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ABSTRACT
Background Severe asthma is associated with
disproportionately high morbidity, but little is known
about its natural history and how risk factors at first year
of diagnosis modify its subsequent development.
Methods Using administrative health data, we
retrospectively followed patients 14–55 years of age with
newly diagnosed severe asthma in British Columbia,
Canada. Based on intensity of resource use (drug
therapy) and occurrence of exacerbations, each patient-
year was classified into mild, moderate, or severe
asthma. We estimated the probability of transition
between severity levels or to death over the study period
using a four-state Markov model, and used this to
assess the 10-year trajectory of severe asthma and the
influence of baseline risk factors.
Results We followed 13 467 patients. Ten years after
incident severe asthma, 83% had transitioned to a less
severe level (mild: 43%, moderate: 40%). Low
socioeconomic status, high comorbidity burden, and high
adherence (proportion of days covered (PDC) by asthma
controller therapy) in the first year were independently
associated with, respectively, 10%, 24% and 35% more
time in severe asthma over the next 10 years. Sex was
not associated with the clinical course.
Conclusions Most patients with incident severe
asthma used fewer resources over time, indicating a
long-term transition to milder asthma. Potentially
modifiable risk factors for poor prognosis of severe
asthma include low socioeconomic status and high
comorbidity burden. The association between PDC and
future asthma severity is likely due to residual
confounding by disease severity.

INTRODUCTION
Asthma is a prevalent chronic disease of the
airways1 that imposes a substantial burden on indi-
viduals and society.2 In particular, severe asthma,
while affecting only 5–10% of the asthma popula-
tion, is associated with the greatest share of asthma
morbidity and economic burden.3 Severe asthma is
characterised by frequent and severe manifestations
which do not respond to, or only respond to, high-
dose therapy of anti-inflammatory and other con-
troller medications.4 Although asthma is generally
reversible, and milder cases can be effectively con-
trolled with currently available therapy, the clinical
course of severe asthma and its risk factors remain
poorly understood. Several studies on the prognosis

of severe asthma drew samples from specialty
clinics and are mainly focused on the decline of
lung function.5–7 Given the unconfirmed clinical
significance of such metrics,8 these physiological
measures cannot provide the necessary evidence of
real-life outcomes of asthma, such as the risk of
exacerbations over time.
A traditional approach to assessing the severity

of asthma is based on symptom burden and lung
function metrics before initiating treatment.8

However, in the real world many patients are
already receiving various forms of therapy at the
time of initial assessment.8 Moreover, since these
metrics are also markers of suboptimal control,
some consider it inappropriate to use them to
define severity before using a standardised therapy.9

For population-based evaluations, asthma severity
can be inferred by correlating levels of severity
with the amount of medication required to main-
tain acceptable control, in combination with the
markers of asthma-related adverse events, once the
treatment has been initiated.8 10 The levels of sever-
ity measured from these resource-use records was
found to correlate well with lung function

Key messages

What is the key question?
▸ What is the long-term natural history of severe

asthma and what is the influence of risk factors
at diagnosis on the subsequent disease
trajectory?

What is the bottom line?
▸ Patients with incident severe asthma often

transition to less severe asthma over time, but
low socioeconomic status and high comorbidity
at first year of severe asthma are associated
with a considerably longer stay in severe
asthma over the next 10 years.

Why read on?
▸ This is the first study to characterise the

10-year disease trajectory in patients with
patterns of resource use indicating severe
asthma and it highlights the potential role of
socioeconomic status and general health on the
long-term course of severe asthma.
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measures, risk of asthma-related hospitalisations, and fatal
exacerbations.11 12

Despite the high burden, the long-term history of severe
asthma and its determinants are not well understood. A longitu-
dinal study using administrative health data found that the
majority of patients with indicators of severe asthma received
less intensive therapy over time.12 However, this study did not
consider disease remission and relapse because patients were
censored once their therapy suggested non-severe asthma. In
addition, the study only evaluated age and sex as potential
determinants of the three-year course of the disease.

In our study, we aim to describe the long-term natural history
of severe asthma and identify early course risk factors that
modify the disease prognosis. This study expands on the previ-
ous work in multiple dimensions. Specifically, 10-year trajector-
ies were inferred using a rigorous statistical method that utilised
all available longitudinal data to quantify the dynamic transi-
tions across severity states and their association with various risk
factors.

METHODS
Data sources
A provincial health insurance programme provides universal
health care coverage to all legal residents of British Columbia
(BC), Canada, one of the largest provinces, representing 13% of
the Canadian population (4.4 million as of 2011).13 The

administrative demands of this programme have resulted in the
creation of centralised databases that capture resource use
records for all legal residents, regardless of their third-party
insurance coverage or any co-payment. We had access to regis-
tration files,14 vital statistics,15 discharge abstract databases (cap-
turing all instances of hospitalisation),16 Medical Services Plan
(MSP, capturing outpatient services records)17 and PharmaNET
(capturing all medications dispensed).18 Previous analyses have
shown a low prevalence of missing data, under-reporting, and
misclassification in these databases.19 All databases are linked at
the individual level with unique but anonymous identifiers
(University of BC Human Ethics Certificate H08-01287) and
access permission was granted by the BC Ministry of Health. All
inferences, opinions, and conclusions drawn in this research are
those of the authors, and do not reflect the opinions or policies
of the Data Steward(s). The study period was from 1 January
1997 to 31 December 2012.

Study design and subjects
We identified patients with asthma using a validated case defin-
ition of asthma.2 This definition was based on meeting at least
one of the following three criteria in any 12-month window
within the study period: one or more asthma-related hospitalisa-
tion (codes of the International Classification of Diseases 9th
edition (ICD-9): 493.x, 10th edition (ICD-10): J45, J46); two
or more physician visits with diagnostic ICD codes of asthma;
or filling four or more prescriptions for asthma-related medica-
tions (see online supplementary appendix 1 for the medication
list).

