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Abstract

Rationale: The long-term natural history of asthma in terms of
successive severe exacerbations and the influence of each
exacerbation on the course of the disease is not well studied.

Objectives: To investigate the long-term natural history of
asthma among patients who are hospitalized for asthma for the
first time in terms of the risk of future severe exacerbations and
heterogeneity in this risk across patients.

Methods: Using the administrative health databases of British
Columbia, Canada (January 1, 1997 to March 31, 2016), we
created an incident cohort of patients with at least one asthma
exacerbation that required inpatient care. We estimated the
5-year cumulative incidence of severe exacerbations after
successive numbers of previous events. We used a joint frailty
model to investigate the extent of between-individual variability
in exacerbation risk and the associations of each exacerbation
with the rate of subsequent events. Analyses were conducted
separately for pediatric (<14 years old) and adult (=14 years old)
patients.

Results: Analyses were based on 3,039 pediatric (mean age at
baseline, 6.4; 35% female) and 5,442 (mean age at baseline, 50.8;

68% female) adult patients. The 5-year rates of severe
exacerbations after the first three events were 0.16, 0.29, and 0.35
for the pediatric group, and 0.14, 0.33, and 0.49 for the adult
group. Both groups exhibited substantial variability in patient-
specific risks of exacerbation: the mid-95% interval of 5-year risk
of experiencing a severe exacerbation ranged from 11% to 24% in
pediatric patients and from 8% to 40% in adult patients. After
controlling for potential confounders, the first follow-up
exacerbation was associated with an increase of 79% (95%
confidence interval [CI], 11-189%) in the rate of subsequent
events in the pediatric group, whereas this increase was 188%
(95% CI, 35-515%) for the adult group. The effects of subsequent
exacerbations were not statistically significant.

Conclusions: After the first severe exacerbation, the risk of
subsequent events is substantially different among patients. The
number of previous severe exacerbations carries nuanced
prognostic information about future risk. Our results suggest that
severe exacerbations in the early course of asthma detrimentally
affect the course of the disease and risk of subsequent
exacerbations.
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Asthma is a common chronic disease of the
airways, affecting 339 million people
worldwide (1). It is one of the most
common chronic diseases in children (2)
and is responsible for a considerable impact
on quality of life and a substantial and
growing economic burden across all age
groups (3). Episodes of acute worsening of
asthma symptoms, referred to as
exacerbations or “flare-ups,” constitute an
important component of the natural history
of asthma (4). In particular, severe
exacerbations are one of the main causes of
missed school days and hospital admissions
for children and loss of work productivity
for adults (1, 5-7).

Despite their great burden, the natural
history of asthma exacerbations has not been
investigated in depth. It is generally known
that the best predictor of future exacerbations
is a positive history of exacerbations (8), with
a recent study showing that the number of
exacerbations in the previous 2 years informs
the probability of exacerbations in the next
year (9). However, such an association
between the previous and future events can
be generated by fundamentally different
mechanisms. A positive association occurs if
there is a difference in susceptibility to
exacerbation among patients (between-
individual variability, or heterogeneity) such
that some patients are “frequent
exacerbators” (10, 11). A positive association
can also emerge if the occurrence of an
exacerbation detrimentally affects the airways
and increases the risk of future events. There
is growing evidence that asthma
exacerbations inflict long-term structural
damage on the lungs. For example, a study of
patients with moderate or severe asthma
showed that one additional severe
exacerbation per year was associated with a
decline of 30.2 ml in forced expiratory
volume at 1 second (12). Furthermore,
time-varying extrinsic factors, such as
occupational or environmental exposures
(e.g., change in occupation or moving to a
polluted area), could lead to such a positive
association (13).

The extent to which these phenomena
contribute to the natural history of asthma
exacerbations can have important clinical
implications. For example, if an asthma
exacerbation increases the rate of subsequent
events, preventing an exacerbation “today”
can result in far-reaching benefit for patients.
This will affect the risk-benefit and cost-
effectiveness of antiinflammatory therapies
that reduce exacerbation risk. Similarly, if the
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occurrence of an exacerbation indicates the
presence of a potentially modifiable extrinsic
risk factor (e.g., air pollution), it can prompt
risk modification interventions that can
mitigate future risk. Previous studies in
chronic obstructive pulmonary disease
(COPD), another airway disease whose
course is highlighted by exacerbations, have
established the presence of both phenomena
(14, 15). In comparison, existing evidence on
the natural history of asthma exacerbations is
sparse, particularly for severe events that are
most consequential but less prevalent.
Previous investigators have highlighted the
need for population-based studies toward
better understanding the patterns of asthma
exacerbations (16, 17).

