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Summary
Background Exacerbations represent a major source of morbidity and mortality in asthma
and are a prominent feature of poorly controlled, difficult-to-treat disease.
Objective The goal of our study was to provide a detailed characterization of the frequent
exacerbator phenotype and to identify risk factors associated with frequent and seasonal
exacerbations.
Methods Ninety-three severe asthmatics (SA) and 76 mild-to-moderate patients (MA) were
screened and prospectively followed up for 1 year (NCT00555607). Medical history, baseline
clinical data and biomarkers were used to assess risk factors for frequent exacerbations.
Results During the study, 104 exacerbations were recorded in the SA group and 18 in the
MA. Frequent exacerbators were characterized by use of higher doses of inhaled (1700 vs.
800 lg) and oral (6.7 vs. 1.7 mg) glucocorticosteroids, worse asthma control (ACQ score
2.3 vs. 1.4), lower quality of life (SGRQ score 48.5 vs. 33.3), higher sputum eosinophils
(25.7% vs. 8.2%) and a more rapid decline in FEV1/FVC ratio (�0.07 vs. �0.01 DFEV1/
FVC, frequent vs. non-frequent, respectively, P < 0.05). Exhaled NO > 45 p.p.b. and a his-
tory of smoking were associated with an increased risk of frequent exacerbations (odds
ratios: 4.32 and 2.90 respectively).
Conclusion and Clinical Relevance We were able to distinguish and characterize a subphe-
notype of asthma subjects – frequent exacerbators – who are significantly more prone to
exacerbations. Patients with FeNO > 45 p.p.b. and a history of smoking are at increased
risk of frequent exacerbations and require careful monitoring in clinical practice.
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Introduction

Acute exacerbations are a major source of morbidity and
mortality in asthma. It has been shown in children that
the costs associated with asthma care are three times
higher in exacerbators as compared to those patients

who did not experience any attacks [1]. Exacerbations
are a prominent feature of poorly controlled and severe
asthma [2]; however, even in patients with mild disease,
the rates of severe exacerbations are high [3]. Recent
ATS/ERS guidelines [4] pointed out that exacerbations
constitute the greatest risk to patients, are the major
cause of stress and anxiety to patients and their families,
and generate the highest costs for the health care system.

Nowadays, a history of exacerbations is incorporated
into the definition of asthma control and the prevention
of asthma exacerbations has been identified as a pri-
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mary goal in asthma treatment guidelines [5]. Improv-
ing baseline asthma control with inhaled glucocorticos-
teroids can reduce the risk of exacerbations in patients
with atopic asthma. However, a decrease in asthma
symptoms is not always in line with the number or
severity of exacerbations [6]. Thus, it has been hypothe-
sized that baseline disease control and mechanisms
underlying exacerbations are probably driven by differ-
ent factors [2]. In clinical practice, one can easily rec-
ognize a subgroup of asthma patients that experience a
higher rate of exacerbations.

In contrast to chronic obstructive pulmonary disease
[7], the phenotype of frequent exacerbators has not been
clearly characterized in asthma patients. Thus, the pri-
mary goal of our study was to provide detailed character-
istics of frequent exacerbators based on medical history,
physiological variables and biomarkers. Secondary goals
included the identification of risk factors associated with
frequent exacerbations, and a detailed analysis of sea-
sonal (autumn and spring) exacerbations. As two differ-
ent definitions of frequent exacerbations (more than two
events per year [2] or more than three events per year
[8]) are currently in use, we also aimed to study potential
differences in those two approaches.

Methods (for further details, please refer to the
Supporting Information)

Study design

The BIOAIR trial was a partly European Union supported
project on biomarkers and clinical outcomes, with a par-
ticular focus on severe asthma. The study had a two-
group prospective design. Asthma patients were screened
and allocated to severe (SA) or mild-to-moderate asthma
(MA) cohorts. After a 4-week treatment optimization
period, patients were followed up for at least 1 year.
Information regarding lung function, biomarkers
(induced sputum, peripheral blood, exhaled NO), atopy,
medical history, asthma control (evaluated with the use
of the Juniper Asthma Control Questionnaire) [9] and
quality of life (evaluated with the use of St Georges
Respiratory Questionnaire) [10] were collected at base-
line and at consecutive visits. The study was registered
at the clinicaltrials.gov web (NCT00555607) and the pro-
tocol was approved by the ethics review boards and drug
regulatory authorities in the twelve participating centres.

Subjects

Asthma was diagnosed by pulmonary specialists
according to standard criteria [5, 11]. Patients included
in the SA group had been under specialist treatment for
at least 1 year and despite continuous treatment with
high doses of inhaled corticosteroids (ICS; at least

1600 lg/day budesonide or equivalent) had experienced
at least one exacerbation requiring oral steroid treat-
ment in the year preceding inclusion into the study.
Patients in the MA group had stable disease, received
daily treatment with a maximum of 800 lg/day budes-
onide, used short-acting b-agonists (SABA) as needed
but did not require treatment with LABA and had had
neither exacerbations nor hospitalizations in the last
year. All patients gave written informed consent.

Exacerbations

In line with the ATS/ERS recommendations [4], exacer-
bations were defined as events clinically identified to be
outside the patient’s usual range of day-to-day asthma
variation, which are troublesome for patients and require
a change in treatment. Severe exacerbations (including
at least 3 days’ use of oral corticosteroids, an increase
from a maintenance dose of systemic corticosteroids, or
hospitalizations/ED visits) and moderate exacerbations
(defined as a need for change in treatment, but not ful-
filling the criteria of severe exacerbations) were included
in the analysis. Mild asthma exacerbations were not
identified as they could not be distinguished from a
transient loss of asthma control [4]. Frequent exacerba-
tors were defined as those who had two or more exacer-
bations during the 1 year of follow-up, and non-
frequent exacerbators as those who had no exacerba-
tions or up to 1 event. Spring exacerbators were defined
as those who experienced most of exacerbations in April,
May or June, and likewise autumn exacerbators as those
with most exacerbations in October, November and
December. Non-seasonal exacerbators had events- in
other months during the 1 year follow-up period.

Data collection and statistical analysis

Lung function (PEF and FEV1), rescue medication use
(SABA), day and night symptoms and limitation of activ-
ities were recorded daily using electronic diaries (Vitalo-
graph Electronic PEF/FEV1 Diary – XM version,
Vitalograph Ltd., Buckingham, UK). During the study, the
patients were supplied with written cards advising them
to contact the study physician or nurse immediately (all
centres were available 24 h/day and 7 day/week) in case
of a troublesome loss of asthma control (increase in
symptoms and rescue medication use, decrease in daily
activities, or quality of life). Weekly phone calls were
made by study nurse to ensure the patients’ compliance
with the study procedures. Based on medical history,
symptoms, medication use and additional tests, the
responsible physician then labelled the event as an
asthma exacerbation. Data were entered into a central
database through a web-based Case Record Form (eCRF)
system developed specifically for the BIOAIR study.

© 2013 John Wiley & Sons Ltd, Clinical & Experimental Allergy, 44 : 212–221

Phenotype of frequently exacerbating asthmatics 213



Patients’ baseline characteristics are expressed as
mean � standard error of the mean (SEM). Non-para-
metric tests (Mann–Whitney U-test) and chi-square tests
(or Fishers exact test where appropriate) were used.