From this initial cohort, we included patients between 14 and
55 years of age with a new onset of severe asthma, identified as

Table 1 Characteristics of study population in the index year

Characteristic
Patients with severe
asthma (N=13 467)

Age, median (IQR) 36.8 (26.6, 43.8)
Sex, N (%)
Men 6094 (45)
Women 7373 (55)

Socioeconomic status, N (%)
Low 6326 (47)
Middle 2649 (20)
High 4492 (33)

Comorbidity, N (%)
CCI=0 1969 (15)
CCI=1 10 345 (77)
CCI=2 657 (5)
CCI≥3 496 (4)

Moderate to severe exacerbation, N (%)
None 3262 (24)
≥1 exacerbation 10 205 (76)

PDC by asthma controller medications
PDC <50% 8297 (62)
PDC ≥50%–80% 3777 (28)
PDC ≥80% 1393 (10)

Severity in the past year, N (%)
No asthma* 1785 (13)
Mild 3674 (27)
Moderate 8008 (59)

Severity in the year before last year, N (%)
No asthma* 3262 (24)
Mild 4192 (31)
Moderate 6013 (45)

*Refers to a patient-year in which the intensity of asthma-related resource utilisation
did not satisfy the case definition of asthma. In the analysis, patients with no asthma
prior to the index year were assumed to be associated with mild asthma.
CCI, Charlson Comorbidity Index; PDC, proportion of days covered.

Figure 1 Proportions of surviving patients with mild, moderate and
severe asthma over time. Bars indicate observed frequencies in the
study cohort; lines indicate predicted population-level distributions from
the regression model.
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those who met a validated definition of severe asthma in any
year after at least 2 years of being classified as having non-severe
or no asthma (see next section, ‘Classification of asthma sever-
ity’). All included patients were followed until death, last date of
registration with the programme or the end of available data (31
December 2012), whichever came first. The index year was
defined as the first calendar year in which the patient was identi-
fied as having severe asthma. The unit of observation was
patient-year. For each patient-year of data we assessed the level
of severity and whether the patient died during that year. To
reliably evaluate severity, we removed patient-years in which the
patient was registered with the provincial health insurance pro-
gramme for fewer than 300 days, except for the year in which
they died.

Classification of asthma severity
We used a validated algorithm to classify each patient-year into
three severity states (mild, moderate or severe) based on a com-
bination of three variables: the intensity of controller therapy,
the use of rescue medications and markers of moderate–severe
exacerbations (ie, a filled prescription for oral corticosteroids,
an emergency room visit and/or hospital admission for
asthma).11 This algorithm was developed using Canadian data-
bases and validated against the Canadian Asthma Consensus
Guidelines.10 A resource use pattern consistent with severe
asthma corresponded to the use of high doses of inhaled corti-
costeroids (ICS) in beclomethasone-chlorofluorocarbon equiva-
lent (average daily dose of at least 1000 mg/day) or reliever
medications (more than 10 doses of short-acting β2 agonists
(SABAs) per week) while still experiencing moderate to severe
exacerbations. A pattern consistent with mild asthma corre-
sponded to low ICS doses (0–250 mg/day if receiving additional
controller therapy, otherwise 0–500 mg/day), without the occur-
rence of moderate to severe exacerbation or SABA use for more
than three doses per week. A patient-year that did not meet the
criteria for either severe or mild asthma was classified as

moderate asthma. Additionally, a fourth state representing death
was assigned to all patient-years in which death occurred.

Assessment of risk factors
We considered age, sex, socioeconomic status (SES), comorbid-
ity and proportion of days covered (PDC) by controller medica-
tions as risk factors that could potentially affect the course of
severe asthma. All these variables were ascertained in the index
year. SES was categorised into three levels (low, middle, high)
based on the median neighbourhood household income quin-
tile, with low SES defined as being in the lowest two quintiles
and high SES as the highest two quintiles. This variable is fre-
quently used to study the effects of SES on health and health-
care expenditures and correlates well with individual-level
SES.20 Comorbidity was quantified using a modified Charlson
comorbidity index (CCI—excluding asthma from the score).21

Based on commonly used cut-off points in previous studies,22

comorbidity burden was classified into four ordinal levels: level
1, CCI score=0; level 2, score=1; level 3, score=2; level 4,
score ≥3, with higher levels corresponding to greater comorbid-
ity. PDC was calculated as the total number of days with posses-
sion of any of the following commonly prescribed controller
medications in the index year: systemic corticosteroids, ICS,
ICS/long-acting β2 agonists or leukotriene receptor antagonists
(see online supplementary appendix 1). PDC was classified into
three levels: level 1, PDC<50%; level 2, PDC≥50–80%; level
3, PDC≥80%.23

Statistical analysis
All statistical analyses were performed using SAS (V.9.3, SAS
Institute Inc., Carey, North Carolina, USA). Online supplemen-
tary appendix 2 provides detailed description of the regression
and computation methods.

We used a Markov model to examine the long-term trajec-
tory of severity following incident severe asthma and the influ-
ences of baseline risk factors. A similar approach has been

Table 2 Adjusted OR of transition to different severity states

Severity state in any future year

Risk factors in the
index year

Transition to moderate/severe/death
vs mild

Transition to severe/death
vs mild/moderate

Transition to death
vs all other levels

OR (95% CI) p Value OR (95% CI) p Value OR (95% CI) p Value

Age 1.01 (1.01 to 1.01) <0.0001 1.01 (1.01 to 1.01) <0.0001 1.05 (1.04 to 1.06) <0.0001
Sex
Female Reference

Male 1.12 (1.07 to 1.16) <0.0001 1.01 (0.96 to 1.05) 0.812 1.73 (1.41 to 2.12) <0.0001
SES
Low Reference
Middle 0.98 (0.93 to 1.04) 0.508 0.94 (0.89 to 1.00) 0.059 0.59 (0.44 to 0.79) 0.000
High 0.98 (0.94 to 1.03) 0.445 0.88 (0.84 to 0.93) <0.0001 0.56 (0.44 to 0.72) <0.0001

