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Abstract
Background and Objective  Prior molecular modelling analysis identified several medicines as potential inhibitors of glu-
tathione peroxidase 1 (GPx1) which may contribute to development or progression of chronic obstructive pulmonary dis-
ease (COPD). This study investigates 40 medicines (index medicines) for signals of COPD development or progression in 
a real-world dataset.
Methods  Sequence symmetry analysis (SSA) was conducted using a 10% extract of Australian Pharmaceutical Benefits 
Scheme (PBS) claims data between January 2013 and September 2019. Patients must have been initiated on an index medi-
cine and a medicine for COPD development or progression within 12 months of each other. Sequence ratios were calculated 
as the number of patients who initiated an index medicine followed by a medicine for COPD development or progression 
divided by the number who initiated the index medicine second. An adjusted sequence ratio (aSR) was calculated which 
accounted for changes in prescribing trends. Adverse drug event signals (ADEs) were identified where the aSR lower 95% 
confidence interval (CI) was greater than 1.
Results  Twenty-one of 40 (53%) index medicines had at least one ADE signal of COPD development or progression. Signals 
of COPD development, as identified using initiation of tiotropium, were observed for atenolol (aSR 1.32, 95% CI 1.23–1.42) 
and naproxen (aSR 1.14, 95% CI 1.06–1.23). Several signals of COPD progression were observed, including initiation of 
fluticasone propionate/salmeterol following initiation of atenolol (aSR 1.44, 95% CI 1.30–1.60) and initiation of aclidinium/
formoterol following initiation of naproxen (aSR 2.21, 95% CI 1.34–3.65).
Conclusion  ADE signals were generated for several potential GPx1 inhibitors; however, further validation of signals is 
required in large well-controlled observational studies.

Key Points 

Twenty-one of 40 (53%) medicines with potential to 
inhibit GPx1 as identified by our prior molecular model-
ling analysis were associated with adverse drug event 
signals of COPD development or progression in real-
world data.

Atenolol, naproxen, cefuroxime, ibuprofen and nicotine 
were associated with multiple COPD adverse drug event 
signals.

The SSA design may be useful for screening real-world 
data to identify safety signals of medicines identified in 
molecular modelling as medicines that may cause ADEs.
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1  Introduction

Chronic obstructive pulmonary disease (COPD) is an insidi-
ous and incurable lung disease characterised by airflow 
limitation that is not fully reversible and symptoms such 
as difficulty breathing, cough and sputum production [1]. 
The prevalence of COPD is estimated to be 13% worldwide, 
with approximately 1 in 20 Australians over the age of 45 
years having COPD [2, 3]. COPD is the fifth leading cause 
of death in Australia and the third leading cause of death 
worldwide [2, 4]. Commonly prescribed medications may 
affect lung function and contribute to the development or 
progression of COPD [5]. Whilst this is known for some 
medications, such as opioids which can cause respiratory 
depression, beta-blockers that can cause bronchospasm, 
abatacept may worsen respiratory disease and ticagrelor 
can cause dyspnoea, it is less well known whether other 
commonly prescribed medications may contribute to devel-
opment or progression of COPD because of undetermined 
mechanisms of these effects and limited studies in large 
populations [6–10].

Inhaled environmental pollutants such as dust and 
tobacco smoke can increase oxidative stress, resulting in 
the development and progression of lung conditions such 
as COPD [11, 12]. Moreover, COPD is also characterised 
by low activity of an antioxidant enzyme glutathione per-
oxidase 1 (GPx1) [13–15]. GPx1 usually protects the lungs 
from damage caused by free radicals; however, people with 
COPD are more susceptible to the effects of oxidative stress 
due to low enzyme activity. Medications have the potential 
to inhibit GPx1 activity, further lowering enzyme activity, 
worsening COPD symptoms and contributing to disease 
progression [16]. Our previous analysis, which used com-
putational molecular modelling analyses, highlighted several 
commonly prescribed medications that could inhibit GPx1 
and worsen COPD [17].