To identify factors possibly associated with a risk of
frequent or seasonal exacerbations, subjects with
reported exacerbations were compared with applicable
controls (non-frequent or non-seasonal exacerbators). A
multivariate logistic regression model including all
potential predictors with a univariate P-value less than
0.1 was built and adjusted for atopy, sex, age, asthma
severity and smoking status. SPSS version 17.0 software
(SPSS Inc., Chicago, IL, USA) was used for statistical
analysis. P < 0.05 was considered a statistically signifi-
cant difference for all tests. A subanalysis of frequent ex-
acerbators, including patients with three or more
exacerbations was also performed and compared to the whole
group of frequent exacerbators (two or more events).

Results

Patients’ characteristics

One hundred and sixty-nine patients, including 93 SA
and 76 MA, were screened and followed up for at least
1 year. Baseline patient characteristics and demographic

data are displayed in Table 1. Severe asthmatics, in
comparison to MA, were older (50 vs. 42.2 years), had
a higher BMI (28.5 vs. 25.0), lower lung function
(FEV1% of predicted: 70.4 vs. 88.7%) and poorer quality
of life (Juniper ACQ score 2.03 vs. 1.03). Severe asthma
patients were significantly older when their asthma
developed (29.2 vs. 22.2, SA vs. MA).

Exacerbations

The majority of exacerbations were recorded in the SA
group (104 vs. 18 in MA, P < 0.0001). Fifty-two SA
patients (56% of the cohort) experienced 1–6 exacerba-
tions during the 1 year follow-up period. The number
of exacerbations per patient per year was 1.2. Forty-
one patients from the SA group did not have any
exacerbations. Forty-four exacerbations (42.3%) were
regarded as severe based on the predetermined criteria
[4], and in 14 cases (13.7%) hospitalization was neces-
sary. During the 1 year follow-up period, only 16
patients in the MA cohort (22.2%) had in total 18
exacerbations. The number of exacerbations per patient
per year was 0.24. Five exacerbations were severe
(27.8%). No hospitalizations due to asthma exacerba-
tions were reported in the MA group. Thirty one exac-
erbations were recorded in spring time (April, May and

Table 1. Demographic data and baseline characteristics of the BIOAIR study cohort [mean values (� SEM), unless stated differently]. Atopy

defined as at least one positive skin prick test.

Whole study group Severe asthma (SA)

Mild-to-moderate

asthma (MA)

P (SA vs.

MA)

Number of patients (n) 169 93 76 –

Number of exacerbations (n, mean � SEM) 122 (0.72 � 0.09) 104 (1.2 � 1.1) 18 (0.24 � 0.2) < 0.0001

Age (years) (min–max) 46.5 � 1.04 (18–72) 50.0 � 1.3 (18 - 72) 42.2 � 1.5 (20–70) 0.0002

Females (%) 59.2 58 61 0.76*

Age of asthma onset (years) 26.1 � 1.9 29.2 � 1.9 22.2 � 2.2 0.01

FEV1 (% pred) 80.1 � 1.8 70.4 � 2.1 88.7 � 2.1 < 0.0001

FEV1 (L) 2.44 � 0.07 2.04 � 0.08 2.79 � 0.08 < 0.0001

FEV1/FVC 0.69 � 0.01 0.67 � 0.01 0.70 � 0.01 0.035

Reversibility 9.97 � 0.5 9.4 � 0.8 10.6 � 0.7 0.09

ICS [median (mean � SD)] lg beclomethasone

eq.

800 (1416 � 1015) 1600 (2064 � 939.7) 800 (614 � 218.6) < 0.0001

OCS [median (mean � SD; min–max)]

prednisolone eq.

0 mg (2.6 � 7.6; 0–50) 10 mg (14.1 � 11.8; 2–50) – –

BMI (kg/m2) 27.0 � 0.4 28.5 � 0.6 25.0 � 0.4 <0.0001

ACQ (Juniper, units) 1.6 � 0.1 2.03 � 0.1 1.03 � 0.7 <0.0001

QoL (SGRQ, units) 36.3 � 1.8 45.9 � 2.1 22.5 � 2.0 <0.0001

CRP (mg/L) 4.9 � 0.6 6.1 � 0.9 3.5 � 0.6 0.01

Atopy (%) 45.0 43.2 48.0 0.64*

FENO (p.p.b.) 43.5 � 3.9 46.3 � 6.2 40.1 � 4.1 0.91

Smoking status (pack years history) 5.0 � 0.9 4.7 � 1.1 5.6 � 1.8 1.0

Sputum cells (9106) 2.5 � 0.6 3.34 � 1.02 1.83 � 0.34 0.38

Sputum eosinophils (%) 11.4 � 2.1 16.7 � 3.49 5.79 � 1.71 0.026

Sputum neutrophils (%) 43.2 � 2.8 42.2 � 3.7 44.2 � 4.4 0.81

Mann–Whitney U-test or *chi-square test (for details, see Supporting Information and references S1, S2, S3).
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June), 46 in autumn (October, November and Decem-
ber) and 45 were outside of these seasons (other
months) (Fig. 1).

Frequent exacerbators

Thirty patients experienced at least two, and 14 patients
had at least three exacerbations during the 1 year fol-
low-up period, and these were therefore classified as
frequent exacerbators. One hundred and thirty-nine
patients had less than two exacerbations and were clas-
sified as non-frequent exacerbators. The majority of fre-
quent exacerbators were from the SA cohort. Frequent
exacerbators used significantly higher doses of inhaled
(1700 vs. 800 lg) and oral (6.7 vs. 1.7 mg) glucocorti-
costeroids, had worse asthma control (ACQ score 2.3 vs.
1.4), a lower quality of life (SGRQ score 48.5 vs. 33.3),
higher CRP level (6.8 vs. 4.3 mg/L) and higher sputum
eosinophils (25.7 vs. 8.2%) at baseline as compared with
non-frequent exacerbators (Table 2). No significant dif-
ferences in baseline characteristics were found between
frequent exacerbators defined by two or more, and
those defined by three or more exacerbations (Table 2).

Change in lung function in frequent exacerbators

The changes in lung function parameters measured over
the 1 year follow-up period (D calculated as value at
visit after 1 year – value at baseline) were compared
between non-frequent and frequent exacerbators (Table
S2). A statistically significant, more rapid decline in
pre-bronchodilator FEV1/FVC ratio was found in fre-
quent exacerbators (DFEV1/FVC = �0.07 vs. �0.01 in
frequent vs. non-frequent, respectively, P = 0.02,
Mann–Whitney U-test). A tendency towards a faster
decline in FEV1% of predicted (DFEV1% pre-
dicted = �8.8 vs. �4.8, in frequent vs. non-frequent

exacerbators) and FVC% of predicted (DFVC% pre-
dicted = �6.6 vs. 2.8) was seen; however, these differ-
ences did not reach statistical significance (P = 0.1 and
P = 0.64 respectively).

