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GRAPHICAL ABSTRACT Overview of PRISMA methods and findings. Type 2 (T2) inflammatory biomarkers (blood eosinophil count (BEC) and
fractional exhaled nitric oxide (FENO)) can effectively stratify acute asthma patients, predicting better clinical responses to oral corticosteroids (OCS)
and thus supporting a personalised approach to asthma management. ACQ-5: Asthma Control Questionnaire-5; BD: bronchodilator; Eos: eosinophil;
CRP: C-reactive protein; POC: point of care; FEV1: forced expiratory volume in 1 s; MCID: minimal clinically important difference. #: FENO
measurements taken using a NIOX VERO device (NIOX Group plc., Oxford, UK).
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Abstract
Background Asthma attacks are heterogeneous. It is not known whether the response to oral
corticosteroids (OCS) in acute asthma varies according to type 2 (T2) inflammatory biomarkers, blood
eosinophil count (BEC) and fractional exhaled nitric oxide (FENO). We aimed to explore the relationship
between T2 biomarkers and response to OCS in acute asthma.
Methods We conducted a longitudinal observational study of people experiencing an asthma attack
evaluated before and after a 7-day OCS course. The primary outcome was post-bronchodilator change in
forced expiratory volume in 1 s (FEV1) according to ordinal BEC-FENO three-group categories (T2-Low/
Low: BEC <0.15×109 cells·L−1 and FENO <25 ppb; T2-High/High: BEC ⩾0.30×109 cells·L−1 and FENO

⩾35 ppb; T2-Mid: not meeting Low/Low or High/High criteria). A key secondary outcome was the change
in Asthma Control Questionnaire-5 score. Exploratory outcomes included OCS-attributable adverse events.
Results 53 people were enrolled, with 16 (30%) T2-Low/Low, 27 (51%) T2-Mid and 10 (19%) T2-High/
High asthma attacks. Post-bronchodilator FEV1 changes increased with combined BEC-FENO elevation
(p for interaction=0.007), peaking in the T2-High/High phenotype (0.390±0.512 L, p for trend<0.0001).
Conversely, T2-Low/Low attacks showed nonsignificant FEV1 changes (0.017±0.153 L). In univariable and
multivariable analyses, only ordinal BEC-FENO stratification, not symptoms nor FEV1, predicted subsequent
post-bronchodilator FEV1 improvement. All patients had improved Asthma Control Questionnaire-5 score,
numerically peaking in the T2-High/High phenotype (−1.58±0.60, p for trend=0.08). All groups experienced
similar OCS-attributable adverse events, with 33 patients (62%) reporting at least one event.
Conclusions We found that objective improvement following OCS is confined to T2-High events. As in
chronic asthma, greater T2 burden identifies a distinct clinical and therapeutic trajectory, whereas
OCS‑related adverse events are uniformly distributed.

Introduction
Asthma is a common chronic respiratory disease affecting approximately 400 million people in the world.
It is characterised by the occurrence of exacerbations or attacks: acute events of increased respiratory
symptoms or deterioration of baseline lung function that require a change in treatment [1]. Although
attacks are loosely defined, episodes requiring ⩾3 days of oral corticosteroids (OCS) and/or hospitalisation
are qualified as severe. Severe asthma attacks generate morbidity, healthcare utilisation and avoidable
deaths [1, 2]. Despite their significance, the standard of care in acute asthma has not changed in the last
decades, with guidelines recommending a “one-size-fits-all” treatment approach with OCS for exacerbation
symptoms lasting more than 48 h to reduce hospital admission and relapses, without evidence on other
important outcomes [2, 3].
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In chronic asthma, the treatment paradigm is evolving towards targeting “treatable traits” [4]. This
framework relies on clinical characteristics that predict greater risk [5] and better treatment response [2].
The most noteworthy application is the targeted use of anti-inflammatory medications in asthma
characterised by a type 2 (T2) inflammatory phenotype [6]. This trait is identified using simple,
noninvasive and accessible tests such as the blood eosinophil count (BEC) and fractional exhaled nitric
oxide (FENO) [2].