Currently, it is not clear whether use of medicines that 
may inhibit GPx1 can lead to development or progression of 
COPD. However, administrative claims data can be used to 
investigate and detect adverse events associated with COPD 
development or progression and the use of the medicines 
identified as potential inhibitors in our prior analysis. One 
method that can be used to analyse administrative claims 
data is sequence symmetry analysis (SSA). SSA uses the dis-
pensing of medicines as a surrogate measure of an adverse 
drug event (ADE) occurring [18]. Previously, sequence 
symmetry analysis (SSA) has been validated for medica-
tion safety signal detection and showed moderate sensitivity 
and high specificity for detecting ADE signals [18]. SSA is 
powered to detect rare adverse events and those that occur 
after long-term exposure, which is beneficial when analys-
ing an insidious condition such as COPD [18]. This method 

has been shown to have comparable signal detection prop-
erties to common ADE signal detection techniques such as 
disproportionality analyses [19]. SSA has previously been 
utilised to confirm ADE signals such as amiodarone causing 
hypothyroidism, the risk of Clostridium difficile infection 
following prescription of proton pump inhibitors and also 
highlighted new signals between common medicines and 
heart failure [18, 20, 21].

This study aimed to evaluate whether initiation of 40 
common prescription medications, previously identified in 
the literature as potential GPx1 inhibitors, were associated 
with signals of an increased risk of (1) development or (2) 
progression of COPD.

2 � Methods

2.1 � Dataset

A 10% extract of the Pharmaceutical Benefits Scheme 
(PBS) claims data was provided by Services Australia which 
included data from 1 January 2013 to 30 September 2019. 
To maintain the privacy of patients and health professionals, 
all dates in the data were offset by 0–14 days plus or minus 
the actual date. Medicines in the database were coded using 
Anatomic and Therapeutic Chemical (ATC) classification 
codes and PBS item codes [22, 23].

The analysis included people 45 years or older to mini-
mise inclusion of patients with asthma which is often diag-
nosed earlier in life. COPD is usually only diagnosed once 
airway obstructive becomes prominent and begins to sig-
nificantly impact daily activities [2, 24, 25]. Limiting the 
analysis to patients over 45 years of age also provided more 
confidence that people were dispensed these medications for 
COPD rather than other respiratory conditions. Each unique 
patient served as their own control, therefore age, sex and 
other medical conditions were accounted for and were not 
explicitly required for the analysis [19].

2.2 � Statistical Methods

The SSA methodology was implemented as previously 
described by Lai et  al. [18] and Janetzki et  al. [26] for 
adverse event signal detection. Briefly, SSA aims to detect 
asymmetry between the initiation of two medicines. If a 
medicine is commonly initiated after another, this could be 
a sign that the first medicine is causing an adverse effect 
which is treated by the subsequent medication. In SSA, one 
of the medicines is designated as the index medicine and 
another as the outcome medicine. The index medicine is the 
medicine under investigation for causing an adverse event 
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and the outcome medicine is a surrogate marker for the out-
come of interest.

2.3 � Implementation of Methodology

SSA was utilized to investigate the association between the 
initiation of 40 prescription medications and (1) the initia-
tion of a medication for treatment of COPD (as a surrogate 
measure for COPD development) or (2) the initiation of a 
medication that indicates progression of COPD.

2.3.1 � Index Medicines

The index medicines of interest were 40 medications that 
were selected from our previous molecular modelling 
analysis. These medicines were selected based on their 
potential ability to inhibit GPx1, as demonstrated in either 
ligand and/or structure-based in silico modelling by rank-
ing within the top 150 molecules in either analysis in the 
prior study [17]. They were also selected based on their 
availability on prescription in Australia and clinical inter-
est (that is, if a signal is detected, would there be potential 
for clinical implications). Medicines without at least one 
oral formulation available on the PBS were not consid-
ered for analysis to minimise misclassification of preva-
lent and incident users of index medicines. Medicines 
which were available primarily over the counter were also 
excluded (such as acetylsalicylic acid, also known as aspi-
rin). Moreover, medicines used infrequently or as neces-
sary were also excluded, as the dispensing date may not 
be an appropriate indicator of when the patient used the 
medication. Candidate index medicines of interest were 
then mapped to their relevant ATC and PBS item codes 
using the PBS Item Drug Map version October 2019 [22, 
23]. A full list of included medicines and their respec-
tive ATC codes and PBS item codes is listed in Online 
Resource 1.