The objectives of this study were
threefold: to document the extent of
association between previous and future
severe exacerbations, to investigate the extent
of heterogeneity in exacerbation rates, and to
test the hypothesis that the occurrence of a
severe exacerbation is associated with an
increase in the rate of subsequent events.
Data in this article was previously published
in a preprint in medRxiv (https://www.
medrxiv.org/content/10.1101/2021.04.05.
21254930v1).

Methods

Data Sources

We used centralized administrative health
databases of British Columbia, a province of
Canada with a population of 4.6 million as of
2016 (18). All legal residents of the province
are included in the databases, minimizing the
risk of selection bias. The quality of the data
is high with a very low level of missing,
underreported, or misclassified entries (19).
We had access to the following data for the
period of January 1, 1997 to March 31, 2016:
demographics, including socioeconomic
status (SES) based on the neighborhood
income quintile (the median household
income taken from census data was linked to
the residential postal code) (20, 21),
registration status with the provincial
healthcare system (20), vital statistics (22),
and inpatient and outpatient records (23, 24).
All inferences, opinions, and conclusions
drawn in this paper are those of the authors
and do not reflect the opinions or policies of
the data steward(s). Ethics approval was
obtained from the Human Ethics Board

of the University of British Columbia (H17-
00938).

Study Cohort

To construct an incident cohort, we first
identified all patients who experienced at
least one severe asthma exacerbation
(regardless of its timing since asthma
diagnosis). A severe exacerbation was
defined as an episode of hospitalization with
asthma as the primary discharge diagnosis
using the International Classification for
Disease (ICD) codes (ICD-9 codes 493,
excluding 493.2x, or ICD-10 codes J45-]46);
we treated hospitalizations occurring within
7 days of each other as one severe
exacerbation event (25). We chose this
definition as the entry criterion owing to its
high positive predictive value, and also
because it results in a relatively homogeneous
cohort, reducing the risk of confounding by
disease severity in estimating associations
(this design has been adopted in similar
studies for COPD [14, 15]). We refer to the
first severe asthma exacerbation as the index
exacerbation and the corresponding
discharge date from hospital as the index
date, marking the beginning of follow-up.
Subsequent severe exacerbations are referred
to as follow-up events.

To ensure that the first asthma-related
hospitalization in the data was indeed the
first instance of a severe exacerbation, we
excluded patients, regardless of asthma
diagnosis, who were not continuously
present in the database for at least 5 years
before their index date, or for the entire
period since birth if they were less than 5
years of age on their index date. A previous
study has concluded that 5 years is a
sufficient amount of time to protect against
left-censoring (26). We also excluded
patients with a history of COPD before their
index date, defined as having at least one
hospitalization or two physician visits in any
12-month period owing to COPD (ICD-9
codes 491, 492, 493.2x, 496, or ICD-10 codes
J41-J44). This criterion was applied as the
diagnostic likelihood and natural history of
asthma exacerbations in patients with
concomitant COPD (asthma-COPD
overlap) might be different from those in the
general population with asthma (27).

Finally, the cohort was divided into the
subgroups of pediatric (index age < 14 yr)
and adult (index age = 14 yr) patients, given
the potentially different disease dynamics
and associations in the two subgroups (28).
All patients were followed until the first
occurrence of the following: the last date of
any medical service use record, deregistration
from the healthcare system, death, and the
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end of study period (March 31, 2016).
Although preexisting COPD was an
exclusion criterion, some patients could still
have developed COPD after their asthma
diagnosis. As such, to exclude patient-times
with possible asthma-COPD overlap, a
hospital admission owing to COPD was also
considered a competing censoring event.

Analysis

First, we investigated to what extent the
number of previous severe exacerbations was
prognostic of the rate of future events. This
was achieved through a descriptive analysis
that involved calculating the five-year
cumulative incidence of severe exacerbations
after the occurrence of a given number of
severe exacerbations using the
nonparametric method (29).