In acute asthma, several studies have documented the heterogeneity of attacks according to sputum, blood,
exhaled air and microbiomic profiles [7–16]. Importantly, inflammatory phenotypes are often dynamic and
indistinguishable from the point of view of initial symptoms or lung function [8]. We found no available
report on the differential corticosteroid responsiveness according to inflammatory phenotypes. This is an
important gap in knowledge, considering that corticosteroid toxicities appear after the lifetime equivalent
of only four bursts (⩾1000 mg cumulative dose) of prednisone, i.e. four severe asthma attacks [17].
Biomarker-guided management could avoid harm from the inappropriate use of OCS and/or antibiotics due
to overuse or without proper consideration of their potential risks and side effects [18].

We aimed to explore the relationship between T2 inflammatory biomarkers and treatment response to OCS
in people with asthma experiencing a severe attack. We hypothesised that clinical trajectories following
anti-inflammatory treatment improve based on the presence of inflammation, not symptoms.

Methods
Study design
The protocol of this observational longitudinal study of asthma attacks has been registered with
ClinicalTrials.gov (NCT05870215) and published elsewhere [19]. The study was conducted at the Centre
Hospitalier Universitaire de Sherbrooke (Canada), recruiting from general practitioners and the specialised
asthma clinic.

Patient population
We included participants ⩾12 years old with physician-diagnosed asthma of >6 months’ duration, with an
objective diagnosis of asthma as defined by the Global Initiative for Asthma (GINA) [1] and experiencing
a severe asthma attack. In agreement with the GINA recommendations [1], the decision to initiate OCS in
patients with an asthma attack was defined by at least two criteria: 1) ⩾48 h of exacerbation symptoms not
resolving despite increased use of inhaled reliever therapy and 2) physician or patient decision to initiate a
burst of OCS. All participants provided written informed consent statements. Ethical approval was granted
by the Research Ethics Committee of the CIUSSS de l’Estrie–CHUS, Sherbrooke, Quebec, Canada
(#2023-4687). Exclusion criteria are listed in the supplementary methods.

Patients were assessed before (visit 1) and after a 7-day OCS course (visit 2) with home monitoring in
between. On day 0 of the asthma attack (visit 1), patients were reviewed for eligibility, consented and
prescribed oral prednisone (40 mg for 7 days). Evaluations in visits included clinical questionnaires, lung
function, FENO and sputum/blood samples and have been described elsewhere (supplementary methods) [19].

Outcome measures
The primary outcome was the change in the post-bronchodilator (BD) forced expiratory volume in 1 s
(FEV1) between visits, a comparison based on ordinal BEC-FENO three-group categories: T2-Low/
Low: BEC <0.15×109 cells·L−1 and FENO <25 ppb; T2-High/High: BEC ⩾0.30×109 cells·L−1 and FENO

⩾35 ppb; and T2-Mid: not meeting Low/Low or High/High criteria. These ordinal categories were
informed from randomised controlled trial datasets [20–22].

Secondary outcomes were the change in Asthma Control Questionnaire-5 (ACQ-5) scores between visits
according to T2 inflammatory status and the proportion of patients achieving a minimal clinically
important difference (MCID) ⩾0.1 L for post-BD FEV1 or ⩾0.5 points for ACQ-5 [23, 24].

Exploratory outcomes and post hoc analyses have been described previously [19], with their methodology
included in the supplementary material.

Statistical analysis
Descriptive statistics were computed as frequencies and percentages for categorical data and mean±SD or
median and interquartile range (IQR) for continuous data. Demographics were compared across ordinal
T2-Low/Low, T2-Mid and T2-High/High categories using ANOVA trend ( Jonckheere-Terpstra) tests for
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continuous variables and Chi-squared trend (Mantel–Haenszel) tests for categorical variables. No
imputation methods were used. Listwise deletion was applied for concerned analyses.

We employed one-way ANOVA trend tests to assess the change in post-BD FEV1 (primary outcome) and
ACQ-5 (key secondary outcome) across the three biomarker-defined groups. A Chi-squared trend test was
used to compare the proportion of patients achieving a MCID or reporting adverse events between groups.