2.3.2 � Outcome Medicines

COPD is managed in Australia in a stepwise manner, as 
described in Fig. 1, and is guided by medicine subsidy [27]. 
Development and progression of COPD in this study were 
considered as separate outcomes as defined below.

COPD management begins with patients being initi-
ated on a short-acting reliever to be used when required for 
symptoms of dyspnoea. At the same time, or if still symp-
tomatic, patients will be initiated on a long-acting broncho-
dilator (LABD), either a long-acting muscarinic antagonist 
(LAMA) or a long-acting beta2 agonist (LABA) (this denotes 
the second step of management). As short-acting relievers 
are subsidised via the PBS for any indication and use is spo-
radic, it is it difficult to determine whether treatment is being 
initiated or continued. Here, initiation of a LABD has been 
used as a surrogate marker for (1) COPD development as 
these medications are used daily for symptom and disease 
control in the second step of COPD management.

Escalation in therapy by prescription of subsequent 
inhaled medication beyond the second step of COPD man-
agement marks (2) progression of COPD. If the patient is 
still symptomatic and escalation of therapy is required, usu-
ally a patient would be switched to dual combination therapy 
of LAMA/LABA (this denotes the third step of manage-
ment). If the patient remains symptomatic and shows signs 
of clinical progression, the patient is usually switched to an 
inhaled corticosteroid (ICS) and LABA combination with 
concomitant LAMA therapy (this denotes the fourth step of 
management). Note, some medicines on the PBS are avail-
able as ‘authority required (streamlined)’. Prescribers can 
provide access to these medications by selecting the cor-
rect item and corresponding streamline authority number 
without requiring further approval from Services Australia. 
Streamline authority codes for ICS/LABAs provide access 
to these medicines for specific conditions such as COPD or 

Fig. 1   Stepwise management of COPD in Australia
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asthma. Streamline authority codes were implemented in 
the third quarter of 2018 for ICS/LABA combination thera-
pies. Prior to this date, it could not be determined whether 
the patient was prescribed the therapy for COPD or asthma. 
Consequently, in this analysis a history of tiotropium (PBS 
item code 10509D or 08626B) was used to identify patients 
with COPD in the study period.

If further escalation of therapy is required or simplifi-
cation of therapy is desirable, patients can be switched to 
triple therapy combinations of ICS/LAMA/LABA in one 
formulation.

Table 1 lists each medicine or multiple ingredient inhaler 
therapy utilized as the ‘outcome medicine’ in this analysis.

To identify potential COPD adverse drug event (ADE) 
signals, causal and non-causal groups were generated to 
reflect the sequence in dispensings of the index medicine 
or COPD outcome medicine. The index medicine or COPD 
outcome medicine were required to be initiated within 12 
months of each other to be included in the analysis. The 
causal group included patients who initiated on an index 
medicine (Online Resource1) and were subsequently initi-
ated on a COPD outcome medicine indicating either COPD 
development or progression depending on the outcome med-
icine (Table 1). The index date of a medicine was defined 

as the date that the medicine was first ever dispensed to 
the patient. At least 12 months of observation period was 
required (within the designated study period) prior to the 
first ever dispensing of the medication. Once initiation index 
dates were determined, we restricted our analyses to those 
index events that occurred within 12 months of each other 
[28]. Then, the sequence of those events were determined, 
that is the number of patients with a potential GPx1 inhibi-
tor occurring before a COPD medicine (causal events) and 
the number with a COPD medicine before a potential GPx1 
inhibitor (non-causal sequences). SSA allows for estima-
tion of risk by comparing the ratio of causal to non-causal 
patient groups by calculation of crude sequence ratios. 
Crude sequence ratios (cSRs) were calculated as the causal 
group divided by the non-casual group as outlined in the 
equation below.

 where initiation of COPD outcome medicines increases 
after the initiation of an index medicine, this is indicative of 
a positive ADE association and increased risk of developing 

crude sequence ratio

=
(causal group) index medicine → outcome medicine

(non - causal group) outcome medicine → index medicine
.