As described earlier, a positive
association between previous and future
severe exacerbations might be owing to
the presence of heterogeneity in the rate
of exacerbations. To investigate the extent
of heterogeneity, we used an accelerated
failure time joint frailty model for the
time intervals between severe asthma
exacerbations (14, 30, 31). In this

framework, heterogeneity in exacerbation
rates is modeled through individual-
specific random effects (32). The random
effects represent the patient-specific
propensity to exacerbate over and above
the variability owing to their observed
characteristics. A main advantage of using
this framework is that such random
effects provide a mechanism to capture
the heterogeneity in exacerbation rates,
and to control for unobserved covariates
(e.g., asthma severity, symptom burden,
and environmental exposures), thus
enabling within-patient inference on the
association between consecutive severe
exacerbations (33). In addition to severe
exacerbations, we modeled
hospitalization owing to COPD and all-
cause mortality as competing events for
the adult group (these events were
infrequent for the pediatric group and
thus were not explicitly modeled; see
Table 1), given their potential association
with asthma (34, 35). Details of the
statistical model are provided in SecTioN 1
of the online supplement.

The analysis of association was further
controlled for the following covariates: age on

the index date, calendar year of the index date,
biological sex, quintile of neighborhood SES in
the index year, and the Charlson comorbidity
index calculated in the 12-month period
before the index date (36). The comorbidity
index was not included for the pediatric group
since only a handful of patients had
comorbidities (Table 1). For the primary event
(severe asthma exacerbation), three additional
binary covariates were controlled for: whether
the patient was admitted to the intensive care
unit for the index exacerbation, whether the
length of stay was 7 days or longer during the
index exacerbation, and whether
antiinflammatory asthma medications
(inhaled corticosteroids, oral corticosteroids,
or leukotriene-receptor antagonists) were used
during, or within 7 days after discharge from,
the previous hospitalization.

The analysis of heterogeneity in
exacerbation risks and potential direct effect
of exacerbations on future risk were based on
a random-effects accelerated failure time
model. To illustrate the heterogeneity in
susceptibility to severe asthma exacerbations,
we predicted each patient’s 5-year risk of
experiencing a severe asthma exacerbation
after the index event (see SEctiON 2.1 of the

Table 1. Summary statistics of the key covariates and outcomes of the final cohort

Pediatric Group Adult Group
Covariates (n=3,039) (n=5,442)
Sex, female, n (%) 1,078 (35.5%) 3,696 (67.9%)
Follow-up time, yr, mean (IQR) 9.0 (5.3-12.6) 6.8 (2.9-10.7)
Age at baseline, yr, mean (IQR) 6.4 (3.9-8.1) 50.8 (35.5-66.0)
Calendar year of index date, yr since 2001, mean (IQR) 8.7 (56.0-12.0) 9.6 (6.0-13.0)
Patients admitted to intensive care unit for the index exacerbation, n (%) 111 (3.7%) 378 (6.9%)
Patients who stayed longer than 7 d for the index exacerbation, n (%) 26 (0.9%) 655 (12.0%)
Charlson comorbidity index (%)
0 3,026 (99.6%) 5, 052 (92.8%)
=1 13 (0.4%) 390 (7.2%)
Socioeconomic status, n (%)
Low (first and second quintiles) 1,919 (63.1%) 3,605 (66.2%)
High (third, fourth, and fifth quintiles) 1,073 (35.3%) 1, 715 (831.5%)
Unknown 7 (1.5%) 22 (2.2%)
Follow-up events
Severe asthma exacerbations, n (annual rate) 737 (0.03) 1,392 (0.04)
Severe chronic obstructive pulmonary disease exacerbations, n (annual rate) 0 (0.00) 683 (0.02)
Deaths, n (annual rate) 2 (0.03) 519 (0.01)
Patients with medication in each follow-up severe asthma exacerbation, n (%)
Index 1,855 (61.0%) 3,902 (71.7%)
First 256 (51.4%) 553 (69.6%)
Second 72 (51.4%) 166 (63.6%)
Third+ 44 (44.4%) 220 (65.3%)
Frequency of severe asthma exacerbations during follow-up (%)
2,541 (83.6%) 4,648 (85.4%)
1 358 (11.8%) 533 (9.8%)
2 0 (3.0%) 136 (2.5%)
=3 0 (1.6%) 25 (2.3%)
Definition of abbreviation: QR = interquartile range.
Lee, Petkau, and Sadatsafavi: Long-Term Natural History of Severe Asthma Exacerbations 909
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9,415