For our primary analysis, assuming a two-sided ɑ error of 0.05, a (T2-High/High+T2-Mid):T2-Low/Low
event ratio of 1:1, and a mean±SD population difference in post-BD FEV1 change of 100±100 mL, n=46
would provide 90% power to detect the difference in our primary outcome on an unpaired two-sample
t-test. We aimed for a target of n=50 participants with visit 1 and visit 2 completed.

Exploratory analyses included regression models between T2 biomarkers and other clinical,
microbiological and radiological parameters at visit 1 and the primary outcome expressed continuously
(linear regression) or as ⩾MCID (logistic regression). Multiple linear regression models were performed for
confounders associated (p<0.05) with post-BD FEV1. The nonlinear relationship between baseline BEC
and the change in post-BD FEV1 across FENO categories was explored using generalised additive model
smoothing, with cubic splines (three knots) to visualise nonlinear trends in ΔFEV1 as a function of BEC.
Separate smoothed curves were generated for FENO categories (<25 ppb and ⩾25 ppb) to highlight
potential differences in trends. Longitudinal changes in home-monitored parameters (peak flow and
symptom scores) were evaluated with a linear mixed-effects analysis. Agreement between venous BEC and
point-of-care (POC) BEC was evaluated using intraclass correlation plus Bland–Altmann methods. All
statistics were analysed with a two-sided α of 0.05. Statistical analyses were performed with R v4.2.3
(www.r-project.org) and GraphPad Prism (GraphPad Software, San Diego, CA, USA). The REDCap
codebook, R code and statistical outputs are available at https://github.com/simoncouillard/PRISMA.

Additional details on the statistical analysis are provided in the supplementary methods.

Results
Between September 2022 and April 2024, we enrolled 59 patients experiencing an asthma attack prior to
the initiation of OCS. Six patients were excluded after applying exclusion criteria. All 53 included patients
completed both study visits, with 43 completing the post-attack virtual survey (supplementary figure S1).
No severe inhaler technique issue was observed/corrected at visit 1.

As shown in table 1, 16 patients (30%) had protocol-defined T2-Low/Low, 27 patients (51%) had T2-Mid
and 10 patients (19%) had T2-High/High events. In addition to greater T2-related biomarker levels,
including sputum eosinophils, the T2-High/High group had significantly more male patients, a greater
prevalence of nasal polyposis, a previous history of T2-High status in the past 12 months, post-BD FEV1

reversibility, lower pre- and post-BD FEV1/forced vital capacity (FVC) values and lower forced expiratory
flow at 25–75% of FVC (FEF25–75%). In contrast, the T2-Low/Low group had significantly greater
symptoms suggestive of dysfunctional breathing pattern (Nijmegen score ⩾23 points) [25]. Notably, there
were no differences between groups regarding GINA treatment step, ACQ-5, post-BD FEV1, Δpost-BD
FEV1 compared to the best value in the previous 12 months, chest X-ray bronchial abnormalities/plugs, or
frequency of viral or bacterial infections or use of antibiotics. Additional baseline characteristics are shown
in supplementary table S1.

The primary outcome analysis of post-BD FEV1 change (in litres) at day 7 showed progressively greater
FEV1 changes from T2-Low/Low (0.017±0.153 L, n=16) to T2-Mid (0.071±0.180 L, n=27) to T2-High/
High (0.390±0.512 L, n=10; p for trend<0.0001) (figure 1a). Within the T2-Low/Low group, the
difference in post-BD FEV1 between visit 1 and visit 2 was not statistically significant or clinically
relevant (mean paired difference 0.016 L, 95% CI −0.059–0.093 L; p=0.645) (supplementary table S6).

In the secondary outcome of ACQ-5 change at day 7, ordinal BEC-FENO categorisation showed a
nonsignificant numerical trend towards greater ACQ-5 across groups (T2-Low/Low −0.80±0.93 points,
T2-Mid −1.19±0.87 points, T2-High/High −1.58±0.61 points; p=0.08) (figure 1b).