Table 1   Outcome medicines and corresponding anatomical therapeutic classification (ATC) codes and pharmaceutical benefit scheme (PBS) 
item codes

COPD chronic obstructive pulmonary disease

Medicine ATC code PBS item code

Medicines 
for devel-
opment 
of COPD 
(long-act-
ing bron-
chodilators 
(LABDs))

Long-acting muscarinic antagonist (LAMA)
Tiotropium R03BB04 10509D—unique to COPD

08626B—unique to COPD
Umeclidinium R03BB07 10187E
Glycopyrronium R03BB06 10059K
Aclidinium R03BB05 10124W
Long-acting beta agonist (LABA)
Indacaterol R03AC18 05134F, 05137J
Note: Patient must have asthma for access to all other LABAs

Medicines 
for pro-
gression of 
COPD

Long-acting muscarinic antagonists/long-acting beta agonists (LAMAs/LABAs)
Indacaterol/glycopyrronium R03AL04 10156M
Tiotropium/olodaterol R03AL06 10557P
Umeclidinium/vilanterol R03AL03 10188F
Aclidinium/formoterol R03AL05 10565C
Inhaled corticosteroid/long-acting beta agonist (ICS/LABA) + tiotropium
Budesonide/formoterol R03AK07 11273H, 11301T, 02866W, 02867X, 02938P, 

08625Y, 08750M, 08796Y, 10015D, 10018G, 
10024N

Fluticasone propionate/salmeterol R03AK06 08430Q, 08431R, 08432T, 08517G, 08518H, 08519J
Fluticasone furoate/vilanterol R03AK10 10167D, 10199T, 11124L, 11129R
*Patients must have had asthma for access to fluticasone propionate/formoterol on PBS
Inhaled corticosteroid/long-acting muscarinic antagonist/long-acting beta agonist (ICS/LAMA/LABA)
Fluticasone furoate/umeclidinium/vilanterol R03AL08 11379X
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COPD or experiencing progression after the initiation of the 
index medicine.

Changes in prescribing trends over time were accounted 
for by calculating the null-effect sequence ratio (nSR) and 
subsequent calculation of adjusted sequence ratios (aSRs) 
with 95% confidence intervals (CIs) as previously described 
elsewhere [18, 28]. An aSR with lower 95% confidence 
interval (CI) greater than 1 indicated a potential COPD 
ADE signal as the outcome medicine was more commonly 
initiated, subsequent to the index medicine compared with 
the outcome medicine being initiated prior to the index 
medicine.

All statistical analyses in this study utilized SAS software 
version 9.4.

3 � Results

Twenty-one of 40 (53%) medicines of interest had at least 
one ADE signal (Table 2).

The highest aSR was observed for acetazolamide and tio-
tropium/olodaterol; however, the study population (n = 26) 
was small (aSR 4.83, 95% CI 2.31–10.1, Online resource 
8). Sixteen of 40 (40%) of medicines had at least one ADE 
signal for development of COPD as indicated by initiation 
of a long-acting bronchodilator. During the study period, 
most patients (54,844) were initiated on tiotropium. Less 
patients were initiated on any other LAMA (4996 for glyco-
pyrronium, 4614 for umeclidinium and 4590 for aclidinium) 
or LABA (7282 for indacaterol).

Figure 2 shows a single SSA analysis for the association 
between commencing atenolol and tiotropium (aSR 1.32, 
95% CI 1.23–1.42). The results for index medicines with five 
or more ADE signals (aSR 95% lower CI > 1) are shown 
in Figs. 3, 4 and 5. The results for each index medicine are 
available in the Online Resources.

Initiation of atenolol was associated with 32% increased 
risk of initiation of tiotropium (study population = 1604, 
aSR 1.32 95% CI 1.23–1.42, Fig. 3). Figure 2 shows that 
commencing tiotropium was more common after com-
mencing atenolol rather than commencing tiotropium then 
atenolol. Moreover, the sequence of tiotropium after initi-
ating atenolol appears to be sustained over the subsequent 
weeks (Fig. 3). ADE signals were observed for atenolol 
and each long-acting bronchodilator except umeclidinium, 
demonstrating a possible association between atenolol and 
the development of COPD (Fig. 3).