At least one hospitalization
due to asthma as the primary
diagnosis after at least 5 years
of continuous presence in the

data

904

COPD before and two years
within index date

8,511

30

Missing covariates

8,481

|

Pediatric group
(index age < 14)

3,039

)

Adult group
(index age = 14)
5,442

Figure 1. Flowchart of asthma cohort creation. COPD = chronic obstructive pulmonary

disease.

online supplement for details). We drew the
distribution (histogram) of the predicted
5-year risks and calculated the 95% coverage
range: the range of 5-year risk that includes
the mid-95% of individuals. The accelerated
failure time model allows the effect of each
covariate to be presented as a “rate
multiplier” (which can be obtained by
exponentiating the regression coefficient). If
a covariate has a rate multiplier of 2, one unit
increase in the value of that covariate doubles
the exacerbation rate. To investigate the
effect of each severe exacerbation on the rate
of subsequent events, we reported the rate
multiplier for the first three events during
follow-up, after controlling for other
covariates.

We ran two sensitivity analyses for the
adult group to 1) assess the impact of
excluding patients who experienced a COPD
hospitalization during follow-up; and 2)
evaluate the robustness of results against an
alternative formulation for the competing
events regarding the choices of time scale
and hazard function; details are provided in
SectioN 3 of the online supplement. Data
analysis was performed using SAS software,
version 9.4, and the R statistical
programming environment, version 3.6.1
(37). See SecTION 4 of the online supplement
for details on the implementation of the
statistical model.
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Results

In the period from January 1, 1997, to
March 31, 2016, there were 9,415 eligible
patients who experienced at least one
severe exacerbation. We excluded 904
who had a history of COPD before
asthma diagnosis and 30 who had missing
covariates. There were 3,039 patients in
the pediatric group and 5,442 patients in
the adult group for the analysis. Figure 1
provides the schematic illustration of the
cohort creation.

For the pediatric group, the mean age
on the index date was 6.4 years (interquartile
range [IQR], 3.9-8.1); 36% were female; and
the average follow-up time was 9.0 years
(IQR, 5.3-12.6). For the adult group, the
mean index age was 50.8 years (IQR,
35.5-66.0); 68% were female; and the average
follow-up time was 6.8 years (IQR, 2.9-10.7).
Table 1 presents the characteristics of both
groups.

Previous History and Future Risk

In the pediatric group, 737 severe
exacerbations were recorded during follow-
up; 16% of patients had at least one, 5% had
two or more, and 2% had three or more
events after their index event. In the adult
group, 1,392 severe exacerbations occurred
during follow-up; 15% had at least one, 5%

had two or more, and 2% had three or more
events after their index date.

Figure 2 shows the nonparametric
cumulative incidence curve since discharge
for the previous severe exacerbation for the
first three follow-up events. In both groups,
there was an increase in the rate of
experiencing a severe exacerbation after the
occurrence of each successive severe
exacerbation. For the pediatric group, the
5-year rates were 0.16 (95% CI, 0.15-0.17)
after the index event, 0.29 (95% CI,
0.25-0.33) after the first follow-up event, and
0.35 (95% CI, 0.27-0.43) after the second
follow-up event. The corresponding values
for the adult group were 0.14 (95% CI,
0.13-0.15), 0.33 (95% CI, 0.30-0.37), and
0.49 (95% CI, 0.42-0.55).

Heterogeneity in Exacerbation Risks
Figure 3 provides the distribution of the
patient-specific 5-year exacerbation risk after
the index date, separately for the pediatric
group (blue) and adult group (red). There
was substantial variability in 5-year risks in
both groups. For the pediatric group, the
range of 5-year risk that covered the mid-
95% of individuals was 11-24% (coefficient
of variation: 23%). The corresponding value
was 8-40% (coefficient of variation, 53%) for
the adult group. In other words, the risks for
pediatric patients at the higher end of the
susceptibility spectrum were 2.1 times higher
than for those at the lower end; this ratio was
5.0 for adult patients.