Comorbidity
CCI score=0 Reference
CCI score=1 1.05 (0.99 to 1.12) 0.101 1.08 (1.01 to 1.16) 0.020 0.72 (0.54 to 0.96) 0.025
CCI score=2 1.11 (0.99 to 1.24) 0.080 1.32 (1.17 to 1.49) <0.0001 1.94 (1.32 to 2.87) 0.001
CCI score ≥3 1.05 (0.92 to 1.19) 0.466 1.48 (1.29 to 1.7) <0.0001 4.24 (2.96 to 6.09) <0.0001

PDC of asthma controller medications
PDC <50% Reference
50% ≤PDC <80% 1.07 (1.02 to 1.12) 0.008 1.22 (1.16 to 1.29) <0.0001 1.10 (0.88 to 1.39) 0.400
PDC ≥80% 1.20 (1.11 to 1.3) <0.0001 1.26 (1.17 to 1.35) <0.0001 0.87 (0.62 to 1.22) 0.414

Bold text indicates statistical significance with a p value of less than 0.05.
CCI, Charlson Comorbidity Index; PDC, proportion of days covered.
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used to model the trajectory of asthma control.24 25 This
approach models longitudinal severity patterns as a sequence
of transitions between severity states over time. We modelled
severity in the next year based on severity history in the
current and past 2 years. The use of 3-year history was
required to satisfy the Markovian property, that is, the likeli-
hood of transition to a future disease state depended only on
the disease states in the current and past 2 years, not on any
history before the past 2 years.26 This property makes Markov
models a powerful tool in studying disease trajectories as it
enables long-term projections of disease states under the influ-
ences of risk factors.

We estimated the transition matrix of this Markov process
using an ordinal logistic regression with severity state (0=mild,
1=moderate, 2=severe, 3=death) in the next year as the
dependent variable, and severity history in the current and the
past 2 years as independent variables (see online supplementary
appendix 3 for a sample transition matrix). The aforementioned

baseline risk factors were included as covariates of interests to
assess their independent adjusted effects on the probability of
transition between severity states. We further adjusted for calen-
dar effect by including the calendar year of the index year. This
model was fitted using a generalized linear model with general-
ized estimating equations to account for the longitudinal obser-
vations of patient-years within individuals.27 The effect of each
independent variable was estimated in terms of three ORs of
transition from a past severity state to a given severity state in
the next year: transition to moderate/severe/death versus transi-
tion to mild, transition to severe/death versus transition to mild/
moderate, and transition to death versus transition to mild/mod-
erate/severe.

To assess model fit, we compared the observed versus pre-
dicted population-averaged trajectories of severity after incident
severe asthma over the entire study period. The disease trajec-
tory was defined as the probability of being in a particular sever-
ity state at a given follow-up year over the next 10 years. Once

Figure 2 The influence of sex on long-term trajectory of severe asthma. Plotted curves show adjusted probability of being in different severity
states in the following 10 years since the index year, stratified by sex. Each graph corresponds to a different severity state: (A) mild asthma, (B)
moderate asthma, (C) severe asthma, (D) death.
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the model fit was assured, we estimated the trajectories of severe
asthma as a function of a given baseline risk factor, while adjust-
ing for all other risk factors.

RESULTS
Of 285 287 patients 14–55 years of age who met the initial case
definition of asthma, we identified 13 467 (5%) with a new
onset of severe asthma. Table 1 presents the characteristics of
this sample in the index year. The mean age was 36.8 years and
55% were female. The average follow-up was 5.5 years (see
online supplementary appendix 4 for the proportions of
patients remaining in the cohort during the follow-up period).
Approximately 47% of the sample was classified as having low
SES and 85% had at least one comorbid condition. The major-
ity (76%) experienced at least one moderate to severe exacerba-
tion in their index year; only 10% had PDC of 80% or more
(table 1).

While all patients were classified as having severe asthma in
the index year, the proportion of patients remaining in the
severe state decreased consistently in the first 4 years and nearly
plateaued in the next 6 years (figure 1). Ten years after the onset
of severe asthma, 394 (3%) patients had died; of the patients
still on study, 43%, 40% and 17% were classified as having
mild, moderate and severe asthma, respectively (figure 1). The
predicted trajectory of severity from the regression model
aligned well with the observed clinical course of severe asthma
(figure 1).

Table 2 presents the association between risk factors in the
index year on transition between severity states. Older age was
associated with higher likelihood of being in more severe states
in the future. Compared with women, men were less likely to
transition to mild asthma, but were more likely to die; their
chances of remaining in severe asthma were the same. Greater
comorbidity in the index year was associated with higher

Figure 3 The influence of baseline socioeconomic status (SES) on long-term trajectory of severe asthma. Plotted curves show adjusted probability
of being in different severity states in the following 10 years since the index year, stratified by baseline SES. Each graph corresponds to a different
severity state: (A) mild asthma, (B) moderate asthma, (C) severe asthma, (D) death.
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likelihood of death or otherwise remaining in severe asthma,
whereas high SES was associated with lower likelihood of such
transitions. Having greater PDC was positively associated with
the likelihood of moderate and severe asthma in the future.
Online supplementary appendix 5 shows the full regression ana-
lysis results.

Figures 2–5 show how risk factors in the index year affected
the 10-year trajectory of severe asthma. There were few sex-
related differences in the long-term probability of leaving the
severe state (figure 2). Compared with high SES, low SES was
associated with a 10% increase in patient time with severe
asthma over the next 10 years (figure 3). Higher comorbidity
burden was associated with more patient time in the severe state
(CCI score=1 vs 0: 13%, CCI score ≥2 vs 0: 24% increase in
person-time in severe asthma within 10 years) (figure 4).
Compared with PDC of less than 50%, PDC between 50% and
80% and PDC of 80% or more were associated with 25% and

35% increased patient time in severe asthma in the next 10 years,
respectively (figure 5). Male sex, low SES and high comorbidity
were associated with a higher 10-year risk of death, with
comorbidity having the most prominent impact (figures 2–4).