Risk factors for frequent exacerbations

The univariate analysis of factors associated with a risk
of frequent exacerbations is presented in Table S4.
When adjusted for possible confounding factors (age,
smoking, atopy, severity of the disease and sex) in a
multivariate logistic regression model (Table 3) exhaled
NO > 45 p.p.b. and a history of smoking were signifi-
cantly associated with an increased risk of frequent
exacerbations, defined as two or more events per year
(odds ratios: 4.32 and 2.90 respectively) (Fig. 2). History
of smoking was significantly associated with an
increased risk of frequent exacerbations defined as
three or more events per year (odds ratio: 3.61) (Table 3
and Fig. 2). Similarly, when the severe asthma cohort
was analysed separately, exhaled NO > 45 p.p.b. and
asthma control (Juniper ACQ > 1.36) were significantly
associated with an increased risk of frequent exacerba-
tions defined as two or more events per year (odds
ratios: 5.98 and 3.65 respectively). There was a ten-
dency towards an increased risk of exacerbations in
past smokers (odds ratio: 2.48, P = 0.06) (Table S5).
Smoking history was the only factor significantly asso-
ciated with an increased risk of frequent exacerbations
defined as three or more events per year (odds ratio:
3.87) (Table S5).

Frequent exacerbators as a distinct phenotype of asthma

We have evaluated the allocation of frequent exacerba-
tors to different phenotypes as based on published, up
to date algorithms [12, 13]. When allocation is defined
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Fig 1. The monthly distribution of exacerbations over 1 year of follow up.
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by physiological variables (lung function, reversibility
and age of onset of the disease) as proposed by Moore
et al. [12], the majority of frequent exacerbators are
found in cluster 4 (low baseline lung function, partially
reversible) (29.9%) and cluster 2 (high baseline lung
function, not reversible, early onset) (29.9%), followed
by cluster 3 (high baseline lung function, not reversible,
late onset) (16.7%), 5 (16.7%) and cluster 1 (high base-
line lung function, reversible) (6.7%). When allocation
is based on biomarkers, namely eosinophils and neu-
trophils in induced sputum [13], the majority of fre-

quent exacerbators can be found in cluster 4 (high
eosinophils and low neutrophils) (44.4%) and cluster 3
(high eosinophils and high neutrophils) (38.9%) fol-
lowed by cluster 1 (low eosinophils and high neutroph-
ils) (11.1%) and cluster 2 (low eosinophils and low
neutrophils) (5.5%) (Fig. S1).

Seasonal exacerbators

Nineteen patients experienced most of their exacerba-
tions in the spring (April, May, June) and 46 in autumn

Table 2. Comparison between frequent exacerbators defined as at least two or at least three events per year of follow-up [mean values (� SEM),

unless stated differently]. Atopy defined as at least one positive skin prick test.

Non-frequent

exacerbators

(< 2 events per year)

Frequent

exacerbators

(≥ 2 events per year)

P (non-

frequent

vs.

frequent

[≥ 2

events per

year]

Frequent

exacerbators

(≥ 3 events per year)

P (non-

frequent

vs.

frequent

[≥ 3

events per

year]

P (frequent

[≥ 2 events]

vs. frequent

[≥ 3 events

per year]

Number of

patients (n)

139 30 – 14 – –

Asthma severity

(SA/MA)

65/74 28/2 < 0.0001* 14/0 < 0.0001* 1.0*

Number of

exacerbations

(n, mean � SEM)

38 (0.3 � 0.04) 84 (2.8 � 0.2) < 0.0001 52 (3.7 � 0.3) < 0.0001 0.003

Age (years)

(min–max)

46.3 � 1.2 (20–72) 47.4 � 2.4 (18–70) 0.67 50.9 � 3.3 (29–69) 0.25 0.39

Females (%) 59 60 1.0* 57 1.0* 1.0*

Age of asthma

onset (years)

26.0 � 1.6 26.4 � 3.5 0.91 31.9 � 5.1 0.29

FEV1 (% pred) 81.25 � 2.1 75.4 � 3.4 0.09 79.0 � 4.9 0.52 0.55

FEV1 (L) 2.47 � 0.08 2.31 � 0.15 0.35 2.36 � 0.21 0.63 0.75

FEV1/FVC 0.69 � 0.01 0.68 � 0.02 0.65 0.72 � 0.02 0.48 0.34

Reversibility 9.9 � 0.5 8.9 � 1.5 0.22 8.4 � 2.0 0.4 0.99

ICS [median

(mean � SD)] lg
beclomethasone eq.

800 (1281 � 950) 1700 (2024 � 1063) 0.0001 2200 (2294 � 1242) 0.002 0.46

OCS [median

(mean � SD;

min–max)]

prednisolone eq.

0 (1.7 � 5.8; 0–40) 0 (6.7 � 12.5;0–50) 0.005 0 (8.6 � 14.7;0–50) 0.003 0.59

BMI (kg/m2) 26.6 � 0.4 28.4 � 1.0 0.055 30.1 � 1.4 0.01 0.37

ACQ (Juniper) 1.4 � 0.1 2.3 � 0.2 < 0.0001 2.1 � 0.2 0.01 0.58

QoL (SGRQ) 33.3 � 1.9 48.5 � 3.8 0.0008 52.7 � 4.0 0.0008 0.49

CRP (mg/L) 4.3 � 0.6 6.8 � 1.4 0.046 6.6 � 1.6 0.07 0.77

Atopy (%) 45.3 40.0 0.67* 50.0 0.78* 0.74*

FENO (p.p.b.) 38.9 � 3.4 60.6 � 12.7 0.23 54.4 � 20.2 0.74 0.73

Smoking status

(pack years history)

4.6 � 0.9 5.9 � 2.3 0.77 3.7 � 0.4 0.93 0.75

Sputum cells (9106) 2.86 � 0.7 1.3 � 0.3 0.33 1.7 � 0.8 0.99 0.56

Sputum eosinophils

(%)

8.2 � 1.8 25.7 � 6.9 0.004 21.0 � 12.5 0.15 0.76

Sputum neutrophils

(%)

43.6 � 3.1 41.3 � 7.0 0.76 39.2 � 13.8 0.79 0.89

Mann–Whitney U-test or *chi-square test (Fisher exact test when appropriate).
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(October, November and December), and these patients
were classified as seasonal exacerbators (spring and
autumn exacerbators respectively) (Fig. 1). A detailed
description of seasonal exacerbators and risk factors for
seasonal exacerbations is presented in the on-line
repository.

Discussion

Exacerbations are important events in the natural his-
tory of poorly controlled asthma. The implications of
these flare-ups include risk of mortality, decreased
quality of life and extensive utilization of health care
resources. In our clinical practice, we can distinguish a
subgroup of asthma patients who are significantly more

prone to exacerbations. In this article, we propose that
these patients should be called ‘frequent exacerbators’,
similar to what has been suggested in COPD patients
[14]. In our article, we provide detailed characteristics
of the frequent exacerbators’ phenotype, based on med-
ical history, physiological variables and biomarkers. We
found that frequent exacerbators use higher doses of
inhaled and oral glucocorticosteroids, have a lower
quality of life and worse asthma control, higher CRP
and sputum eosinophil levels. Exhaled NO above
45 p.p.b. and a history of smoking represent risk factors
for frequent exacerbations. Thus, we have proven that
frequent exacerbators represent a distinct phenotype of
asthma, not yet identified by studies published to date,
neither based on physiological variables [12] nor on
biomarkers [13].