ADE signals of COPD progression were also observed 
for atenolol and glycopyrronium/indacaterol (aSR 1.74, 
95% CI 1.16–2.63) and fluticasone propionate/salmeterol 
(aSR 1.44, 95% CI 1.30–1.60), demonstrating a possible 

increased risk of both development and progression of 
COPD with use of atenolol at the population level.

Five COPD ADE signals were observed for naproxen 
(Fig.  4). Two signals were observed for development 
of COPD between the most commonly dispensed long-
acting muscarinic antagonist tiotropium (aSR 1.14, 95% 
CI 1.06–1.23) and the long-acting beta2 agonist inda-
caterol (aSR 1.27, 95% CI 1.05–1.55). Three signals were 
observed for progression of COPD. The greatest COPD 
progression ADE signal for naproxen was observed with 
aclidinium/formoterol (aSR 2.21, 95% CI 1.34–3.65).

Five COPD ADE signals were also observed with 
initiation of nicotine (Fig. 5). Two ADE signals for the 
development of COPD were observed with initiation of 
the long-acting muscarinic antagonist umeclidinium (aSR 
1.26, 95% CI 1.00–1.57) and the long-acting beta2 agonist 
indacaterol (aSR 1.31, 95% CI 1.13–1.52). Three COPD 
ADE signals were identified between nicotine and COPD 
progression. Two signals were observed for initiation of 
LAMA/LABA combinations, glycopyrronium/indacaterol 
(aSR 1.32, 95% CI 1.11–1.57) and tiotropium/olodaterol 
(aSR 1.29, 95% CI 1.10–1.53). Another ADE signal was 
observed with the triple therapy combination of flutica-
sone furoate/umeclidinium/vilanterol (aSR 1.48, 95% CI 
1.18–1.85).

Cefuroxime and ibuprofen were both associated with 
four COPD ADE signals. Three ADE signals were observed 
for development of COPD with initiation of cefuroxime as 
indicated by the initiation of tiotropium, glycopyrronium 
or indacaterol (see Online Resources). Cefuroxime was 
also associated with increased risk of COPD progression 
as indicated by initiation of the LAMA/LABA combination 
glycopyrronium/indacaterol (aSR 1.21, 95% CI 1.02–1.44).

Ibuprofen was associated with risk of both COPD devel-
opment and progression. Two ADE signals were observed 
for the development of COPD as indicated by initiation of 
either tiotropium or glycopyrronium (see Online Resources). 
Two ADE signals were also observed for progression 
of COPD as indicated by the initiation of either the ICS/
LABA combination of budesonide/formoterol or fluticasone 
propionate/salmeterol.

Strong positive ADE signals (aSR lower 95% CI > 1) 
were also identified for COPD development (as indicated by 
initiation of the most commonly dispensed LAMA, tiotro-
pium) following initiation of acamprosate, mycophenolate, 
rizatriptan, gemfibrozil and methyldopa. Moreover, strong 
positive ADE signals (aSR lower 95% CI > 1) were identi-
fied for COPD progression (as defined by the initiation of 
a combination inhaler) following initiation of acamprosate, 
baclofen, rizatriptan, mesalazine, sodium valproate, aceta-
zolamide, captopril, furosemide, labetalol and mefenamic 
acid.
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4 � Discussion

Initiation of atenolol, a cardioselective beta blocker, was 
associated with an increased risk of starting four of the 
long-acting bronchodilators (tiotropium, glycopyrronium, 
aclidinium or indacaterol, risk 32%, 51%, 62% and 32%, 
respectively) which may indicate that atenolol is associ-
ated with development of COPD. A temporal association 
between atenolol and tiotropium could be explained by beta-
blocker-induced bronchospasm or bronchoconstriction [29]. 
However, Fig. 2 demonstrates that the sequence of initiating 
tiotropium after initiating atenolol is sustained over several 
weeks subsequent to initiating atenolol, rather than dem-
onstrating a temporal association with first prescription of 
atenolol.