DISCUSSION
We developed a multi-state Markov model to quantify the long-
term trajectory of asthma severity and the influence of risk
factors that were known early in the clinical course. The validity
of this model was assessed by comparing the predicted and
observed trajectories which showed that it fitted the data well.
We found that the majority of patients who were classified as
severe in the first year according to their asthma-related resource
use patterns transitioned to less severe states in the subsequent
years. High SES, lower comorbidity burden and PDC of less
than 50% in the first year were independently associated with a
better prognosis, while sex was not.

Figure 4 The influence of baseline comorbidity burden on long-term trajectory of severe asthma. Plotted curves show adjusted probability of being
in different severity states in the following 10 years since the index year, stratified by baseline Charlson Comorbidity Index (CCI) classification. Each
graph corresponds to a different severity state: (A) mild asthma, (B) moderate asthma, (C) severe asthma, (D) death.
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There are likely many influences that can cause an inception
cohort of severe asthma to transition to non-severe asthma over
time. For instance, the phenomenon referred to as ‘regression to
the mean’ indicates that incident new onset of severe asthma
may be a temporary state.28 The extent of this phenomenon is
affected by the intrinsic variability of disease activity. In this
cohort, the probability of staying classified as severe consider-
ably decreased in the first 4 years and then remained relatively
stable. Our findings are consistent with the study by Ernst
et al12 which showed a similar course for severe asthma, with
61% of the decrease in treatment intensity (interpreted as an
indicator of non-severe asthma) occurring within the first
5 years.

In terms of risk factors, our study confirmed previous findings
that there was no sex-related difference in ‘outgrowing’ severe
asthma.12 28 Additionally, to the best of our knowledge, this is
the first time that independent adverse impacts of low SES and

high comorbidity on the long-term course of severe asthma has
been demonstrated. There are multiple paths by which SES
could affect the prognosis of severe asthma. Low SES is asso-
ciated with a combination of environmental and individual risk
factors of asthma symptoms and exacerbations, including resi-
dential and occupational exposure to asthma triggers, tobacco
smoke and knowledge about asthma management.29–32 Canada
has a universal health care system. Although there are few
SES-related barriers to access to and continuity of care,33 34 low
SES is still associated with inappropriate medication manage-
ment, such as overuse of reliever medications and underuse of
controller medications.35 In addition, patients with low SES and
high comorbidity have poorer overall health, which might
impede the remission of severe asthma.29 36 Likewise, many
chronic conditions and their treatments affect the response to
asthma treatments or increase difficulty in achieving asthma
control.37 38

Figure 5 The influence of proportion of days covered (PDC) by asthma controller therapy in the index year on long-term trajectory of severe
asthma. Plotted curves show adjusted probability of being in different severity states in the following 10 years since the index year, stratified by
baseline PDC levels. Each graph corresponds to a different severity state: (A) mild asthma, (B) moderate asthma, (C) severe asthma, (D) death.
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Although patients with higher PDC of controller therapy in
the first year were found to have a longer period of severe
asthma, this may be due to residual confounding by disease
severity. This is because PDC is both a measure of adherence
and an indicator of treatment intensity, and treatment intensity
plays a central role in the classification of asthma severity.11 The
residual variation in disease severity among individuals that are
classified as having severe asthma might result in spurious cor-
relation between treatment intensity and adverse future
outcomes.

This study is the first to examine the long-term natural
history of severe asthma and influences of multiple risk factors
at diagnosis on the subsequent course of the disease. Earlier
natural history studies predominantly focused on decline in lung
function.5–8 While these studies improved the understanding of
the underlying phenotypes, their findings cannot directly trans-
late to clinical and policy aspects such as the intensity of
resource use. Here we classified levels of severity based on the
intensity of treatment (current impairment) and the presence of
exacerbation and death (future risk),11 two fundamental and
clinically relevant dimensions of severity advocated by clinical
guidelines.8

A major strength of this study is that it is based on a large
population sample of patients in a well defined geographic
region, and thus, has a low risk of selection bias. The real-world
population-based nature of this study adds to the external valid-
ity and generalisability of our results. In addition, our robust
and powerful statistical approach, based on principles previously
developed and validated in asthma,39 enabled us to convert
measures of relative effect such as OR to more straightforward
metrics representing the impact of early risk factors on disease
trajectories. However, the limitations of this study should be
considered. First, without access to objective measures such as
lung function and patients’ symptoms, the definition of severity
from administrative data can only approximate the clinical defin-
ition. Thus, the findings of this study should be considered
together with clinical judgement at the time of individual
patient care. Second, as the algorithm we used to classify levels
of severity was partly based on the intensity of prescription
drugs,11 it is possible to misclassify patient-years into a milder
state when patients had severe disease but less inclined to use
asthma medications (or used alternative and complementary
medicines), for example, during pregnancy. It is also possible to
misclassify milder patient-years into more severe states because
information regarding asthma medications in the administrative
data represents the filled prescriptions, but not necessarily the
actual consumption of medication. However, since the measure-
ment of severity was based on medication use and on markers
of exacerbations,11 the chance of a severe patient-year being
misclassified as mild was low; rather, there was a greater likeli-
hood that a patient-year with mild asthma was misclassified as
severe. Thus, any misclassification bias in our study would likely
lead to an underestimation of the proportion of patients who
eventually transitioned to non-severe asthma. Finally, due to
lack of access to external data we could not externally validate
the Markov transition cohort. Such external validation could
add to the utility of the presented framework and enable predic-
tion of future disease burden in other patient populations based
on their risk factor profile.