The strength of our study lies in the careful patient
selection, prospective design and long (1 year) follow-
up period. Strict diagnostic criteria were applied to
recruit a group of patients where all possible co-
morbidities and alternative diagnoses were carefully
excluded, and thus, are unlikely to confound the study
results [15]. There are some differences in the basic
characteristics of our frequent exacerbators cohort as
compared to those described in the study by ten Brinke
et al. [8]. In this previous study, it was shown that fre-
quent exacerbators are younger, have a positive family
history of asthma, a higher reversibility rate and higher
bronchial hyper-reactivity as compared to non-frequent
exacerbators. On the other hand, no differences were
found when the intensity of treatment was analysed.

Table 3. Adjusted odds ratios in multivariate logistic regression models for factors associated with risk of frequent exacerbations (defined as two

or more, and three or more exacerbations during 1 year of follow-up).

Factor OR 95% CI P Comments

Frequent exacerbators (two or more exacerbations)

eNO > 45 p.p.b. 4.32 1.02–18.31 0.047 Adjusted for sex, age, smoking, asthma

severity and atopy

Smoking 2.90 1.15–7.35 0.025 Adjusted for sex, age, asthma severity and atopy

Sputum eosinophils ≥ 2% 3.81 0.68–21.43 0.13 Adjusted for sex, age, smoking, asthma

severity and atopy

Juniper ACQ > 1.36 (median) 2.92 0.94–90.30 0.063 As above

FEV1≤70% 1.86 0.70–4.92 0.21 As above

SGRQ>34.6 (median) 1.61 0.52–4.91 0.41 As above

BMI>25 1.16 0.42–3.12 0.77 As above

Frequent exacerbators (three or more exacerbations)

Smoking 3.61 1.09–11.99 0.036 Adjusted for sex, age, asthma severity and atopy

SGRQ > 34.6 (median) 3.46 0.66–18.29 0.14 Adjusted for sex, age, smoking, asthma

severity and atopy

Sputum eosinophils ≥ 2% 3.16 0.204–49.05 0.41 As above

BMI > 25 3.13 0.61–16.17 0.17 As above

Juniper ACQ > 1.36 (median) 1.60 0.38–6.67 0.52 As above

eNO > 45 p.p.b. 1.36 0.205–9.05 0.75 As above

FEV1 ≤ 70% 0.71 0.19–2.54 0.59 As above
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Fig 2. Adjusted odd ratios (and 95% CI) for risk factors of frequent

exacerbations defined as more than two events per year (a) and more

than three events per year (b). Multivariate logistic regression model,

adjusted for age, sex, asthma severity, smoking and atopy.
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One possible explanation may be that despite the appli-
cation of similar inclusion criteria in both studies, dif-
ferent populations of asthma patients were included. In
the ten Brinke study [8], most of the frequent exacerba-
tors represent a group of younger atopic patients with
an early onset of the disease.

We have not found any major differences between
phenotypes of frequent exacerbators defined by two or
more events [2] or three or more events [8]. We hereby
call for a unification of the definitions used in clinical
practice and scientific studies, as this would enable
more direct comparisons of different trials to be made,
as well as improve our understanding of asthma exac-
erbations. As we found that those asthma patients who
experienced two or more exacerbations per year repre-
sent a clear phenotype of frequent exacerbators, we
propose this definition for frequent exacerbators.

A high proportion of frequent exacerbators in the
severe asthmatic group is inherent to the definition of
severe, uncontrolled asthma, and in fact, a history of
previous exacerbations was an inclusion criterion in
our study [11] that has also been used by others [16].
To avoid possible bias, we used asthma severity as a
confounding factor in the multivariate analysis. More-
over, we have evaluated risk factors separately for the
severe asthma cohort, and these showed no differences
compared to the whole study population.

Recent exacerbations represent an important indepen-
dent predictor of future exacerbations in patients with
severe or difficult-to-treat asthma [17]. We have found
that despite intensive anti-inflammatory treatment,
these patients are still at risk of high numbers of exacer-
bations, and this is on par with the North-American
severe asthma cohort data [18]. Similarly, in the GOAL
study, it has been shown that exacerbations could be
reduced in the majority of patients by increasing the
daily dose of inhaled corticosteroids and LABA. How-
ever, in a proportion of patients, it was not possible to
achieve good control of the disease on doses of inhaled
corticosteroids reaching 1000 lg of fluticasone and
even oral steroids [19]. In our study, frequent exacerba-
tors were characterized by high levels of sputum eosin-
ophils (> 25%) despite intensive treatment (> 2000 lg
of beclomethasone). This suggests that the recommended
treatment may not be efficacious in reducing the level
of eosinophilic inflammation in the airways and the rate
of exacerbations in this phenotype. Recent trials showed
that use of the anti-interleukin (IL)-5 monoclonal anti-
body (mepolizumab) [20–22] or anti-tumour necrosis
factor a [22] may represent a promising strategy.
Another option includes the administration of high
doses of systemic corticosteroids, as it has been proven
that persistent sputum eosinophilia is not a refractory
phenomenon despite extensive anti-asthma treatment
but is still sensitive to high-dose systemic corticosteroids

[23]. However, data in this field are conflicting and
proof of the opposite has been reported, reviewed in
[24]. Those severe asthmatics who suffer from frequent
exacerbations differ from non-frequent exacerbators in
terms of quality of life and sputum eosinophilia (Table
S2). Thus, it may be hypothesized that this increase in
exacerbation rate merely represents a continuum of
severity related to eosinophilic inflammation and clini-
cal control. The design of the current trial does not
enable us to gain insight into the mechanisms underly-
ing the observed differences and thus we do not discuss
endotypes, instead we propose a new clinically defined
phenotype. The most probable reasons for frequent
exacerbations may include a lack of disease control
with regards to eosinophilic inflammation (possibly
due to a lack of compliance to medications, the use of
inadequate doses of medications, glucocorticosteroid
resistance, comorbidities, or other as yet unknown
mechanisms. Nevertheless, we believe that it is impor-
tant to identify this subpopulation of asthma patients in
clinical practice. Such an approach enables us to evalu-
ate the most probable reasons for frequent exacerba-
tions, as well as identify this population for further
mechanistic studies.

It could be argued that the reason for the high rate
of exacerbations in our study is poor adherence to pre-
scribed treatment. Several groups have shown that
compliance with doctors’ recommendations is one of
the major problems in difficult-to-treat asthmatics.
Genuine steroid unresponsiveness is rare [25] and in
most cases (30–60%) [26, 27], poor control results from
non-adherence, comorbidities, poor inhalation tech-
niques or wrong diagnosis. However, in this study, good
adherence to the recommended treatment was achieved
by the involvement of highly devoted clinical centres,
the treatment optimization period at inclusion, repeated
instruction in inhalation technique, personalized treat-
ment plans and the careful follow-up of all included
patients. Nevertheless, adherence has not been evalu-
ated using unbiased methods (such as the memory chips
of meter dose inhalers), which is a clear limitation of
our report. On the basis of the results of our study, we
propose that high levels of exhaled NO or eosinophils
in induced sputum along with low asthma control
(evaluated using the Juniper ACQ) could be regarded as
warning signals in our every day clinical practice. In
such cases, adherence to the controller medication
should be checked before any other therapeutical
options are introduced.

