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Figure 4 20year PEF trajectories (L/year) by annual exacerbatioR)ateaihA&d by mean daily ICS dose (33.3% centiles); lowest dose:
n=37652;medium dose: n=370;highest dose: n=380).Final models are adjusted for age at baseline, gender, xed smoking status at basetine,
timevarying smoking status during follmBMI at baseline, length of follgwhung function at baseline, and targing height. AER 0O/year, no
exacerbations; AER Q¢ greater than 0 and up to 1 exacerbation per year; AgRgrdater than 1 and up to 2 exacerbations per year; AER %/

ny

yr, greater than 2 exacerbations per year; BMI, body mass index; PEF, peak expiratory ow.

PEF, the overall FEV, trajectory decreased over time: 25.5 mL/
year (95% CI -26.3 to -24.6) and —0.13%/year (95% CI —17.0
to 10.4) for FEV, volume and percent predicted, respectively.
Unadjusted results are shown in online supplemental figure 10.

Because of low patient numbers, patients aged 18-39 years
were combined into a single stratum; the association between
exacerbations and FEV| (L) decline was greatest for patients in
this age group (online supplemental figure 11). Patients with
AER >2 lost an additional —39.3 mL FEV, per year compared
with patients with no exacerbations (95% CI -65.2 to —13.4;
p=0.008). In patients aged =40 years, there was no significant
association of AER on the lung function trajectories. Results
were similar for %-predicted FEV, (online supplemental figure
12). Because of low numbers, patients in the lowest two terciles
for ICS dosage/year were combined into a single stratum (terciles
1+2). The relationship between exacerbations and FEV, (L)
decline persisted in patients in the highest tercile of ICS dosage/
year (online supplemental figure 13). Patients with exacerbation
rate >2/year lost an additional 7.9 mL/year FEV, compared with
patients with no exacerbations (95% CI —16.1 to 0.2; p=0.056).
Results were similar for %-predicted FEV, (online supplemental
figure 14).

Sensitivity analyses of subsample cohorts with postage 18
years lung function records starting post-1990 and post-2004
There were 108 958 patients with their first post-age 18 years
PEF reading on or after 1 January 1990 (unadjusted cohort) and
72576 in the adjusted cohort. This represented a loss of 0.2% of
patients from the full 1950-2019 cohort. Post-1990 PEF trajec-
tories and the relationship with exacerbations were practically
identical to the results of the full cohort (online supplemental
table 8). The post-1990 FEV, trajectories (representing 99.95%
of patients from the full 1950-2019 cohort) were identical to
the results of the full cohort (online supplemental table 9).

To account for change in PEF measurement practices in
2004, an additional sensitivity analysis of the PEF cohort was

performed on a subsample of 37029 (unadjusted) and 26 873
(adjusted) patients with first lung function reading on or after
1 January 2005 (online supplemental table 8). Follow-up in this
group was markedly shorter than in the full cohort (median 7.6
years IQR 6.1-9.6). However, the association between exacer-
bations and lung function decline was, again, similar to the full
1950-2019 cohort, although the additional loss of lung function
in patients experiencing more exacerbations versus none was
slightly attenuated (>2 AER vs 0 AER: —1.929 L/year (—3.29 to
-0.57)p=0.0054; online supplemental table 8).

DISCUSSION

To our knowledge, this is the first study to show, in a broad
asthma cohort including over 100000 patients across the UK
tracked for 5-60 years, that more frequent exacerbations are
associated with long-term lung function decline. Our study
provides the most robust estimate of year-on-year loss of lung
function with increasing exacerbation burden for the average
adult patient with asthma. We observed that the greater the
AER, the lower the starting lung function and the more negative
the trajectory over time. After adjustment for key confounders
including starting lung function, this association persisted and
was stronger in younger patients aged 18-39 years than in
patients aged 40+ years, which was consistent for trajectories
based on either PEF or FEV,. This finding underlines the need
for a review of the management of patients at risk of acceler-
ated decline before reaching 40 years of age; patients with fastest
decline tended to already be on the highest Global Initiative
for Asthma (GINA) therapies (ie, GINA 3+), suggesting that
many may be less responsive to ICS or to OCS, the long-term
use of which are associated with significant negative side effects
in asthma and COPD.” 2 Such patients would benefit from
earlier intervention/review of therapy and lifestyle to consider
alternatives. Our study also demonstrates the potential value of
using PEF to compare long-term lung function trajectories in
groups of patients with asthma, in contrast to previous studies of
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exacerbations and lung function decline that use FEVl.S’lo 2 The
barriers to the availability of frequent, long-term recording of
FEV, in routinely collected primary care data make the potential
for longitudinal studies using PEF more attractive and feasible.