In conclusion, our study found that incident severe asthma
was generally not progressive because most patients transitioned
to milder states. Predictors of poor long-term prognosis
included low SES and high comorbidity, whereas there were few
sex-related differences in the disease course. These results

indicate the potentially modifiable course of severe asthma.
Current asthma management guidelines emphasise achieving
and maintaining asthma control,40 and the effectiveness of such
guidelines is mainly established by the concurrent relationship
between asthma control and lower burden of asthma.41

However, programmes and interventions with the ability to
modify the long-term trajectory of asthma will confer far-
reaching benefits and affect the benefit–risk profile of asthma
management guidelines. Future studies can build on this meth-
odology to expand our understanding of the effects of modifi-
able risk factors and interventions on the long-term prognosis
of asthma and its future burden.
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Appendix 1. List of asthma-related medications used for asthma case definition and the assessment of asthma severity.  

Medication 
categories 

Medication 
type 

Active ingredient(s) ATC DIN Used in case 
definition? 

Inhaled 
corticosteroids (ICS) 

Controller Beclomethasone R03BA01 2242030, 2242029, 374407, 828521, 828548, 872334, 893633, 
897353, 1949993, 1950002, 2079976, 2213710, 2213729, 2215039, 
2215047, 2215055, 2216531 

Y 

Budesonide R03BA02 2229099, 1978918, 1978926, 852074, 851752, 851760 Y 

Fluticasone R03BA05 2237247, 2237246, 2237245, 2237244, 2244293, 2244292, 2244291, 
2174731, 2174758, 2174766, 2174774, 2213583, 2213591, 2213605, 
2213613 

Y 

Ciclesonide R03BA08 2285614, 2285606, 2303671 Y 

Short-acting beta-
agonists (SABA) 

Reliever Salbutamol R03AC02 790419, 812463, 832758, 832766, 851841, 860808, 867179, 897345, 
1926934, 1938851, 1938878, 1945203, 1947222, 1986864, 2022125, 
2046741, 2048760, 2069571, 2084333, 2148617, 2154412, 2173360, 
2208229, 2208237, 2208245 2212315, 2212323, 2213400, 2213419, 
2213427, 2213478, 2213486, 2214997, 2215004, 2215616, 2215624, 
2215632, 2216949, 2231430, 2231488, 2231678, 2231783, 2231784, 
2232570, 2232987, 2236931, 2236932, 2236933, 2239365, 2239366, 
2241497, 2243115, 2243828, 2244914, 2245669, 2259583, 2326450 

Y 

R03CC02 620955, 620963, 874086, 894249, 894257, 1932691, 2035421, 
2063689, 2091186, 2146843, 2146851, 2164434, 2164442, 2165368, 
2165376, 2212390, 2213435, 2213443, 2213451, 2261324 

Y 

Terbutaline R03AC03 786616 Y 

Orciprenaline R03CB03 249920, 3891, 2236783, 2229862, 2152568, 2192675 Y 

Long-acting beta-
agonists (LABA) 

Controller Salmeterol R03AC12 2211742, 2214261, 2231129, 2136139, 2136147 Y 

Formoterol R03AC13 2230898, 2237224, 2237225 Y 

ICS and LABA in 
combination 
(ICS+LABA) 

Controller Budesonide, 
formoterol 

R03AK07 2245385, 2245386 Y 

Fluticasone, 
salmeterol 

R03AK06 
 

2240835, 2245126, 2245127, 2240836, 2240837 Y 

Leukotriene 
receptor antagonists 
(LTRA) 

Controller Montelukast R03DC03 2247997, 2238217, 2243602, 2238216 Y 

Zafirlukast R03DC01 2236606 Y 

Anti- Controller Omalizumab R03DX05 2260565 Y 
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immunoglobulin E 
monoclonal 
antibody 

Inhaled mast cell 
stabilizers 

Controller Cromoglicic acid 
(cromolyn) 

R03BC01 2231431, 2231671, 2046113, 534609, 555649, 261238, 638641, 
2049082, 2219468 

Y 

Theophylline Controller Choline 
theophyllinate 

R03DA02 346071, 405310, 441724, 441732, 451282, 458708, 458716, 476366, 
476390, 476412, 503436, 511692, 536709, 565377, 589942, 589950, 
792934 

Y 

Theophylline R03DA04 156701, 261203, 460982, 460990, 461008, 466409, 488070, 532223, 
556742, 575151, 599905, 627410, 631698, 631701, 692689, 692697, 
692700, 722065, 1926586, 1926594, 1926608, 1926616, 1926640, 
1966219, 1966227, 1966235, 1966243, 1966251, 1966278, 1966286, 
2014165, 2014181, 2230085, 2230086, 2230087 

Y 

Aminophylline R03DA05 14923, 178497, 497193, 497193, 497207, 582654, 582662, 868450, 
2014270, 2014289 

Y 

Inhaled 
anticholinergics 

Reliever Ipratropium bromide R01AX03 2246084, 2246083, 2163705, 2163713, 2240508, 2240072 N 

R03BB01 2126222, 2243827, 2231494, 731439, 576158, 2247686, 824216, 
2026759, 1950681, 2239131, 2216221, 2210479, 2231785, 2236934, 
2236935, 2237134, 2237135, 2239627, 2231135, 2231136, 2231245, 
2231244, 2097141, 2097176, 2097168 

N 

Ipratropium bromide, 
fenoterol 

R03AK03 02148633 N 

Tiotropium bromide R03BB04 02246793 N 

Other beta-agonists Reliever Epinephrine R03AA01 2017555, 466417, 525103, 1927582 N 

Ephedrine R03CA02 2237085, 2229698, 2100231, 2100258, 2243148, 2236722, 2229678, 
2219743, 2012111, 2229711, 38121, 2242961, 876534, 893323, 
893331, 438847, 2242639, 2126419, 2126400 

N 

Isoprenaline R03AB02 2017652 N 

Orciprenaline R03AB03 1923870, 1928449, 2017660, 254134, 3859 N 

Other 
corticosteroids 

Controller 
 

Cortisone H02AB10 280437, 16241, 16446, 16438 N 

Triamcinolone H02AB08 2194090, 15016, 15024, 2194082 N 

Prednisone H02AB07 610623, 598194, 550957, 312770, 252417, 210188, 868426, 868434, 
868442, 21695, 232378, 607517, 508586, 156876, 271373, 271381 