Atenolol may increase airways resistance and precipitate 
bronchospasm and wheezing due to beta-adrenergic block-
ade, and the product information indicates that atenolol is 
contraindicated in patients with a history of airway obstruc-
tion or bronchospasm [30]. However, in practice, prescrip-
tion of cardioselective beta blockers, such as atenolol, is 
preferred in patients with respiratory conditions compared 
with non-selective beta blockers due to their antagonistic 
effects on beta2 adrenergic receptors in the bronchi [31, 32]. 
Despite this, atenolol may impair lung function and induce 
bronchoconstriction, particularly in patients with chronic 
bronchitis or asthma, but also suggested by positive ADE 
signals in this study [33, 34]. This may in part be due to 
beta-adrenergic receptor blockade or it could also be due 
to pharmacological mechanisms such GPx1 inhibition [17].

Non-steroidal anti-inflammatory drugs (NSAIDs) includ-
ing naproxen and ibuprofen are associated with an increased 
risk of bronchospasm which may be a symptom of COPD 
[9]. Use of NSAIDs has previously been associated with 
prolonged and complicated cases of pneumonia which is a 
complication and sign of progression of COPD [35]. In this 
study, naproxen was associated with increased risk of initiat-
ing tiotropium or indacaterol, indicating possible develop-
ment of COPD, and aclidinium/formoterol and fluticasone 
proportionate/salmeterol, indicating progression of COPD 
(Fig. 4). Whilst the product information for naproxen lists 
dyspnoea, pulmonary oedema, asthma and bronchospasm as 
adverse reactions for this medication in patients with a his-
tory of asthma, allergic disease or aspirin sensitivity, another 
possible pharmacological explanation for the ADE signal 
here is that naproxen has been shown to inhibit glutathione 
peroxidase (GPx), an antioxidant enzyme involved in the 
regulation of oxidative stress, which may further impair lung 
function [30, 36]. The positive ADE signals in this study 
provide evidence that an ADE could be occurring at the 
population level.
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Fig. 2   Adjusted sequence ratio 
for atenolol and tiotropium was 
1.32 (95% CI 1.23–1.42)

Fig. 3   Adjusted sequence ratios for atenolol to each COPD medication

Fig. 4   Adjusted sequence ratios for naproxen to each COPD medication
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Initiation of ibuprofen was also associated with increased 
risk of initiating tiotropium or glycopyrronium, indicating 
COPD development, and budesonide/formoterol or flutica-
sone propionate/salmeterol, indicating COPD progression. 
Previous research has highlighted that administration of 
ibuprofen may benefit patients with lung conditions due to 
its anti-inflammatory properties [37]. Conversely, treatment 
with ibuprofen has also been associated with increased con-
centrations of LTB4 a leukotriene, indicating airway inflam-
mation [38]. Similar to naproxen, the product information 
for ibuprofen also lists asthma, bronchospasm, dyspnoea 
and wheezing as adverse reactions to ibuprofen [30]. In this 
study, initiation of ibuprofen was associated with initiation 
of COPD medicines for both development and progression 
of COPD. This study provides further evidence, in addition 
to the product information, of the adverse effect on lung 
function associated with use of NSAIDs. Further studies are 
required to confirm whether inhibition of GPx is a contribut-
ing pharmacological mechanism to this ADE and symptoms 
rather than allergic or immunologic reactions to NSAIDs.

Nicotine was associated with development and progres-
sion of COPD. Umeclidinium, indacaterol, glycopyronnium/
indacaterol, tiotropium/olodaterol and fluticasone furoate/
umeclidinium/vilanterol were more often prescribed after 
initiation of nicotine. Tobacco smoking is a prominent modi-
fiable risk factor for COPD [25]. More than 25% of people 
with COPD smoke daily and 47% are ex-smokers [39]. It is 
therefore not surprising that SSA has identified a positive 
signal between initiating nicotine replacement therapy and 
initiation of COPD medicines. Rather, the results presented 
here confirm the substantial risk smoking has on COPD 
progression, and initiation of nicotine is simply a surrogate 
marker for current or previous smoking history. Indeed, the 
SSA of nicotine to tiotropium or fluticasone propionate/

salmeterol (which had the largest study populations for this 
initiation medicine) both demonstrated a reduction in risk of 
initiating either of these COPD treatments (Fig. 5).