Risk of Subsequent Severe
Exacerbations
Figure 4 provides the estimated rate
multipliers for the first three severe asthma
exacerbations during follow-up, after
controlling for covariates and the underlying
exacerbation rate (random effects). For both
groups, the occurrence of the first severe
asthma exacerbation during follow-up was
associated with a significant increase in the
rate of future events. For the pediatric group,
the relative increase in the rate was 79% (95%
CI, 11-189%). This value was 198% (95% CI,
35-515%) for the adult group. The effects of
subsequent severe exacerbations were not
statistically significant for either group.
Table 2 provides the estimated
regression coefficients, expressed in terms of
rate multipliers, for both age groups.
Biological sex was not associated with a
significant change in the rate of severe
asthma exacerbations for either group. On
the other hand, the severity of the index
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Number of Previous Exacerbations == 1 & 2 == 3

Pediatric

0.6 0.6

0.4 1 0.4

0.2

Risk of Severe Asthma Exacerbation

0.0 -

Adult

0 1 2 3 4 5 0

2 3 4 5

Time Since the Discharge for the Previous Severe Asthma Exacerbation (years)

Figure 2. Cumulative incidence curves since discharge for the previous severe exacerbation for the first three follow-up events (first: red,
second: green, and third: blue) for the pediatric and adult groups. The shaded area corresponds to pointwise 95% confidence intervals.

[ Pediatric [ Adult

T T
0.00 0.25 0.50

Probability of Experiencing at Least 1 Asthma
Exacerbation in 5 Years Since Discharge for the
Previous Exacerbation

Figure 3. Distributions of patient-specific postindex event 5-year risk of severe exacerbation,
separately for the pediatric (blue) and adult (red).

asthma exacerbation, as described by the two  significant increase in the rate of subsequent

binary covariates (length of stay and events for both groups. High SES (third,
intensive care unit admission for the index fourth, and fifth quintiles) versus low SES
asthma exacerbation), was associated with a (first and second quintiles) was not

associated with a difference in the rate for the
pediatric group but was for the adult group.
Compared with the lowest index age group,
the higher index age groups were associated
with a decrease in the rate for both groups.
Asthma medication use was associated with a
decrease in the rate for the pediatric group,
but its effect was not significant for the adult
group.

The sensitivity analysis demonstrated
that results were not overly sensitive to the
exclusion of patients who experienced a
COPD hospitalization during follow-up and
to the choices of time scale and hazard
function used for the competing events in the
adult group (see SECTION 3 of the online
supplement for details).

Discussion

Using a population-based cohort, we showed
that the future rate of severe exacerbations
increases with the number of previous
events. On average, the 5-year rate of
exacerbations in pediatric patients with three
severe exacerbations was 0.35, being 219%
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¢ Pediatric ¢ Adult experiencing a severe exacerbation ranged

from 11% to 24% in pediatric patients and
6.15 from 8% to 40% in adult patients. After
61 controlling for covariates and the
confounding effect of heterogeneity in
exacerbation rate, we showed that the
occurrence of the first severe exacerbation
57 during follow-up was associated with an
independent increase in the rate of
subsequent events in both groups. This
association was not significant for
4 1 subsequent events, although there was a large
degree of uncertainty around these estimates.
Collectively, our findings suggest that
323 the association between previous and future
exacerbation risk is influenced by both
heterogeneity in patient-specific exacerbation
risk and a potential direct effect of
 ois exacerbations on the risk of subsequent
2 ' events (at least early in the disease course).
©1.79 Extrinsic factors, such as environmental and
occupational risk factors, that we could not
measure in this study can contribute to such
_— . extended heterogeneity. Overall, these
' 0.87 findings can have important clinical
implications. The substantial level of
L 03 0.31 heterogeneity in exacerbation rate is despite
the fact that our sample was already
1st I 2nd I 3rd+ | restricted to individuals who had just been
discharged from an episode of severe
exacerbation requiring inpatient care. This
indicates that individuals with a positive
history of severe exacerbation are by no
means a homogenous group, and the

3 .
——2.89 2.88 2.82

2.41

Rate Multipliers (95% CI)

Severe Asthma Exacerbation Number

Figure 4. Estimated rate multipliers for successive severe asthma exacerbations in the
pediatric (blue) and adult (red) group. Reprinted with permission from Reference 55.
Cl = confidence interval.

higher than in those with one severe
exacerbation (with the 5-year rate of 0.16)
(Figure 2); this value was 350% among adult

three and one events, respectively). We also
demonstrated that there is a substantial
degree of heterogeneity in severe

information on the number (not just a
positive history) of severe exacerbations can
provide prognostic information for nuanced
risk-stratification.