The relationship between accelerated lung function decline
and exacerbations of COPD has been studied extensively and
demonstrated reliably, in relatively large populations.”’~*°
However, evidence of this relationship in asthma prior to this
study has been less conclusive. Six published studies have used
FEV, to assess lung function and exacerbations mostly in very
severe or difficult-to-treat patients and showed considerable
variation in association.” %2 Nonetheless, even in this small
evidence base a general trend of greater decline with increasing
exacerbation burden was more commonly than not observed,
with declines of between 25 and 50mL FEV, per year in exac-
erbating patients. Two of these previous studies made the
reasonable case that use of ICS may diminish the association of
exacerbations on decline, and, therefore, focused on ICS-naive
patients.® '' As a result, these studies tended to show some of
the larger effect sizes seen across the previous literature on this
subject; one reporting excess loss of 30.2mL FEV, per year
in 93 ICS-naive patients,” and the other an additional loss of
1.34% predicted FEV, per year in 3368 ICS-naive patients."
This second study found no difference in decline in patients on
ICS. Such studies are ethically impossible to reproduce prospec-
tively, and difficult to reproduce in observational cohorts as large
numbers of long-term ICS-naive yet frequently exacerbating
patients do not naturally occur. Results from our heterogeneous
asthma population may be more applicable to primary care as
we observed that fastest decliners were usually already on the
highest dosages of ICS medication, suggesting that increasing
dosage of ICS and other medications because of disease severity
does not entirely protect some patients from the associated faster
decline in lung function with exacerbations, or from faster lung
function decline in general.

The value of our study within the context of this background
literature is in the evaluation of a very large and heterogeneous
asthma cohort, with long-term follow-up, and a focus on trajec-
tories stratified by patient age. Bai et al study of 93 patients with
asthma all aged <40 years speculated that the greatest associa-
tion of exacerbation rate and lung function may be seen in older
patients whose lung function would be in the decline phase.®
Our study demonstrates that, in fact, the opposite is true; lung
function declines more quickly in younger adults compared
with older patients who have had the same number of exacerba-
tions. The corollary is that in the under 18 age group, patients
with exacerbations should show an even greater decline in lung
function. This has not been extensively investigated, but recent
studies suggest that function deteriorates more rapidly in chil-
dren who have exacerbations®' * and may be attenuated by
preventative asthma medication.** Others have found that child-
hood impairment of lung function and male sex was the most
significant predictors of both abnormal longitudinal patterns
of lung function growth and of decline.*® Comparative studies
of lung function decline with exacerbations in childhood and
adulthood could shed further light on the life course impacts of
exacerbations.

In adults, we observed that patients with asthma aged 18-39
years at baseline who have exacerbations experience an addi-
tional loss of PEF, that is, 10-120 additional L/min in abso-
lute terms or 2.25% expressed as change in per cent-predicted
PEF over 20 years compared with patients with no exacerba-
tions over the same period. Contrasted with this are patients
aged =40 years at baseline who experienced a mean total loss of

up to 20 L/min of PEF (or 7 percentage points of predicted PEF)
over 20 years. The results in our FEV, sensitivity cohort were
consistent with this. A meta-analysis of 27 trials estimated that
each 10% drop in predicted FEV | is associated with an approx-
imate 2-point drop in patient QoL using the Asthma Quality
of Life questionnaire (AQLQ)** ; this is four times the minimal
clinical difference for the AQLQ.* The difference in per cent-
predicted PEF and FEV, in frequent exacerbators versus those
without exacerbations in younger exacerbating patients in our
study was more than eight times the minimal clinical difference
for QoL after 20 years, highlighting the real-life implications of
accelerated lung function deterioration in this group.