Allocation of our patients to clusters based on previ-
ously published proposals [12, 13] revealed that most of
the frequent exacerbators belong to a cluster with low
baseline lung function which is partially reversible, or a
cluster with a high baseline lung function that is not
reversible, with early onset of the disease [12]. Taking
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biomarkers into consideration most of our frequent
exacerbators belong to a cluster characterized by high
sputum eosinophils with either high or low neutrophils
[13]. When analysing baseline clinical characteristics,
physiological variables and biomarkers, we found that
those patients characterized by exhaled NO levels
> 45 p.p.b. and had a history of smoking represented a
group of asthmatics at higher risk of frequent exacerba-
tions. Again, this is in accordance with the North-
American severe asthma network data [28]. What is
particularly striking in our study is the tendency
towards a steeper decline in lung function among the
frequent exacerbators. The impact of exacerbations on
decline in lung function has been reported in asthma
[29] and COPD patients [14]. However, this finding
requires confirmation in studies with follow-up periods
longer than 1 year.

We did not find any significant differences in basic
characteristics between seasonal (spring or autumn) and
non-seasonal exacerbators; thus, the phenotype of
seasonal exacerbator could not be distinguished in our
study. Sputum eosinophils ≥ 2% and male sex were asso-
ciated with a significantly higher risk of developing
spring exacerbations, which is not surprising as those
exacerbations are most probably associated with atopic
status, allergen sensitization and allergen exposure [30],
in contrast to autumn exacerbations, which are most
likely associated with viral infections [31]. The BIOAIR
study was a multi-centre, trans-European trial with
patients included from Scandinavia to the Mediterranean
region, with different allergies and different seasons of
exposure. As patients experienced exacerbations in dif-
ferent months, it was difficult to clearly allocate seasonal
or non-seasonal exacerbators, which is a limitation of
our study. Moreover, viral infections may occur through-
out the year (rhinovirus in the autumn, influenza in the
late winter to early spring), making any seasonal predi-
lection difficult to interpret.

The ability to identify patients with the greatest risk
of future exacerbations is vital for developing effective
preventive strategies, reducing health care costs and
achieving good asthma control. In our article, we pres-
ent the clinical characteristics of the frequent exacerba-
tors’ phenotype as well as the risk factors for frequent
flare-ups of the disease. Methods such as exhaled NO
measurement, are widely used, thus implementation of
our findings into treatment guidelines would enable

easier identification of patients who are at risk, increase
monitoring and improve every day clinical care. Appro-
priate long-term management strategies coupled with
improved compliance should reduce mortality and mor-
bidity associated with asthma exacerbations [31, 32],
however, further studies are needed to clarify the opti-
mal treatment options for frequent exacerbators. The
fact that this group of severe asthma patients, who are
under specialist care in highly specialized centres still
remain symptomatic and face frequent exacerbations,
emphasizes the need for more research into pathoge-
netic mechanisms and novel therapeutic approaches.
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Frequent exacerbators – a distinct phenotype of severe asthma.

METHODS

Study design

The BIOAIR study was a multicentre trial, consisting of a cross-sectional comparison of patients

with mild-to-moderate and severe asthma with a 1 year follow up period. Methods of the

cohort selection and baseline characteristics of the study subject are shared by all reports from

the BIOAIR trial (S1, S2, S3, S10).

Subjects

Patients selected by 12 European centres were recruited to the study. They were 18 to

80 years of age, and after screening they were allocated to an appropriate subject group, either

mild-to-moderate or severe asthma.

Diagnosis of asthma had to have been confirmed by a pulmonary specialist, and the

patients had to fulfil at least one of the four criteria for reversible airway obstruction as

documented during the last 5 years before the study or at screening visit, namely:

1) an increase in FEV1 (Forced Expiratory Volume in 1 second) ≥ 9% of predicted (or

improvement by 200 ml) after administration of four puffs of 100 μg salbutamol dose-aerosol

inhaled via a spacer, or after additional inhalation of four puffs of 20 μg ipratropium bromide

administered through a large volume spacer;



2) mean diurnal variation in Peak Expiratory Flow (PEF) of ≥ 15% on ≥ 4 days/week for at

least 2 weeks, as calculated by the following equation: (highest PEF – lowest PEF)/mean PEF;

3) an increase in FEV1 of at least 400 ml after a course of prednisolone 0.5 mg/kg/day for

14 days;

4) in patients with a FEV1 ≥ 70% predicted, demonstrated bronchial

hyperresponsiveness to histamine, methacholine, isocapnic hyperventilation, exercise or other

indirect challenges (according to established local methods).

Patients included in the severe asthma (SA) group had to have been under specialist

treatment for at least one year and had to have had at least one exacerbation during the year

preceding the study start. Severe asthmatics had to require continuous treatment with high

doses of inhaled steroids (at least 1600 μg/day budesonide or beclomethasone, 800 μg/day

fluticasone or equivalent). For those taking oral steroids, the inhaled dose of steroids had to be

at least 800 μg/day budesonide or beclomethasone, 400 μg/day fluticasone or equivalent. In

addition, the patients had to require continuous treatment with long-acting β-agonists or oral

theophylline, as documented for at least one year (S4).

Patients were excluded if they were pregnant, had a history of alcohol or illicit drug

abuse, had other acute or chronic pulmonary disorders or had clinically relevant psychiatric

disease. Current smokers or patients who smoked more than 5 pack years were also excluded.

They were not allowed to be receiving immunosuppressants other than corticosteroids, or

undergoing immunotherapy. Patients receiving chronic oxygen therapy were also excluded. All

exacerbations and adverse events during the study were recorded in the study case report form

for further analysis.



Upon inclusion in the study, all patients underwent a four-week treatment optimisation

period. Fixed doses of medications used by patients during the optimisation are presented in

Table S1.

Exacerbations

Primary definition of exacerbations incorporated in the study protocol included any of

the following criteria:

a) morning PEF decreased > 30% from personal best during 2 consecutive days, or

b) rapid decrease in FEV1 with increasing symptoms and diminished response to

bronchodilator (the exact limits for definition were determined by the responsible physician at

visit 1 and indicated in the personal treatment plan on the diary cards and adjusted during the

course of the study if necessary), or

c) unscheduled contact with doctor because of increasing symptoms.

For the purposes of the current analyses all exacerbations reported as adverse events,

hospitalisations and change in medication use (the initiation of a course of oral steroid (OCS)

therapy in those individuals on regular inhaled corticosteroid (ICS) treatment, or for those on

regular OCS therapy, a significant temporary increase in their dose of oral steroids for an acute

deterioration in their disease control) were evaluated. This approach is in line with ATS/ERS

recommendation (S5) stating that all events clinically identified to be outside the patient’s usual

range of day-to-day asthma variation, which are troublesome for patients and require change in

treatment, should be regarded as exacerbations of asthma. In details severe exacerbations was

retrospectively defined as a worsening requiring at least 3 days’ use of oral corticosteroids, or

as an increase in systemic corticosteroids from an individual maintenance dose, or as a visit to



the emergency room or hospitalisation. Likewise, a moderate exacerbation was defined as a

period requiring a change in treatment, but not fulfilling the criteria of a severe exacerbation

(S2).

Pulmonary function

Forced expiratory volume in 1 second (FEV1), forced vital capacity (FVC), and forced

inspiratory volume in 1 second (FIV1) were measured at each visit with daily calibrated

spirometers according to previously published guidelines (S6,S7). Patients were asked to

withhold the use of short- and long-acting β-agonists for 6-10 hours before the measurements.