patients (5-year rates of 0.49 and 0.14 with exacerbation rates. The 5-year risk of

Table 2. Estimated rate multipliers (95% confidence interval) of the covariates for the asthma exacerbation events for the

pediatric and adult groups

Covariates

Length of stay for the index asthma exacerbation: >7 d
Charlson comorbidity index: >0 (reference: 0)

Sex, female

Admitted to intensive care unit for the index exacerbation
Index year (since 2001)

Social economic status: low (reference: high)

Social economic status: unknown (reference: high)
Index age, yr: 5-9 (reference: <5)

Index age, yr: 9—14 (reference: <5)

Index age, yr: 35-49 (reference: 14-35)

Index age, yr: 50-64 (reference: 14-35)

Index age, yr: >65 (reference: 14-35)

Medication

Rate Multipliers (95% Confidence Interval)

Pediatric Group Adult Group
8.03 (1.40-46.17)* 1.71 (1.23-2.39)*
1.42 (0.88-2.29)
1.28 (0. 90—1 .82) 1.22 (0.94-1.59)
0.85 (0.35-2.10) 2.52 (1.73-3.66)"
1.02 (0.98-1.06) 0.99 (0.96-1.02)
1.14 (0.80-1.63) 1.42 (1.10-1.83)*
0.76 (0.19-3.03) 2.00 (0.91-4.38)
0.34 (0.22-0.51)* —
0.38 (0.22-0.64)*
— 0.73 (0. 54—0 97)*
— 0.64 (0.47-0.87)*
— 0.64 (0.45-0.90)*
0.67 (0.49-0.93)* 1.06 (0.86-1.31)

*Significant at 0.05 level.
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Among the covariates examined, SES,
as measured by neighborhood income, was
associated with the risk of exacerbation in
adults but not in children. Such a
difference in association has also been
observed in previous studies (38-40).
However, given the wealth of literature on
the impact of socioeconomic status on
asthma outcomes in both children and
adults (41), this finding most likely reflects
the coarseness of neighborhood income as
a singular metric representing the complex
interplay of social determinants of health
and outcomes.

Previous studies have evaluated the
clustering of asthma exacerbations within
individuals (4, 42-44). For example, in a
3-year prospective cohort study, occurrence
of exacerbations in the previous year was
the strongest predictor of future asthma
exacerbations (4). In a more recent cohort
study of 3-year asthma exacerbation
patterns, Peters and colleagues established
that the number of exacerbations in the
past 3 years is a predictor of risk of future
exacerbations (9). In another study, Bloom
and colleagues observed that more recent
exacerbations are associated with higher
future risk, compared with exacerbations in
the more distant past (45). This can
indicate the role of extrinsic factors (e.g., a
temporary elevation in the risk owing to an
environmental factor). However, such time
dependency can also arise even when an
exacerbation permanently increases the risk
of subsequent events. As such, the time
gradient observed in Bloom and colleagues
neither indicates nor precludes causal
association between previous and future
exacerbations. Regardless, these findings are
aligned with ours in that details of
exacerbation history provide prognostic
information over and beyond the binary
classification of (frequent) exacerbator.
However, previous findings do not imply
the presence of a direct impact of an
exacerbation on the rate or risk of future
events. This is because in the presence of
heterogeneity in exacerbation rates, each
individual’s intrinsic exacerbation rate
affects both previous and future
exacerbation rate, thereby acting as a classic
confounding factor. As described previously
(33), the statistical model employed in this
work controls for the patient-specific
background exacerbation rate, thereby
removing this confounding effect. This
methodology also adjusts for any
unmeasured time-fixed variable that might

Lee, Petkau, and Sadatsafavi: Long-Term Natural History of Severe Asthma Exacerbations

associate previous and future asthma
exacerbations (e.g., atopic or nonatopic
asthma and chronic inflammation).

Still, our analysis cannot adjust for
unmeasured time-dependent extrinsic factors
that might affect the risk of exacerbations,
such as a change in occupation during the
study period that might expose the patient to
inhaled risk factors. Indeed, exposure to
extrinsic factors, such as air pollution, can
have a major impact on the risk of
exacerbation (46). However, we believe the
observation of the diminishing pattern in the
effects between previous and future
exacerbation in our study (Figure 4) is more
supportive of a direct effect, as extrinsic
factors should generate such associations
throughout the disease course. Furthermore,
given that such extrinsic factors are generally
modifiable, the overall results of our study
remain interpretable in the sense that
reducing the risk of exacerbations early in the
course of asthma (e.g., via preventive
therapies, or risk-modifying interventions in
case of extrinsic factors) can modify the
burden of exacerbations.

