear to be equally important.
These processes include structured asthma counselling and
regular inhaler technique assessments conducted by trained
nurses, which help ensure optimal medication adherence and
proper inhaler usage. These support initiatives likely improve
patients’ self-management of asthma. The combination of robust
clinical support may have contributed to better asthma outcomes
despite lower ICS utilization. However, more efforts are required to
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Fig. 3 Greenhouse gas emission per patient by asthma control and medication type.
Table 3. Inhaler canisters dispensed per patient for different ICS from 2015-2023.
Year Beclomethasone Dipropionate Budesonide Fluticasone propionate
SABA Beclomethasone Dipropionate SABA Budesonide SABA Fluticasone propionate
2015 53 338 4.7 4.0 4.4 4.6
2016 49 37 44 38 43 4.8
2017 49 3.6 4.5 37 3.6 4.4
2018 46 34 37 35 3.9 4.2
2019 4.5 35 4.2 37 3.2 4.1
2020 43 338 338 39 35 4.7
2021 4.1 338 3.6 3.0 37 4.6
2022 4.2 338 37 238 37 5.0
2023 3.9 37 3.6 29 3.6 4.8
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Fig. 4 Rescue Therapy’s carbon emission per patient by asthma control and medication.

manage the subset of the patients with suboptimal asthma

control.
Patients

with  suboptimal
increased RT utilization across all three ICS inhaler brand, resulting

asthma control demonstrated
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in higher GHG emissions. The relationship between suboptimal
asthma control and elevated environmental impact underscores
the benefit of attaining optimal asthma management. This aligns
with the CARBON study in UK which reported 8.1 times higher
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GHG emission in patients with poorly controlled asthma'.
Notably, a decline in GHG emissions observed from 2019-2022
might be attributed to the COVID-19 pandemic, with reduced
acute respiratory infections (ARI) attendance observed'®. During
the outbreak with restricted movement in the community,
quarantine of infected patients and mandatory wearing of mask,
the incidence of ARI, a common asthma trigger, was reduced by
approximately 50%'°. It could be associated with reduced access
to healthcare facility for mild asthma exacerbation due to fear of
cross infection with COVID. Besides direct GHG contribution from
RT, the utilization of RT necessitates travel to the polyclinics. These
journey, whether by public or private transport, contribute
additional GHG emissions to overall carbon footprint of asthma
care. The cascading environmental impact further emphasize the
importance of achieving good asthma control. Thus, under-
standing both the environmental impact of RT and frequent clinic
visits could lead to increased awareness and act as motivation for
better asthma self-management.

Study strengths and limitations

This study reports real-world data based on the institution EMR.
SHP manage over 2500 patients with asthma on ICS annually and
longitudinally. Collected as routine clinical records, the data is less
subjected to patients’ recall bias, or errors from manual data entry
from data collection forms.

However, the study is limited by the absence of data from
patients who bought their inhalers from pulmonologist, private
general practitioner (GP) clinics or community pharmacies. The
number is likely to be small due to higher expenses from these
sources of purchase. The inhaler dispensing records may not
reflect actual utilization by patients. This potentially overestimates
greenhouse gas emissions, which only occur when inhalers are
actuated.

CONCLUSION

Raising awareness on the environmental impact of suboptimal
asthma could nudge patients in adhering to the medication
regime and improve self-management ability. The dual benefit of
improved asthma outcomes and reduced environmental impact
presents a compelling case for optimizing asthma management.
To ensure a more sustainable asthma care, healthcare providers
should consider incorporating environmental impact data when
making treatment decisions, without compromising on health
outcomes and patient suitability.
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