The highest value of three technically satisfactory attempts was recorded, and predicted values

were calculated according to established formulas (S6). A reversibility test was performed at

screening visit. After FEV1 measurement, the patient inhaled four puffs of 100 μg salbutamol

(MDI via spacer) and after 15 min FEV1 was measured again and reversibility as percent

predicted was calculated. If an improvement of 9% was not achieved, four puffs of 20 μg

ipratropium bromide MDI via a large volume spacer were administered, FEV1 was measured

after 15 min and reversibility was calculated

Atopy and inflammatory markers

In addition to a complete physical examination, skin prick tests to common

aeroallergens were performed in all patients at the screening visit. Patients were tested with six

standard allergens (Dermatophagoides pteronyssinus, mixed grasses, cat, dog, Alternaria and

Aspergillus fumigates) and two regional allergens (Southern Europe: parietaria and olive,

Ferrara: parietaria and birch, Northern Europe: birch and mugwort, hazel or alder). Allergens

were compared to a positive control (histamine) and a negative control (allergen diluent). ALK



Soluprick (SoluprickTM, ALK lab, Copenhagen, Denmark) solutions were used and the results

were expressed as a mean diameter in millimetres of two right angle measurements. A wash-

out period of 3 days for short-acting and 5 days for long-acting anti-histamines was required

prior to the skin prick test. A positive response was taken as a wheal ≥ 3 mm in comparison to

the negative control. Patients were considered atopic when at least one allergen showed a

positive result. Total wheal size was calculated in mm as the total of the 8 allergens.

Induced sputum was obtained at all centres according to recommendations of the ERS

(European Respiratory Society) task force on induced sputum (S8). Patients with a post-

bronchodilator FEV1 percent of predicted < 60%, a peak flow (PEF) variability of > 30% during

the four days preceding the sputum induction, or who had experienced severe

bronchoconstriction or other adverse reactions at previous attempts, were excluded from

sputum induction. The procedure was stopped if the patient displayed more than a 15% fall in

FEV1 at 2 minutes after inhalation of saline (0,9% NaCl) during induction of sputum. Differential

cell counts were expressed as percentage of non-squamous cells. Samples with more than 20%

squamous cells or with a viability of less than 40% were excluded.

Exhaled NO

Exhaled nitric oxide (eNO) was measured with the NIOX analyser (Aerocrine AB, Solna,

Sweden) according to ATS guidelines (S9) at a flow rate of exhaled air of 50 mL/second. For

each patient at least three correctly executed exhalations with the device were required and

the mean value was recorded.

Univariate and multivariate logistic regression models



Odds ratios (OR) and risk ratios (RR) in univariate analysis were calculated. Following

baseline variables were studied: age (65y), smoking history, childhood (<16 years) onset of

asthma, asthma severity, sex, BMI,  reversibility, FEV1, FEV1/FVC, quality of life (SGRQ), asthma

control (ACQ), atopy (defined as at least 1 positive skin prick test with any allergen), ASA

hypersensitivity, sputum eosinophils, sputum neutrophils, blood eosinophils, FeNO. For

numerical variables median, 25 percentile and 75 percentile as possible cut-off values were

evaluated. Chi-square test (or Fisher’s exact test wherever appropriate) was applied.

RESULTS

The study flow chart is presented on Figure S1. From a cohort of 15 000 to 20 000 asthma

patients who were under follow up in the 12 centers of the BIOAIR study close to 800 were

invited and 202 gave their written consent to be included in the trial. Of those 33 were

screening failures (due to exclusion criteria: current smoking or a history of smoking more than

5 years, pregnancy, history of alcohol or drug abuse, other chronic pulmonary disorders, use of

other then corticosteroids immunosuppressants) and 169 were included into the optimization

phase. This group was used for further statistical analysis.  Twenty three subjects dropped out

during the optimization phase mainly due to lack of compliance with study procedures and

withdrawn consent thus 146 patients were in 1 year follow up. This phase was concluded by

138 subjects (81.7% of the included cohort). Eight drop outs at this phase were mainly due to

lack of follow up. The total dropout rate was 31 patients (18.3% of the included cohort).

There were 44 ex-smokers included into the study with a number of pack-years history in a

range from 1 to 36. No current smokers were included in the study. There were 3 patients



included with a history of more than 5 pack-years which was a violation of the study inclusion

criteria.

We found a statistically significant correlation between sputum and blood eosinophils (Rs=0.5,

p<0.0001)(Figure S2). As sputum collections are very difficult in some patients, this can

provided another biomarker for classifying patients as eosinophilic [S10].

Frequent exacerbators

Comparison between frequent exacerbators defined as at least 2 or at least 3 events per year of follow

up in the severe asthma cohort is presented in Table S2. Frequent exacerbators within the SA cohort are

characterised by lower asthma control (Juniper ACQ score 2.4 vs 1.9 frequent vs non frequent, p=0.035),

and higher eosinophils count in induced sputum (29.2% vs 11.1%, frequent vs non-frequent, p=0.009).

There is also a trend to higher medication use (inhaled and oral corticosteroids), higher BMI, lower

quality of life and higher CRP levels in frequent vs non-frequent exacerbators. This pattern in the SA

patients resembles differences found in the whole study population (Table 2, main manuscript),

however not reaching statistical significance, probably due to lower number of cases. Allocation of

frequent exacerbators to different clusters based on physiological parameters (lung function,

reversibility and age of onset of the disease) (panel A) and based on biomarkers (eosinophils and

neutrophils in induced sputum) is presented on Figure S3. Change in lung function in frequent as

compared with non-frequent exacerbators is presented in table S3. The univariate analysis of factors

associated with a risk of frequent exacerbations is presented in Table S5. The multivariate analysis of

factors associated with a higher risk of frequent exacerbations in severe asthmatic cohort is presented in

Table S6.

Seasonal exacerbators

Nineteen patients experienced most of events out of the spring or autumn seasons and were classified

as non-seasonal exacerbators. Autumn exacerbators had significantly lower BMI (26.2 vs 29.2 kg/m2)



and lower total sputum cell number (0.8 vs 2.2x106 cells) as compared with non-seasonal exacerbators

(Table S4). The average sputum eosinophils were higher in spring exacerbators (26.7 vs 12.25%) as

compared with non-seasonal exacerbators, however this difference did not reach statistical significance

(p=0.3), probably due to low number of cases and high variability of studied biomarker (Table S4).

Risk factors for seasonal exacerbations

The univariate analysis of factors associated with a risk of seasonal exacerbations is presented in Table

S7 of the on-line repository. When adjusted for possible confounding factors (age, smoking, atopy,

asthma severity and sex) in multivariate logistic regression model (Table S8) sputum eosinophils ≥2%

and male sex were significantly associated with an increased risk of spring exacerbations (odds ratio:

22.49 and 8.41, respectively).
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Severe asthma Mild-to-moderate
asthma

COPD

inhaled steroids 1600 μg budesonide
or 1500 μg
beclomethasone, or

800 μg budesonide
or beclomethasone,
or 500 μg fluticasone

800 μg budesonide,
beclomethasone or
500 μg fluticasone



1000 μg fluticasone
LABA formoterol 9-24 μg

b.i.d. or salmeterol
50 μg b.i.d

formoterol 9-24 μg
b.i.d. or salmeterol
50 μg b.i.d.

formoterol 9-24 μg
b.i.d. or salmeterol
50 μg b.i.d

other short-acting β-
agonists as needed

short-acting β-
agonists as needed

ipratropium bromide
(40 μg q.i.d.)     short-
acting β-agonists as
needed

Table S1. Fixed doses of medications used by patients during treatment optimisation period
(V1-V2a). In case the severe asthma or COPD patient was taking oral corticosteroid - its’ dose
was unchanged.