Notwithstanding the potential role of
extrinsic factors, there are plausible
explanations for a direct effect of a severe
exacerbation on the course of asthma.
Exacerbations can adversely modify the
course of asthma through multiple
mechanisms (47). For example, epithelial
damage during the acute phase of an
exacerbation and the subsequent
reepithelialization process (47, 48) as well as
proteolytic tissue destruction caused by
neutrophil proteases (49) are hypothesized as
causal mechanisms. These mechanisms can
result in narrowing of the airways and
corresponding loss of lung function, which is
known to occur after severe asthma
exacerbations (50). Beyond the effect on
airways, other mechanisms might also be at
play. For example, exacerbations are found to
be associated with an acute loss of lung
elasticity, which might not fully recover after
the exacerbation is resolved (47). This signals
potentially structural damage to the lung and
failure of tissue repair after an exacerbation.
An important implication of the presence of
direct mechanisms is that the prevention of
severe exacerbations early in the disease
course can have long-lasting benefits. This is
critical when extrapolating the results from
(typically short-term) clinical trials toward
quantifying the long-term risk-benefit and
cost-effectiveness of asthma therapies or
risk-modification strategies.

Strengths and Limitations
This study has several strengths. First, we
studied a population-based, incidence cohort
of patients with asthma, generally free of
selection bias. Second, we defined cohort
entry based on the first instance of asthma-
related hospitalization. Previous chart-review
studies have shown that this definition has a
high positive predictive value for identifying
patients with asthma (51, 52). Third, we used
a robust statistical methodology to allow
(through random effects) for between-
individual variability beyond what is
explained by covariates. Moreover, the
methodology enabled us to cope with
competing events of severe COPD
exacerbations and death in the adult group,
avoiding biases from treating competing
events as noninformative censoring (53).
This study also has limitations. Despite
the large cohort, the number of severe
exacerbations later in the disease course was
low. In a similar study for COPD, with a
much larger number (more than 34,000) of
follow-up severe COPD exacerbations,
Sadatsafavi and colleagues showed a positive,
diminishing effect of occurrences of
successive severe COPD exacerbations on the
rate of subsequent events, which remained
significant up to the fourth follow-up event
(14). To increase the number of events, we
could have included exacerbations that were
managed in emergency departments or at
physician clinics (e.g., with the use of
systemic corticosteroids [54]). However,
verifying such events as asthma
exacerbations is not easy in our databases.
One concern was that patients might receive
systemic corticosteroids for other conditions
(prescription records are not accompanied
by a reason for the prescription). Moreover,
in British Columbia, a discharge code is not
provided for an emergency department visit,
making it difficult to identify the underlying
reason for the visit. Next, although using the
first severe asthma exacerbation to define the
cohort resulted in an entry criterion with
high specificity, it prevented us from
evaluating the effect of the index
exacerbation on subsequent outcomes. As
mentioned earlier, our study cannot
distinguish between the direct effect of
exacerbations on the risk of future
exacerbations versus the effect of time-
dependent extrinsic factors. As such,
although our message on the modifiability of
exacerbation burden early in the course of
asthma is not affected by this limitation, our
results do not provide evidence on the actual
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mechanisms that carry such effects. This
should remain the subject of future
investigation.

Conclusions

This study identified substantial
variability in severe exacerbation rates in
both pediatric and adult patients with
asthma with a history of severe asthma
exacerbation. It also showed that severe
exacerbations early in the course of
asthma are associated with an increase in

the rate of subsequent events in both
children and adults. The mechanism of
such association (time-dependent
extrinsic factors or exacerbation-induced
structural damage) could not be
elucidated in our data. Besides offering
a new insight into the natural history
of asthma, these results can provide
new evidence toward nuanced risk
stratification of patients at risk of severe
exacerbations. They can also have
implications in quantifying the

long-lasting benefit of interventions
aimed at decreasing exacerbation rates or
reducing exposure to extrinsic risk factors
early in the course of asthma. M
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