Post-BD FEV1 improved beyond the MCID (⩾0.1 L), with significant statistical trends with ordinal
BEC-FENO three-group categorisation (T2-Low/Low 18% (n=3), T2-Mid 33% (n=9), T2-High/High 60%
(n=6); p=0.04). Similar statistical trends were found when FEV1 changes were graded from poor to
excellent (<1×MCID, 1–<2×MCID, 2–<3×MICID, ⩾3×MCID) according to ordinal categorisation
(p=0.02) (supplementary table S2).

https://doi.org/10.1183/13993003.02391-2024 3

EUROPEAN RESPIRATORY JOURNAL ORIGINAL RESEARCH ARTICLE | C. CELIS-PRECIADO ET AL.

https://www.r-project.org
https://www.r-project.org
https://github.com/simoncouillard/PRISMA
https://github.com/simoncouillard/PRISMA
https://publications.ersnet.org/lookup/doi/10.1183/13993003.02391-2024#supplementary
https://publications.ersnet.org/lookup/doi/10.1183/13993003.02391-2024#supplementary
https://publications.ersnet.org/lookup/doi/10.1183/13993003.02391-2024#supplementary
https://publications.ersnet.org/lookup/doi/10.1183/13993003.02391-2024#supplementary
https://publications.ersnet.org/lookup/doi/10.1183/13993003.02391-2024#supplementary


TABLE 1 Baseline characteristics according to T2-Low/Low, T2-Mid and T2-High/High inflammatory phenotypes.

T2-Low/Low T2-Mid T2-High/High p-value for trend

Patients (n) 16 27 10
Age (years) 47.3±16.0 50.1±15.8 50.3±12.4 NS

Sex <0.001
Female 13 (81.3) 20 (74.1) 1 (10.0)
Male 3 (18.8) 7 (25.9) 9 (90.0)

Body mass index (kg·m−2) 30.2±9.30 30.9±8.15 27.7±4.55 NS

Smoking status NS

Never 14 (87.5) 19 (70.4) 8 (80.0)
Former 2 (12.5) 8 (29.6) 2 (20.0)

Duration of asthma (years) 22.3±19.5 19.6±14.8 9.90±12.3 NS

Prior severe asthma attacks (past 12 months) (n) 1.94±2.59 1.30±1.49 1.50±1.65 NS

ACQ-5 score, scale 0–6 3.36±1.02 3.51±1.17 2.92±0.844 NS

GINA step NS

1–3 5 (31.3) 4 (14.8) 1 (10.0)
4 4 (25.0) 9 (33.3) 2 (20.0)
5 7 (43.8) 14 (51.9) 7 (70.0)

ICS/LABA 15 (93.8) 25 (92.6) 9 (90.0) NS

Total daily ICS dose (μg fluticasone equivalent) 922±734 839±366 975±448 NS

Adherence (% prescriptions renewed last year) 71.9±29.6 78.4±34.0 88.3±28.7 NS

Chronic sinusitis NS

Absent 8 (50.0) 14 (51.9) 5 (50.0)
Past 1 (6.3) 2 (7.4) 3 (30.0)
Current 7 (43.8) 11 (40.7) 2 (20.0)

Nasal polyps 0.001
Absent 15 (93.8) 19 (70.4) 4 (40.0)
Past 1 (6.3) 4 (14.8) 1 (10.0)
Current 0 (0) 4 (14.8) 5 (50.0)

Obstructive sleep apnoea 8 (50.0) 6 (22.2) 2 (20.0) NS

Dysfunctional breathing likely on Nijmegen# 10 (62.5) 9 (33.3) 1 (10.0) 0.006
Charlson score 0.875±1.36 1.15±1.32 0.800±0.789 NS

Post-BD FEV1 (L) 2.68±0.588 2.42±0.678 3.19±0.881 NS

Post-BD FEV1 (% predicted) 91.7±11.8 79.8±14.9 85.2±14.4 NS

FEV1 reversibility
¶ (mL) 95±122 162±161 314±186 0.001

Post-BD FVC (L) 3.51±0.743 3.31±0.929 4.46±1.01 0.04
Post-BD FVC (% predicted) 96.9±11.6 86.8±16.3 94.6±13.2 NS

Post-BD FEV1/FVC (%) 76.8±6.71 73.7±7.16 71.3±7.05 0.048
FEF25–75% (% predicted) 74.3±26.8 57.7±22.4 50.2±14.0 0.006
R5–R19 (kPa·L