NON-FREQUENT
EXACERBATORS
(<2 EVENTS PER

YEAR)

FREQUENT
EXACERBATORS
(≥2 EVENTS PER

YEAR)

P
(NON-FREQUENT
VS FREQUENT [≥2
EVENTS PER YEAR]

FREQUENT
EXACERBATORS
(≥3 EVENTS PER

YEAR)

P
(NON-FREQUENT
VS FREQUENT [≥3
EVENTS PER YEAR]

P
(FREQUENT [≥2

EVENTS] VS
FREQUENT [≥3

EVENTS PER YEAR]

number of SA patients
(n)

65 28 - 14 - -

number of
exacerbations (n,
mean±SEM)

24 (0.37±0.06) 80 (2.86±0.21) <0.0001 52 (3.7±0.27) <0.0001 0.006

age (y) (min – max) 50.8±1.6 (21-72) 48.2±2.5 (18-70) 0.40 50.9±3.3 (29-69) 0.98 0.52

females (%) 56.7 57.1 1.0* 57.1 1.0* 1.0*

age of asthma onset
(years)

26.8±2.1 27.2±3.4 0.87 31.9±5.1 0.23

FEV1 (% pred) 72.9±2.9 73.4±3.3 0.99 79.0±4.9 0.36 0.34

FEV1 (L) 2.09±0.1 2.25±0.15 0.34 2.36±0.21 0.18 0.55

FEV1/FVC 0.67±0.02 0.68±0.02 0.73 0.72±0.02 0.20 0.30

reversibility 9.3±0.8 8.1±1.3 0.39 8.4±2.0 0.61 0.88

ICS (median [mean
±SD]) µg
beclomethasone eq.

1600 (2042±895) 1800
(2111±1047)

0.65 2200
(2294±1242)

0.33 0.60



OCS (median [mean
±SD; min - max])
prednisolone eq.

0 (2.99±6.7; 0-
40)

0 (7.2±12.9;0-50) 0.24 0 (8.6±14.7;0-50) 0.16 0.71

BMI (kg/m2) 28.4±0.7 28.9±1.0 0.55 30.1±1.4 0.22 0.54

ACQ (Juniper) 1.9±0.2 2.4±0.2 0.035 2.1±0.2 0.39 0.38

QoL (SGRQ) 43.6±2.4 50.9±3.7 0.13 52.7±4.0 0.1 0.74

CRP (mg/L) 4.7±0.7 6.9±1.4 0.38 6.6±1.6 0.33 0.79

atopy (%) 44.8 42.9 1.0* 50.0 1.0* 1.0*

FENO (ppb) 36.6±5.3 65.1±14.0 0.12 54.4±20.2 0.57 0.65

smoking status (pack
years history)

3.5±0.4 6.3±2.5 0.37 3.7±0.4 0.88 0.52

sputum cells (x106) 4.3±1.5 1.1±0.3 0.11 1.7±0.8 0.64 0.58

sputum eosinophils (%) 11.1±3.4 29.2±7.5 0.009 21.0±12.5 0.28 0.52

sputum neutrophils (%) 43.5±4.5 39.4±6.7 0.76 39.2±13.8 0.84 0.96

Table S2. Comparison between frequent exacerbators defined as at least 2 or at least 3 events per year of follow up in the severe

asthma cohort [mean values (±SEM), unless stated differently]. Atopy defined as at least one positive skin prick test.  Man-Whitney

U test or *Chi-square test (Fisher exact test when appropriate).



NON-
FREQUENT

EXACERBATORS
(<2 EVENTS PER

YEAR)

FREQUENT
EXACERBATORS
(≥2 EVENTS PER

YEAR)

P

(NON-FREQUENT
VS FREQUENT [≥2
EVENTS PER YEAR]

FREQUENT
EXACERBATORS
(≥3 EVENTS PER

YEAR)

P

(NON-FREQUENT
VS FREQUENT [≥3
EVENTS PER YEAR]

ΔFEV1 0.03±0,03 -0.13±0.13 0.53 -0.13±0.12 0.27

ΔFEV1 %
predicted

-4.8±3.3 -8.8±3.8 0.10 -6.6±4.1 0.12

ΔFVC 0.05±0.04 -0.08±0.16 0.58 -0.06±0.15 0.95

ΔFVC %
predicted

2.8±0.01 -6.6±4.5 0.64 -3.2±3.04 0.39

ΔFEV1/FVC -0.01±0.01 -0.07±0.03 0.02 -0.03±0.01 0.04

Table S3. Change in lung function in frequent and non-frequent exacerbators during one year of
follow up (Δ calculated as value at visit after 1 year – value at baseline, mean±SEM, Mann-Whitney U
test).



NON-SEASONAL
EXACERBATORS

SPRING
EXACERBATORS
(APRIL, MAY, JUNE)

P
(SPRING VS NON-

SEASONAL
EXACERBATORS)

AUTUMN
EXACERBATORS

(OCTOBER,
NOVEMBER,
DECEMBER)

P
(AUTUMN VS NON-

SEASONAL)

P
(SPRING VS
AUTUMN)

number of
exacerbations (n,
mean±SEM)

45 (1.5±0.2) 31 (1.4±0.3) 0.31 46 (1.9±0.2) 0.52 0.66

number of patients (n) 19 19 - 30 - -

asthma severity
(SA/MA)

14/5 16/3 0.69* 22/8 1.0* 0.49*

age (y) (min – max) 43.9 (24-65) 48.0 (28-64) 0.34 48.9 (18-70) 0.17 0.74

females (%) 78.9 52.6 0.17* 56.7 0.13* 1.0

FEV1 (% pred) 77.1±5.1 76.6±4.3 0.91 78.4±3.8 0.87 0.60

FEV1 (L) 2.38±0.2 2.3±0.1 0.95 2.4±0.2 0.56 0.78

FEV1/FVC 0.72±0.02 0.69±0.02 0.35 0.67±0.02 0.26 0.87

reversibility 7.8±1.5 10.5±1.8 0.26 10.7±1.4 0.16 0.87

ICS (median [mean
±SD]) µg
beclomethasone eq.

1900
(1906±1006)

1600 (1648±850) 0.39 1600
(1691±1178)

0.39 0.65

OCS (median [mean 0 (2.6±7.1; 0 – 0 (5.4±11.4; 0 – 0.38 0 (3.8±10.9; 0 – 0.81 0.25



±SD; min - max])
prednisolone eq.

