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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 patientyear 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

To cite: Chen W, Marra CA,
Lynd LD, et al. Thorax
2016;71:267–275.

Asthma is a prevalent chronic disease of the
airways1 that imposes a substantial burden on individuals and society.2 In particular, severe asthma,
while affecting only 5–10% of the asthma population, 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, highdose therapy of anti-inﬂammatory and other controller medications.4 Although asthma is generally
reversible, and milder cases can be effectively controlled with currently available therapy, the clinical
course of severe asthma and its risk factors remain
poorly understood. Several studies on the prognosis

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.

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 maintain acceptable control, in combination with the
markers of asthma-related adverse events, once the
treatment has been initiated.8 10 The levels of severity measured from these resource-use records was
found to correlate well with lung function
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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

Table 1 Characteristics of study population in the index year
Characteristic
Age, median (IQR)
Sex, N (%)
Men
Women
Socioeconomic status, N (%)
Low
Middle
High
Comorbidity, N (%)
CCI=0
CCI=1
CCI=2
CCI≥3
Moderate to severe exacerbation, N (%)
None
≥1 exacerbation
PDC by asthma controller medications
PDC <50%
PDC ≥50%–80%
PDC ≥80%
Severity in the past year, N (%)
No asthma*
Mild
Moderate
Severity in the year before last year, N (%)
No asthma*
Mild
Moderate

Patients with severe
asthma (N=13 467)

Study design and subjects
We identiﬁed patients with asthma using a validated case deﬁnition 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 hospitalisation (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 medications (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

36.8 (26.6, 43.8)
6094 (45)
7373 (55)
6326 (47)
2649 (20)
4492 (33)
1969 (15)
10 345 (77)
657 (5)
496 (4)
3262 (24)
10 205 (76)
8297 (62)
3777 (28)
1393 (10)
1785 (13)
3674 (27)
8008 (59)
3262 (24)
4192 (31)
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.
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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 registration ﬁles,14 vital statistics,15 discharge abstract databases (capturing 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.

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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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 longitudinal 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 previous work in multiple dimensions. Speciﬁcally, 10-year trajectories were inferred using a rigorous statistical method that utilised
all available longitudinal data to quantify the dynamic transitions across severity states and their association with various risk
factors.

Respiratory epidemiology

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 combination 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 databases 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 corticosteroids (ICS) in beclomethasone-chloroﬂuorocarbon equivalent (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 corresponded to low ICS doses (0–250 mg/day if receiving additional
controller therapy, otherwise 0–500 mg/day), without the occurrence 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), comorbidity and proportion of days covered (PDC) by controller medications 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 quintile, with low SES deﬁned as being in the lowest two quintiles
and high SES as the highest two quintiles. This variable is frequently used to study the effects of SES on health and healthcare 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 comorbidity. PDC was calculated as the total number of days with possession 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 supplementary appendix 2 provides detailed description of the regression
and computation methods.
We used a Markov model to examine the long-term trajectory of severity following incident severe asthma and the inﬂuences 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

OR (95% CI)

p Value

OR (95% CI)

p Value

OR (95% CI)

p Value

<0.0001

1.01 (1.01 to 1.01)

<0.0001

1.05 (1.04 to 1.06)

<0.0001

<0.0001

1.01 (0.96 to 1.05)

0.812

1.73 (1.41 to 2.12)

<0.0001

0.508
0.445

0.94 (0.89 to 1.00)
0.88 (0.84 to 0.93)

0.059
<0.0001

0.59 (0.44 to 0.79)
0.56 (0.44 to 0.72)

0.000
<0.0001

0.101
0.080
0.466

1.08 (1.01 to 1.16)
1.32 (1.17 to 1.49)
1.48 (1.29 to 1.7)

0.020
<0.0001
<0.0001

0.72 (0.54 to 0.96)
1.94 (1.32 to 2.87)
4.24 (2.96 to 6.09)

0.025
0.001
<0.0001

0.008
<0.0001

1.22 (1.16 to 1.29)
1.26 (1.17 to 1.35)

<0.0001
<0.0001

1.10 (0.88 to 1.39)
0.87 (0.62 to 1.22)

0.400
0.414

Age
1.01 (1.01 to 1.01)
Sex
Female
Reference
Male
1.12 (1.07 to 1.16)
SES
Low
Reference
Middle
0.98 (0.93 to 1.04)
High
0.98 (0.94 to 1.03)
Comorbidity
CCI score=0
Reference
CCI score=1
1.05 (0.99 to 1.12)
CCI score=2
1.11 (0.99 to 1.24)
CCI score ≥3
1.05 (0.92 to 1.19)
PDC of asthma controller medications
PDC <50%
Reference
50% ≤PDC <80%
1.07 (1.02 to 1.12)
PDC ≥80%
1.20 (1.11 to 1.3)

Transition to death
vs all other levels

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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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 severity’). 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 identiﬁed 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 programme for fewer than 300 days, except for the year in which
they died.

Respiratory epidemiology
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 calendar effect by including the calendar year of the index year. This
model was ﬁtted using a generalized linear model with generalized estimating equations to account for the longitudinal observations 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 transition to mild, transition to severe/death versus transition to mild/
moderate, and transition to death versus transition to mild/moderate/severe.
To assess model ﬁt, we compared the observed versus predicted population-averaged trajectories of severity after incident
severe asthma over the entire study period. The disease trajectory was deﬁned as the probability of being in a particular severity 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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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 likelihood 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 inﬂuences 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

Respiratory epidemiology

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 majority (76%) experienced at least one moderate to severe exacerbation 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.
Chen W, et al. Thorax 2016;71:267–275. doi:10.1136/thoraxjnl-2015-207530
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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 adjusting for all other risk factors.

Respiratory epidemiology
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 longterm 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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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 analysis results.
Figures 2–5 show how risk factors in the index year affected
the 10-year trajectory of severe asthma. There were few sexrelated 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

Respiratory epidemiology

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 considerably 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
Chen W, et al. Thorax 2016;71:267–275. doi:10.1136/thoraxjnl-2015-207530

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 associated with a combination of environmental and individual risk
factors of asthma symptoms and exacerbations, including residential 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 management, 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
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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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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 farreaching beneﬁts and affect the beneﬁt–risk proﬁle of asthma
management guidelines. Future studies can build on this methodology to expand our understanding of the effects of modiﬁable risk factors and interventions on the long-term prognosis
of asthma and its future burden.
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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 correlation 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 translate 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 validity 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 deﬁnition. 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 measurement 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 likelihood 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 prediction 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
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