In Australia, cefuroxime is used to treat community- and 
hospital-acquired pneumonia, community- and hospital-
acquired lung abscess due to aspiration of oral bacteria, 
acute epiglottitis and acute bacterial rhinosinusitis [40]. 
Exacerbations of COPD are known to be caused by viral 
and bacterial infections [13, 40, 41]. Additionally, infections 
are common complications of COPD and cefuroxime may be 
prescribed to treat the underlying infection [42]. The results 
in this study for cefuroxime may indicate protopathic bias 
[18]. Whilst medications for COPD are commonly initiated 
subsequent to the initiation of cefuroxime, SSA is unable to 
account for confounding by indication. The results here for 
cefuroxime suggest that either COPD is diagnosed shortly 
after initiating cefuroxime or that escalation in therapy is 
required, indicating that an exacerbation or complication of 
COPD has occurred and the condition may have progressed.

Additional signals worthy of further investigation 
include the signals of COPD development for acamprosate, 
mycophenolate, rizatriptan, gemfibrozil and methyldopa, 
as indicated by their positive aSRs and subsequent initia-
tion of tiotropium. The Australian product information for 
acamprosate, rizatriptan, gemfibrozil and methyldopa does 
not provide any information on risk of COPD development 
and therefore mechanisms for this association should be 
investigated [30]. Mycophenolate is an immunosuppressant 
and therefore risk of respiratory infection is anticipated and 
may provide an explanation of the mechanism for the signals 
observed in initiation of medicines for COPD in this study. 
Infective exacerbations are important events in COPD and 
require acute management to prevent deterioration of lung 
function. Importantly, the treatment sequences observed 

Fig. 5   Adjusted sequence ratios for nicotine to each COPD medication
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here are not necessarily reflective of clinical practice and 
the management of infective exacerbations of COPD. Some 
treatment sequences may reflect continual deterioration 
of the condition as opposed to acute events. Despite this, 
prior murine models have demonstrated that mycopheno-
late reduces GPx1 activity, indicating a possible alterna-
tive mechanistic explanation of the COPD signals in this 
study [43]. Future case-control studies should investigate 
the association of these medicines with COPD develop-
ment, especially given that an alternative explanation for 
these signals is unlikely. Similarly, the strong positive ADE 
signals for COPD progression associated with initiation of 
acamprosate, baclofen, rizatriptan, mesalazine, sodium val-
proate, acetazolamide, captopril, furosemide, labetalol and 
mefenamic acid should be investigated. To our knowledge, 
and based on the product information, there is limited expla-
nation why any of these medicines with at least one positive 
ADE signal for COPD progression would be associated with 
COPD, despite perhaps acetazolamide, captopril, furosem-
ide, labetalol and mefenamic acid, where signals may be 
explained by confounding by indication, protopathic bias 
or alternative pharmacological mechanisms. Caution should 
however be used when interpreting and investigating SSA 
signals where the causal or non-causal groups contain less 
than five pairs.

To the best of our knowledge, this is the first study to 
utilize SSA to determine whether common prescription 
medicines are associated with COPD development or 
progression in the real world, based on pharmacological 
mechanistic findings from computational molecular mod-
elling techniques. SSA is a validated, moderately sensitive 
and highly specific tool for detecting ADE signals [18]. 
The use of SSA in this study was advantageous over other 
more common ADE signal detection methods, such as dis-
proportionality methods, because it has sufficient power 
to detect rare adverse events and those that occur after 
long-term exposure, which is important given the slow 
progressive nature of COPD [18, 19, 44]. The within-per-
son study design of SSA is also valuable as it controls for 
confounders that are stable over time such as concomitant 
medical conditions, regular medications, age and sex [45].

Whilst 53% (21 of 40) of the index medicines had at 
least one positive ADE signal associated with initiation 
of a COPD outcome medication, the number of patients 
dispensed certain COPD outcome medications was lim-
ited, which may affect the interpretability of results and 
lead to a low number of observed pairs in initiation of 
medicines. Any sequences with small numbers should be 
interpreted with caution. SSA requires that administrative 
databases include sufficient data for it to be applied effec-
tively. For the long-acting bronchodilators which indicated 
COPD development, most people were initiated on tiotro-
pium (54,884), compared with any other LAMA or LABA 

(umeclidinium 4614, glycopyrronium 4996, aclidinium 
4590, indacaterol 7282) which reflects current prescrib-
ing preferences and familiarity with tiotropium.