30) 40) 50)

BMI (kg/m2) 29.2±1.3 27.1±0.7 0.27 26.2±0.8 0.04 0.23

ACQ (Juniper) 2.3±0.3 2.0±0.2 0.67 1.9±0.2 0.41 0.82

QoL (SGRQ) 46.6±5.7 44.7±4.6 0.81 38.6±4.2 0.27 0.44

CRP (mg/L) 5.7±1.1 5.2±2.1 0.26 5.0±1.0 0.49 0.82

atopy (%) 36.8 47.4 0.74* 60.0 0.15* 0.56*

FENO (ppb) 39.7±10.9 49.9±15.7 0.74 48.1±9.5 0.50 0.94

smoking status (pack
years history)

4.2±0.5 3.4±0.8 0.42 6.7±3.0 0.66 0.60

sputum cells (x106) 2.2±0.6 1.9±0.6 0.56 0.8±0.2 0.02 0.19

sputum eosinophils (%) 12.25±5.6 26.7±8.7 0.3 15.0±6.3 0.66 0.26

sputum neutrophils (%) 42.9±7.8 49.3±9.1 0.59 35.1±6.4 0.43 0.29

Table S4. Comparison between seasonal (spring and autumn) exacerbators and non-seasonal exacerbators [mean values (±SEM),

unless stated differently]. Atopy defined as at least one positive skin prick test.  Man-Whitney U test or *Chi-square test (Fisher exact

test when appropriate).



factor OR 95% CI RR 95% CI p

Frequent exacerbators (2 or more exacerbations)

Asthma severity 15.94 3.65 – 69.54 11.44 2.81 – 46.51 <0.0001

Juniper ACQ>1.36 (median) 5.06 1.92 – 13.36 3.78 1.64 – 8.74 0.0005

Sputum eos ≥2% 4.38 1.13 – 16.9 3.46 1.05 – 11.34 0.024

Sputum eos ≥3% 4.07 1.17 – 14.14 3.18 1.1 – 9.18 0.02

Smoking history 3.48 1.53 – 7.91 2.67 1.42 – 5.02 0.002

SGRQ>34.6 (median ) 2.48 1.06 – 5.78 2.06 1.04 – 4.08 0.032

FEV1 ≤70% 2.34 1.02 – 5.36 1.95 1.03 – 3.67 0.04

eNO>45 ppb 2.75 0.92 – 8.26 2.17 0.94 – 4.98 0.066

BMI>25 2.47 0.95 – 6.43 2.14 0.93 – 4.96 0.059

Frequent exacerbators (3 or more exacerbations)

Asthma severity 32.98 1.93 – 564.2 28.62 1.29 – 383.22 <0.0001

BMI>25 8.07 1.03 – 63.4 7.2 0.97 – 53.9 0.02

SGRQ>34.6 (median ) 6.7 1.44 – 31.2 5.75 1.33 – 24.8 0.006

Smoking history 4.25 1.39 – 13.05 3.67 1.35 – 10.0 0.007

Juniper ACQ>1.36 (median) 4.14 1.1 – 15.5 3.67 1.07 – 12.6 0.025

Table S5. Factors associated with the development of exacerbations in frequent exacerbators (defined
as 2 or more, and 3 or more exacerbations).



factor OR 95%CI p comments

Frequent exacerbators (2 or more exacerbations)

eNO>45 ppb 5.98 1.28 – 27.99 0.023 adjusted for sex, age, smoking and atopy

Juniper ACQ>1.36
(median)

3.65 1.08 – 12.3 0.037 as above

sputum eosinophils ≥2% 3.70 0.59 – 23.39 0.164 adjusted for sex, age, smoking and atopy

smoking 2.48 0.96 – 6.38 0.06 adjusted for sex, age and atopy

SGRQ>34.6 (median) 1.85 0.58 – 5.87 0.296 as above

FEV1≤70% 1.85 0.69 – 4.93 0.22 as above

BMI>25 1.30 0.45 – 3.75 0.625 as above

Frequent exacerbators (3 or more exacerbations)

smoking 3.87 1.07 – 14.02 0.039 adjusted for sex, age and atopy

SGRQ>34.6 (median) 2.39 0.44 – 12.89 0.31 adjusted for sex, age, smoking and atopy

BMI>25 2.34 0.45 – 12.24 0.31 as above

Juniper ACQ>1.36
(median)

1.26 0.29 – 5.49 0.756 as above

eNO>45 ppb 1.36 0.20 – 9.05 0.75 as above

FEV1≤70% 0.35 0.08 – 1.58 0.17 as above

Table S6. Adjusted odds ratios in multivariate logistic regression models for factors associated with risk
of frequent exacerbations (defined as 2 or more, and 3 or more exacerbations during 1 year of follow
up) in severe asthmatics.



factor OR 95% CI RR 95% CI p

Spring exacerbators (April, May, June)

Sputum eosinophils ≥2% 7.5 0.9 – 61.1 2.6 0.8 – 8.8 0.07

Blood eosinophils >0.44x109/l 4.27 0.9 – 20.0 1.9 1.0 – 3.5 0.08

Male sex 3.37 0.81 – 14.02 1.95 0.8 – 4.7 0.17

Asthma severity 1.91 0.38 – 9.45 1.42 0.55 – 3.69 0.69

BMI>30 0.26 0.06 – 1.2 0.46 0.17 – 1.3 0.15

Autumn exacerbators (October, November, December)

BMI>30 0.27 0.07 – 1.0 0.55 0.27 – 1.14 0.09

Asthma severity 0.98 0.27 – 3.61 0.99 0.60 – 1.64 1.0

Male sex 2.87 0.77 – 10.7 1.99 0.78 – 5.06 0.135

Table S7. Factors associated with the development of seasonal (spring and autumn) exacerbations.

factor OR 95%CI p comments



Spring exacerbators (April, May, June)

Sputum eosinophils ≥2% 22.49 1.07 – 421.3 0.007 adjusted for sex, age, smoking, asthma
severity and atopy

Male sex 8.41 1.15 – 61.46 0.036 adjusted for age, smoking and atopy

Asthma severity 5.33 0.62 – 45.78 0.127 adjusted for sex, age, smoking and atopy

Blood eosinophils
>0.44x109/l

5.00 0.67 – 37.51 0.12 adjusted for sex, age, smoking, asthma
severity and atopy

BMI>30 0.48 0.04 – 5.36 0.55 as above

Autumn exacerbators (October, November, December)

Blood eosinophils
>0.44x109/l

2.22 0.52 – 9.45 0.28 adjusted for sex, age, smoking, asthma
severity and atopy

Male sex 1.77 0.48 – 6.52 0.39 adjusted for age, smoking, asthma
severity and atopy

Asthma severity 2.0 0.39 – 10.41 0.40 adjusted for sex, age, smoking and atopy

Sputum eosinophils ≥2% 1.55 0.12 – 19.9 0.74 adjusted for sex, age, smoking, asthma
severity and atopy

BMI>30 0.2 0.03 – 1.28 0.09 As above

Table S8. Adjusted odds ratios in multivariate logistic regression models for factors associated with risk
of seasonal exacerbations.



Figure S1. The study flow chart.

SCREENING
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OPTIMISATION PHASE
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1 YEAR OF FOLLOW UP
CONCLUDED

n=138
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Drop outs
n=23
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Figure S2. Correlation in between blood and sputum eosinophils in asthma patients (Rs=0.5,
p<0.0001),[S10].
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A. clusters based on physiological variables B. clusters based on

biomarkers

Figure S3. Allocation of frequent exacerbators to different clusters based on physiological

parameters (lung function, reversibility and age of onset of the disease) (panel A) and based on

biomarkers (eosinophils and neutrophils in induced sputum) (panel B).
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