−1·s−1) 0.09±0.09 0.11±0.12 0.10±0.05 NS

AX (kPa·L−1) 2.27±1.84 2.69±2.86 1.84±0.694 NS

ΔFEV1 (attack versus prev.) (L) 0.0142±0.371 −0.145±0.237 −0.157±0.457 NS

ΔFVC (attack versus prev.) (L) −0.008±0.423 −-0.287±0.302 −0.376±0.627 0.045
Previously T2-High+ 0.002

Yes 2 (12.5) 8 (29.6) 7 (70.0)
No 11 (68.8) 10 (37.0) 1 (10.0)
Unknown 3 (18.8) 9 (33.3) 2 (20.0)

Chest X-ray findings NS

No bronchial abnormalities 3 (18.8) 5 (18.5) 3 (30.0)
Bronchial thickening 5 (31.3) 7 (25.9) 3 (30.0)
Possible plug 4 (25.0) 5 (18.5) 0 (0)
Definitive plugs/atelectasis 3 (18.8) 10 (37.0) 4 (40.0)
Missing 1 (6.3) 0 (0) 0 (0)

Total IgE (IU·mL−1) 127±186 243±375 970±1630 0.02
FENO (ppb) 12.1±4.50 21.8±14.0 70.4±21.5 <0.001
Blood eosinophils (×10⁹ cells·L−1) 0.08±0.02 0.30±0.22 0.73±0.28 <0.001
Sputum eosinophils (%) 0.6±0.9 11.8±23.9 33.3±29.7 <0.001
Sputum neutrophils (%) 58.2±28.4 67.1±26.8 37.2±22.6 NS

Virus-associated exacerbation on multiplex PCR§ 8 (50.0) 12 (44.4) 3 (30.0) NS

Rhinovirus infection 4 (25.0) 7 (25.9) 2 (20.0) NS

Bacteria-associated exacerbationƒ 2 (12.5) 3 (11.1) 3 (30.0) NS

Antibiotic treatment 2 (12.5) 4 (14.8) 2 (20.0) NS

Data presented as mean±SD or n (%), unless otherwise stated. Nonsignificant (NS) characteristics defined by p⩾0.05. T2: type 2; ACQ-5: Asthma
Control Questionnaire-5; GINA: Global Initiative for Asthma; ICS/LABA: inhaled corticosteroid/long-acting β-agonist; BD: bronchodilator; FEV1: forced
expiratory volume in 1 s; FVC: forced vital capacity; FEF25–75%: forced expiratory flow at 25–75% of FVC; R5−R19: difference of resistances measured
at 5 Hz and 19 Hz; AX: reactance area; ΔFEV1: change in post-BD FEV1 at visit 1 compared to best value in previous (prev.) 12 months;
FENO: fractional exhaled nitric oxide. #: Nijmegen questionnaire score ⩾23; ¶: change of post-BD FEV1 at visit 1, following the administration of
400 μg salbutamol after a 15-min wait period; +: defined as a blood eosinophil count ⩾0.15×10⁹ cells·L−1 and/or FENO ⩾25 ppb in the previous
12 months; §: defined as a positive molecular testing at visit 1; ƒ: defined as a positive sputum culture confirmed within 2–3 days after visit 1.
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ACQ-5 improved beyond the MCID (⩽−0.5 points) with nonsignificant trends (T2-Low/Low 68% (n=11),
T2-Mid 74% (n=20), T2-High/High 100% (n=10); p=0.09) but ordinal categorisation responses achieved
statistical significance across BEC-FENO three-group categorisation (p=0.04) (supplementary table S3).

The exploratory univariate prediction of changes in post-BD FEV1 (litres) is illustrated in figure 2a.
Significant predictors included BEC, FENO, BEC×FENO interaction, sputum eosinophils, a T2-High status
for peak biomarker values in the previous 12 months, FEV1 (per 10% decrease of predicted value) and
ΔFEV1 (per 10% decrease compared to best value in previous 12 months). Symptom scores (ACQ-5) were
not predictive. In multivariable analyses, the only independent predictor for change in post-BD FEV1

(litres) was the ordinal BEC-FENO three-group categorisation (mean difference 0.13 L per step, 95% CI
0.01–0.25; p=0.039) (figure 2b). The spline curve of the specific model testing BEC×FENO interaction is
shown in supplementary figure S3 demonstrating the significant positive interaction (p for
interaction=0.007).