Faced with these findings, potential key questions for clini-
cians managing patients with asthma in primary care are: when
to intervene to minimise the potential long-term negative impact
of exacerbations on lung function; what early intervention
should look like and in which patients. While we allow that
further studies are required, to fully quantify the causal rela-
tionship between exacerbations and decline if any, many health-
care professionals will find it encouraging that the majority of
patients with asthma in this study experienced little to no accel-
eration in lung function decline. We estimated that the overall
rate of decline in non-exacerbating patients was 2.93 L/year PEF
or 20.2mL/year FEV | (irrespective of age or ICS dosage) making
this group comparable with patients without asthma who are
estimated to experience an average decline of 22.4mL FEV /
year, as reported in a recent meta-analysis of 16 cohort studies
of more than 30000 patients with no known chronic respiratory
disease.*® In patients who do exacerbate, however, our study
highlights the potential value of addressing exacerbation burden
when patients are still in the growth and plateau phases of lung
trajectory before 40 years of age. Our unadjusted results suggest
that younger patients often start with similar lung function,
irrespective of exacerbation burden at baseline, while patients
who were older at the time of their first lung function reading
and who had higher exacerbation burdens had relatively poorer
baseline lung function. This indicates that at the population
level, an earlier adult-period history of exacerbations and other
factors play a big part in decline, above childhood factors. Our
findings, thus, strongly suggest that the group who are likely to
experience the greatest gain from earlier intervention for long-
term benefit are those aged below 40 years. This may include a
more proactive approach to lifestyle changes and trigger avoid-
ance as well as a review of ICS-based therapy or consideration of
newer classes of biologic therapy.””™*! Currently, anti-IL-5, anti—
IL-14/13 and anti-IgE biologic medications are only indicated
for subgroups of patients with severe asthma,*' who are often in
later life. Patients with frequent exacerbations may benefit from
earlier targeted therapy. To our knowledge, there are, as yet, no
longitudinal studies of exacerbations and lung function trajec-
tory in patients on biologic medications.

This large-scale study covering all four countries of the UK
provides insights into lung function decline in patients with
asthma followed for up to 60 years within the period 1950-2019.
Our findings are robust, not simply due to the large sample size
but also due to the inclusion of a broad UK-wide group of adult
patients with asthma, which is likely more generalisable to the
general population than previous studies.? ®'# Additionally, our
long follow-up time spanning 69 years of recording (one of the
longest maximum follow-up periods of any of the previous studies
discussed), enabled us to quantify the long-term association
between exacerbations and lung function in sufficient numbers
of patients, even in subgroup analyses. Notably, this allowed for
rate of decline comparisons in younger, middle and older aged
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adults with good levels of certainty (including >10000 patients/
age group), highlighting the possible effect of age on this rela-
tionship. We have controlled for variation in individual patient
trajectories and other key factors that may independently impact
lung function, including baseline lung function, which may be
viewed as a proxy for severity and for earlier life factors which
were not directly measured in this study.