Medicines such as umeclidinium, glycopyrronium and 
aclidinium were only listed on the PBS during the study 
period [46]. Similarly, for COPD medications indicating 
COPD progression, the LAMA/LABAs glycopyrronium/
indacaterol and umeclidinium/vilanterol were first listed 
on the PBS in November and December 2014, respectively, 
and aclidinium/formoterol and tiotropium/olodaterol were 
initially made available on the PBS a year later in Decem-
ber 2015 [46]. For the ICS/LABAs which also indicate 
COPD progression, the dry powder inhaler formulation of 
budesonide/formoterol was available on the PBS prior to 
the study period commencing; however, the metered dose 
inhaler was only made available on the PBS in July 2013 
and fluticasone furoate/vilanterol was only listed in July 
2014. The most commonly initiated ICS/LABA fluticasone 
propionate/salmeterol (26,646), however, was PBS listed 
prior to the study period commencing [46]. The last step 
of inhaled therapy, ICS/LABA/LAMA of fluticasone/ume-
clidinium/vilanterol, was only PBS listed in June 2018, 
which explains the relatively low number of people (4752) 
initiated on this therapy [47]. Listing of a medicine on 
the PBS during the study period rather than beforehand 
limited the data pool from which pairs of initiation and 
outcome medicines could be extracted. Additionally, as 
COPD therapy increases in a stepwise manner, the number 
of patients initiated on each COPD treatments declines as 
severity of COPD increases. Because of this, it is inher-
ently difficult to determine the impact that medicines have 
in more severe forms of COPD and when therapies are 
very new to market. To account for this, and to stratify by 
development or progression of COPD, outcome medicines 
initiated at each stage of therapy were selected [18].

Given that we have performed a large number of com-
parisons, there is a chance of identifying false positive sig-
nals due to chance alone. The use of active controls is also 
currently recommended in sequence symmetry analyses to 
assist in adjusting for protopathic bias [48, 49]. This study 
was the first step in a screening approach to validate the find-
ings from our prior molecular modelling analyses. Active 
controls were not used in the present study as their use has 
not been validated in large-scale hypothesis generating pro-
cesses and it is unclear as to what the active controls would 
be given there is minimal information on the in vitro GPx1 
inhibitory activity of registered medicines; however, use of 
active controls should be the focus of future research and 
analyses.

In this analysis, signals generated by SSA for medicines 
available over the counter such as ibuprofen, mefenamic 
acid, naproxen and nicotine may be underestimated as sale 
or dispensing of over these medicines are not captured in 
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the PBS dataset and the sequence of initiation medicine to 
outcome medicine will not be included in the analysis which 
dampens the signal [18].

Implementation of SSA was important in this study 
because the association between initiation of these com-
mon medicines and subsequent development or progression 
of COPD is largely unknown [18]. Moreover, if a clinician 
were to know that a medicine causes an adverse event then 
they would cease the offending medicine and an ADE sig-
nal would be dampened [18]. Due diligence must still be 
exercised when interpreting the SSA results presented here 
as COPD medicines have been used as a proxy for adverse 
events rather than hospitalization codes that indicate out-
comes associated with COPD. However, our previous find-
ings that these medicines may inhibit GPx1 improve the 
strength of these COPD ADE signals and prompt for further 
investigations [17].

5 � Conclusion and Future Directions

Sequence symmetry analysis has identified associations 
between initiation of 21 prescription medicines that poten-
tially inhibit GPx1 such as acetazolamide, atenolol, nap-
roxen, nicotine and cefuroxime, and subsequent initiation 
of medications for COPD development or progression. The 
results for cefuroxime and nicotine may be indicative of 
protopathic bias; however, the results achieved for ateno-
lol, ibuprofen, naproxen and other medicines warrant fur-
ther investigation via in vitro analyses and well-controlled 
observational studies. The ADE signals achieved in this 
study could be due to bronchospasm or may be part of a 
more complex mechanism such as inhibition of antioxidant 
enzymes, such as GPx1, which could further contribute to 
development and progression of COPD in the long term.
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