N 

Prednisolone H02AB06 21679, 2230619, 2152541, 2245532 N 

Methylprednisolone H02AB04 1934325, 1934333, 1934341, 30759, 30767, 36129, 30988, 2245406, 
2245400, 2245408, 2245407, 2241229, 2231893, 2231894, 2231895, 

N 
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2232750, 2232748, 2063727, 2063697, 2063719, 2063700, 36137, 
2230210, 2230211, 30678, 30651, 30643 

Betamethasone H02AB01 2237835, 36366, 2063190, 176834, 28096, 28185 N 

Hydrocortisone H02AB09 888222, 888230, 888206, 888214, 30910, 30929, 872520, 872539, 
878618, 878626, 30635, 30600, 30619, 30627 

N 

Dexamathasone H02AB02 2261081, 2250055, 213624, 16462, 354309, 716715, 874582, 
1977547, 664227, 2204274, 2204266, 295094, 285471, 489158, 
2239534, 732893, 732885, 2260301, 2237044, 2260298, 2237046, 
2237045, 1946897, 1964976, 1964968, 1964070, 2279363, 783900, 
751863, 2311267, 2240687, 2240685, 2240684 

N 

Other xanthines Controller Theophylline, 
combination 

R03DA54 545090, 476374, 334510, 356123, 792942, 721301, 317225, 828718, 
640093, 828726, 828742, 307548 

N 

Other anti-allergic 
agents 

Anti-allergic Levocabastine R01AC02 2020017 N 

Ketotifen R06AX17 2221330, 2176084, 2230730, 2218305, 2231680, 2231679, 600784, 
577308 

N 
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Appendix 2. Detailed explanation of the partial proportional odds regression and its 

associated multi-state Markov model  

Overview 

Let Yi,t  be asthma severity or death in year t from the beginning of follow-up for the ith patient in 

the cohort, where i=1, 2 ,…, n and t=-2,-1, 0 ,1,…, ni . Yi,t is classified in to 4 possible states: mild 

(Yi,t  =0), moderate (Yi,t  =1), severe (Yi,t =2) and death (Yi,t =3). The partial proportional odds 

model associated covariates to the probability of observing a given future severity, Pr(Yi,t+1). 

Covariates consisted of the history of asthma severity as well as variables of interest (age, sex, 

socioeconomic status (SES), comorbidity, proportion of days covered [PDC] by asthma 

controller therapies, all measured in the index year, as well as the calendar year of the index 

year). The negative time indices indicate the years prior to the index year.  

Empirical model  

The reason for including asthma history in the model was to capture the auto-correlative nature 

of asthma progression (as future severity can depend on the realized past history of severity), 

thus enabling valid projections of asthma trajectories. The full history at year t can be 

represented by (Hi,t={Yi,-2 , Yi,-1 , Yi,0 , Yi,1 … , Yi,t}). Because the vector representing asthma 

history grows with each year of follow-up, a naïve incorporation of asthma history in the 

regression analysis of this approach requires different regression models for each year of follow-

up, with potentially different regression coefficients, thus making the interpretation of the effect 

of early risk factors on the course of the disease difficult.  
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Instead, our approach was to create a regression model with Markov (memory-less) property, 

which replaced the variable of full asthma history with a reduced history variable, Hc
i,t={Yi,t-c , … 

, Yi,t}. In this model, future severity is forecasted by current severity and severity in a fixed past c 

years (c<t), rather than severity in the entire past t years. In this case, because Hc
i,t has similar 

size and structure for all years, one regression model could be fitted to whole data. A key 

assumption of this Markov model requires that conditional on this reduced history, the future 

trajectory is independent of the rest of the history, i.e.,  P(Yi,t+1| Hc
i,t)⫫Hi,t-c-1.  

In order to choose the appropriate years of severity history that satisfy this Markov property, we 

started from c=0, i.e., Hc
i,t={Yi,t}, and checked whether regression residuals were still correlated 

with history in the year before the tested history , i.e., Yi,t-1. Once conditional independence was 

achieved, the corresponding history vector Hc
i,t would be chosen for the model. Our results 

showed that conditional on severity history in the past three years, i.e., Hc
i,t ={Yi,t-2, Yi,t-1, Yi,t}, a 

patient with both mild and moderate asthma in the year preceding the past three years, i.e., Yi,t-3, 

had a similar likelihood of transition to severe asthma in the future year (see Appendix 6 for 

regression results for inclusion of severity history in the past 4 years, together with all other 

covariates in the main regression model). Therefore, we considered conditional independence as 

achieved when we included severity history in the past three years, i.e., c=2,  Hc
i,t ={Yi,t-2, Yi,t-1, 

Yi,t}. The history vector Hc
i,t entered the model as three dummy-coded variables; no interaction 

terms further improved the fit.  

Overall, the vector of regression coefficients for the ith individual, , consisted of three years 

of asthma history, and , covariates vector including covariates of interest and the index year; 



6 
 

and with the first element being 1 to capture the intercept. This ordinal logistic regression model 

calculates three probabilities, , for severity threshold k=0, 1, 2:  

Eq.(1): , where c=0, 1, 2. 

In Eq.(1), exponents of the α0, α1, α2 and β0, β1, β2 vectors correspond to, respectively, odds ratio 

of the effects of covariates on entering into moderate/severe/death, into severe/death, and into 

death in the future year. This model by default allows regression intercepts to be different for 

each severity threshold . Only when a variable satisfies the proportional odds assumption, the 

condition β0=β1=β2 or α0=α1=α2 was enforced, thus creating a partial proportional odds model.  

Fitting the partial proportional odds model 

We followed the approach proposed by Stokes et al 2000 to fit such a model in SAS(1). As a first 

step, we fitted an ordinal logistic regression model with PROC LOGISTIC, which allowed us to 

test for proportional odds assumption for each independent variable. Then, we fitted a partial 

proportional odds model with PROC GENMOD, using a Generalized Linear Model (GLM) with 

Generalized Estimating Equation (GEE).  