Our study intended to estimate the long-term association of
exacerbations and lung function trajectory in a disease charac-
terised by short-term variability in lung function; therefore, we
did not include patients with short-term trajectories (<35 years
of lung function data) that may impact the representativeness of
our results. However, we argue that inclusion of such patients
would not keep within the aim of our study to assess long-term
association between exacerbation burden and lung function. We
included patients with eligible data from as early as 1950. While
digitisation of medical records was not introduced until the early
1990s, OPCRD, the Clinical Practice Datalink and other primary
care databases store electronic records of patient outcomes
from prior to this era due to the retrospective digitisation of
paper-based patient records by many practices.** Such records
use Read Codes later selected for QoF monitoring. Importantly
this enabled us to include a subsample of patients with longer
term trajectories (>20 years) including two patients born in the
early 1920s with first PEF readings dated in 1950 and 1956.
Commercial peak flow metres were not widely available until
the early 1960s however earlier models were in general usage,*
and so we saw no reason to exclude older patients such as these,
with otherwise excellent data (who represented 0.002% of the
dataset). Nonetheless, our sensitivity analyses excluding patients
with readings prior to 1990 or prior to 2005 (to coincide with
scale changes in UK PEF metres) had small to negligible impacts
on point estimates (which in the case of the 2004 cohort are
likely to be partially due to the shorter follow-up times) and no
impact on the overall inferences.

While our study demonstrated a clear link between exacerba-
tions and lung function decline, we highlight the need for studies
to fully quantify the chronology of this relationship and assess
causality. This could be achieved either with causal modelling
approaches, which would include the inputs of a range of addi-
tional potential confounders that could impact the results over
the course of follow-up and/or interventional studies of treat-
ments which target exacerbations and track lung function over
time.

We restricted the cohorts to adult lung function to focus on
the relationship between exacerbations and decline once lungs
reach their development peak and begin the natural decline
phase. This results in a tendency towards later median age at
onset of asthma, as childhood asthma may well resolve or atten-
uate before adulthood. Lung function trajectories that traverse
childhood and adulthood are not linear and, therefore, require
different modelling approaches to the linear models used in this
paper. However, previous studies have highlighted the impor-
tance of childhood factors, including childhood exacerbations,
smoking and childhood asthma diagnosis among others®! * #*;
undoubtedly lung capacity by early adulthood will be influenced
by these factors. While we have not included childhood risk
factors, we have allowed for varying starting adult lung func-
tion and the impact of this on subsequent adult lung function
trajectory. Nonetheless, the specific association (if any) of exac-
erbations and lung function in children is an area of great impor-
tance that warrants further investigation. Although patients
with missing data for smoking or BMI were excluded from the
adjusted analyses, the amount of missing data was typical of

routinely collected primary care record data in the UK (espe-
cially data with such a long look-back as that presented in the
current study) and less than previously published.** *” We also
excluded patients with a COPD diagnosis at baseline.® However,
it is possible that some older patients will have had either undi-
agnosed or unrecorded but diagnosed COPD at the start of their
lung function recording period. Patients who already had signif-
icant obstruction at baseline may not be as sensitive to further
changes in AER, and, therefore, the estimated effect sizes in the
overall cohort may be underestimated. Finally, although EMR
data are prone to misclassification (eg, lack of information on
prebronchodilator or postbronchodilator status of lung function
tests, lack of location data and potential underreporting of exac-
erbations), these issues are most likely to cumulatively bias the
results towards the null. However, after applying noise reduc-
tion techniques and adjustment for known confounders, we still
observed highly significant associations, suggesting not only the
advantages of sample size and duration of this dataset but also
the strength of the relationship between exacerbations and lung
function. Overall, this highlights the value of the use of routine
data for large-scale, long-term analyses of this type.

In conclusion, we have demonstrated the association between
exacerbations and lung function decline, after adjusting for, and
stratifying by, possible alternative causes of decline that might
confound the relationship including starting lung function, BMI,
gender, smoking status and other key variables. We do this while
addressing key evidence gaps in sample size, patient represen-
tativeness, duration of follow-up and analysis methodology.
Future analyses that further explore these associations under a
causal framework and within other key subgroups of gender,
ethnicity, location and other lifestyle factors will be highly valu-
able to address remaining evidence gaps. A key new finding is
that the greatest association of exacerbations is found in younger
patients with lung function in the plateau or start of decline
phase, and that while the association is much more modest in
older patients, many have also already experienced significant
decline in lung function, particularly those with higher exacerba-
tion burdens. This finding has important implications for earlier
therapeutic intervention in frequently exacerbating patients
prior to middle age before permanent deterioration in lung func-
tion has occurred.
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