In specific, to fit this partial proportional odds model, we first expanded the dataset both 

vertically and horizontally into 3 identical datasets, then expressed the regression equation in 

terms of a dummy variable Pi,t+1 which, respectively for each of the 3 new datasets, represented 

the 3 severity thresholds of outcome variable Yi,t+1. The translation from Yi,t+1  to Pi,t+1  is given in 

Table A1. below: 
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 Table A1. Translation from original dataset to the 3 augmented datasets 

Dataset Severity 
Variable 

Severity State 
Intercept 

(severity threshold) 

Z  
(intercept 
indicator) 

Pred 
Original Y i,t 

0 
(mild) 

1  
(moderate) 

2 
(severe) 

3 
(death) 

New: #1 

P i,t 

0 1 1 1 
moderate/severe/deat

h vs. mild 
0 P0 

New: #2 0 0 1 1 
severe/death  

vs. moderate/mild  
1 P1 

New: #3 0 0 0 1 
death vs. 

severe/moderate/mild 
2 P2 

Obs, observations; Pred, predicted value 

These 3 new datasets were combined to form one augmented dataset, the latter was used to fit a 

logistic model with the new severity indicator, Pi,t+1, as the dependent variable. The regression 

equation is given in Eq.(2) below. Given the substantial sample size of this population study and 

after comparison between goodness of fit associated with different working correlation 

structures, we assumed independent correlation between clustered data within the same 

individual.  

Eq.(2):  

 

where the interaction term between an independent variable and the intercept indicator, Z, 

captured the different regression intercepts for each severity threshold , for variables which 

violated the proportional odds assumption. The indicator of index year was the only variable 

which met the proportional odds assumption. There was no need for index year to interact with Z 

because its regression intercepts would not differentiate across the 3 severity thresholds. 
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Appendix 5 presented regression results as odds ratios for transition between severity states, 

which were estimated based on the regression coefficients of the variable itself and the 

interaction term between the variable and Z.  

Predicted values P0, P1 and P2 from the abovementioned logistic model showed, respectively, the 

probability of transition to moderate/severe/death versus to mild, to severe/death versus to 

moderate/mild, and to death versus to severe/moderate/mild, in the future year. Based on these 

predictions, we were able to calculate the likelihood of future severity, i.e., Qi, using the 

likelihood function given in Table A2: 

Table A2. Likelihood Function of Future Severity 

Y i,t+1(severity) Qi  (likelihood) 

0 (mild) 1 – P1 

1 (moderate) P2 – P1 

2 (severe) P3 - P2 

3 (death) P3 

 

Estimation of 10-year disease trajectory 

The final Markov model consistent of 28 states (mild/moderate/severe asthma within the current 

and past 2 years=27 states, plus a state representing death), as shown in Appendix 3. Thus, our 

model quantifies the trajectory of asthma severity by calculating a 28-state transition probability 

matrix representing the likelihood of being in a given severity state in the next year for a patient 

with a given characteristics and severity history in the current year and past 2 years.   
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For each individual, the predicted probabilities of transitioning to a particular severity state given 

a modified set of covariates , representing possibly counterfactual scenarios (e.g., high SES 

versus low SES in the index year), were calculated for all potential asthma severity histories. 

Such probabilities were used to evolve the multi-state Markov model of asthma for 10 years, 

with initial state values being the observed asthma history in the index year and pre-index 2 

years, i.e., Hc
i,0={Yi,-2, Yi,-1, Yi,0}. To plot the population-averaged trajectories of asthma severity, 

marginal state probabilities associated with the (possibly counterfactual) scenarios were 

calculated by averaging state probabilities for each individual across the population within each 

year of follow-up, setting other covariates of each individual to the observed values(2).  

 

References of Appendix 3 

1.  Stokes, M. E., Davis, C. S., and Koch, G. G. Categorical Data Analysis Using the SAS 

System, Second Edition, Cary, NC: SAS Institute Inc. 2000. p533-41.  

2.  Austin PC, Urbach DR: Using G-computation to estimate the effect of regionalization of 

surgical services on the absolute reduction in the occurrence of adverse patient outcomes. Med 

Care. 2013 Sep;51(9):797–805. 
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Appendix 3. The 28-states transition probability matrix of the Markov model  

Asthma Severity in the Past 3 years Probability of Severity Level in Year (T+1) 

Year (T-2) Year (T-1) Year T Mild Moderate Severe Death 

Mild Mild Mild П0000 П0001 П0002 П0003 

Moderate Mild Mild П1000 П1001 П1002 П1003 

Severe Mild Mild П2000 П2001 П2002 П2003 

Mild Moderate Mild П0100 П0101 П0102 П0103 

Moderate Moderate Mild П1100 П1101 П1102 П1103 

Severe Moderate Mild П2100 П2101 П2102 П2103 

Mild Severe Mild П0200 П0201 П0202 П0203 

Moderate Severe Mild П1200 П1201 П1202 П1203 

Severe Severe Mild П2200 П2201 П2202 П2203 

Mild Mild Moderate П0010 П0011 П0012 П0013 

Moderate Mild Moderate П1010 П1011 П1012 П1013 

Severe Mild Moderate П2010 П2011 П2012 П2013 

Mild Moderate Moderate П0110 П0111 П0112 П0113 

Moderate Moderate Moderate П1110 П01111 П1112 П1113 

Severe Moderate Moderate П2110 П21111 П2112 П2113 

Mild Severe Moderate П0210 П0211 П0212 П0213 

Moderate Severe Moderate П1210 П1211 П1212 П1213 

Severe Severe Moderate П2210 П2211 П2212 П2213 

Mild Mild Severe П0020 П0021 П0022 П0023 

Moderate Mild Severe П1020 П1021 П1022 П1023 

Severe Mild Severe П2020 П2021 П2022 П2023 

Mild Moderate Severe П0120 П0121 П0122 П0123 

Moderate Moderate Severe П1120 П1121 П1122 П1123 

Severe Moderate Severe П2120 П2121 П2122 П2123 

Mild Severe Severe П0220 П0221 П0222 П0223 

Moderate Severe Severe П1220 П1221 П1222 П1223 

Severe Severe Severe П2220 П2221 П2222 П2223 

Any Any Death 0 0 0 1 
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Appendix 4. Proportions of patients remaining in the study cohort over the follow-up 

period. 
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Appendix 5. Adjusted odds ratio of transition to different severity states, full results from the main regression model.  

Co-variable  Asthma severity in the next year (year T+1)  

  
Moderate, severe asthma & death vs mild 

asthma 
Severe asthma/death vs 
mild/moderate asthma 

Death vs. mild/moderate/severe 
asthma 

  OR 95% CI   
p-

value OR 95% CI   
p-

value OR 95% CI   
p-

value 

Severity in year 
T                         

Mild Reference        Reference        Reference       

Moderate  6.86 6.54 7.20 <.0001 3.39 3.12 3.68 <.0001 0.91 0.67 1.23 0.538 

Severe 14.95 13.89 16.08 <.0001 13.88 12.74 15.12 <.0001 1.78 1.30 2.44 0.000 

Severity in year 
T-1                         

Mild Reference        Reference       Reference        

Moderate 2.55 2.40 2.70 <.0001 1.39 1.27 1.51 <.0001 1.04 0.73 1.50 0.814 

Severe 2.79 2.63 2.97 <.0001 2.78 2.55 3.02 <.0001 1.41 1.00 1.98 0.050 

Severity in year 
T-2                         

Mild Reference       Reference         Reference       

Moderate 1.81 1.71 1.91 <.0001 1.17 1.09 1.25 <.0001 0.89 0.66 1.20 0.457 

Severe 1.75 1.65 1.85 <.0001 1.86 1.73 2.00 <.0001 1.00 0.74 1.35 0.996 

Baseline age 1.01 1.01 1.01 <.0001 1.01 1.01 1.01 <.0001 1.05 1.04 1.06 <.0001 

Sex                         

Female Reference       Reference        Reference        

Male 1.12 1.07 1.16 <.0001 1.01 0.96 1.05 0.812 1.73 1.41 2.12 <.0001 

Baseline SES                         

Low Reference       Reference        Reference        

Middle 0.98 0.93 1.04 0.508 0.94 0.89 1.00 0.059 0.59 0.44 0.79 0.000 



13 
 

High 0.98 0.94 1.03 0.445 0.88 0.84 0.93 <.0001 0.56 0.44 0.72 <.0001 

Baseline 
Comorbidity                         

CCI score=0 Reference       Reference        Reference        

CCI score=1 1.05 0.99 1.12 0.101 1.08 1.01 1.16 0.020 0.72 0.54 0.96 0.025 

CCI score=2 1.11 0.99 1.24 0.080 1.32 1.17 1.49 <.0001 1.94 1.32 2.87 0.001 

CCI score=3 1.05 0.92 1.19 0.466 1.48 1.29 1.70 <.0001 4.24 2.96 6.09 <.0001 

Baseline PDC                         

PDC<0.5 Reference       Reference        Reference        

0.5<=PDC<0.8 1.07 1.02 1.12 0.008 1.22 1.16 1.29 <.0001 1.10 0.88 1.39 0.400 

PDC>=0.8 1.20 1.11 1.30 <.0001 1.26 1.17 1.35 <.0001 0.87 0.62 1.22 0.414 

Baseline 
calendar yeare 1.00 0.99 1.00 0.210 1.00 0.99 1.00 0.210 1.00 0.99 1.00 0.210 

 

Abbreviations: CI, confidence interval; OR, odds ratio; PDC, proportion of days covered 

Bold texts indicate statistical significance with a p-value of less than 0.05.   
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Appendix 6. Regression results for including severity history in the past 4 years, controlling for covariates in the main 

regression model.  

History 
variable  Asthma severity in the next year (year T+1)  

  
Moderate, severe asthma & death vs 

mild asthma 
Severe asthma/death vs mild/moderate 

asthma Death vs. mild/moderate/severe asthma 

  OR 95% CI   p-value OR 95% CI   p-value OR 95% CI   p-value 

Severity in 
year T                         

Mild Reference       Reference      
 

Reference         

Moderate  6.60 6.28 6.93 <.0001 3.34 3.07 3.63 <.0001 0.88 0.64 1.21 0.44 

Severe 14.02 13.00 15.13 <.0001 13.23 12.11 14.45 <.0001 1.71 1.22 2.38 0.002 

Severity in 
year T-1                         

Mild Reference       Reference        Reference        

Moderate 2.41 2.28 2.56 <.0001 1.36 1.24 1.48 <.0001 1.06 0.73 1.53 0.759 

Severe 2.85 2.68 3.03 <.0001 2.79 2.56 3.04 <.0001 1.40 0.98 2.00 0.066 

Severity in 
year T-2                         

Mild Reference        Reference       Reference        

Moderate 1.59 1.50 1.69 <.0001 1.10 1.02 1.19 0.010 0.86 0.62 1.19 0.364 

Severe 1.59 1.49 1.69 <.0001 1.72 1.59 1.86 <.0001 0.94 0.68 1.31 0.724 

Severity in 
year T-3                         

Mild Reference       Reference        Reference        

Moderate 1.52 1.44 1.61 <.0001 1.07 1.00 1.14 0.051 1.09 0.82 1.44 0.557 

Severe 1.50 1.41 1.59 <.0001 1.53 1.43 1.64 <.0001 1.03 0.76 1.38 0.868 
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Abbreviations: CI, confidence interval; OR, odds ratio; PDC, proportion of days covered 

Bold texts indicate statistical significance with a p-value of less than 0.05.   
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