In logistic regression to predict FEV1 improvements ⩾0.1 L, the ordinal BEC-FENO three-group
categorisation was also the only independent predictor (odds ratio 2.50, 95% CI 1.04–6.67; p=0.049)
(supplementary figure S4a). The receiver operating characteristic curve showed an area under the curve of
77.6% (95% CI 64.8–90.4%), suggesting good accuracy of the multivariable model to predict post-BD
FEV1 improvements ⩾0.1 L based on ordinal BEC-FENO three-group categorisation and FEV1 % predicted
(supplementary figure S4b). Changes in other exploratory clinical and lung function variables are
presented in the supplementary table S4. These showed no differences between groups for modified
Medical Research Council or visual analogue scale score changes. There were significant changes of
FEF25–75% (p=0.0006), absolute peak expiratory flow (PEF) (p=0.005) and PEF % (p=0.031) across
T2 categorisation.

Day 0 to 7 trajectories of peak flow values (PEF) and symptom scores according to T2 phenotypes showed
significant improvement of both parameters over time (figure 3), with the interaction between time and the
T2-High/High group being statistically significant (p=0.017) for PEF trajectories.

In our exploration of POC BEC, the device failed to deliver a valid reading for 52 (49%) of 106 potential
determinations. Under this caveat, laboratory BEC and POC BEC showed excellent reliability (intraclass
correlation coefficient 0.98, 95% CI 0.96–0.99; p<0.001), with a fixed bias estimate of 0.012×109 cells·L−1

(95% CI −0.001–0.025×109 cells·L−1) (supplementary figure S5).
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FIGURE 1 Change in a) post-bronchodilator (BD) forced expiratory volume in 1 s (FEV1) in litres (primary outcome) and b) mean Asthma Control
Questionnaire-5 (ACQ-5) score (key secondary outcome), according to ordinal biomarker stratification. Ordinal blood eosinophil count
(BEC)-fractional exhaled nitric oxide (FENO) categories: T2-Low/Low, BEC <0.15×109 cells·L−1 and FENO <25 ppb (n=16); T2-Mid, not meeting Low/Low
or High/High criteria (n=27); T2-High/High, BEC ⩾0.30×109 cells·L−1 and FENO ⩾35 ppb (n=10). Red dots represent patients with sputum eosinophils
⩾3%, black dots represent patients with sputum eosinophils ⩽2% and empty circles represent patients for whom sputum samples were
unavailable or invalid. MCID: minimal clinically important difference.
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The overall incidence of OCS-attributable adverse events was comparable between the groups, with
33 patients (62%) reporting at least one event. The incidence of at least one event that qualified as severe
(grade 3–4) was rare (n=3, 6%) (table 2). The most frequent adverse events reported were insomnia,

BEC (per 10-fold increase)

FENO (per 10-fold increase)

BEC:FENO interaction#

Sputum Eos (per 10-fold increase)

Sputum TCC (per 10-fold increase)

Previously T2 high

Total serum lgE (per 10-fold increase)

FEV1 % (per 10% decrease)

FVC % (per 10% decrease)

FEV1/FVC

ΔFEV1 % (per 10% increase)

ΔFVC % (per 10% increase)

FEV1 reversibility (per 10% increase)

Age (per 10 years increase)

Sex - Male

BMI

Smoking status - Ex-smoker

ACQ-5 (per 0.5 increase)

MART

Adherence (per 10% decrease)

Any lgE sensitisation

Nasal polyps

Charlson Comorbidity Index score

Virus-associated exacerbation

Antibiotic prescribed

Bacterial infection on sputum culture

Mucus plugs in chest X-ray

GINA step 4 (versus steps 1–3)

GINA step 5 (versus steps 1–3)

Severe asthma attacks (past 12 months)

Univariable predictors

0.34 (0.15–0.53)

0.27 (0.06–0.47)

0.80 (0.20–1.34)

0.14 (0.04–0.24)

0.07 (–0.09–0.23)

0.21 (0.02–0.40)

–0.03 (–0.16–0.10)

–0.01 (–0.03– –0.00)

–0.03 (–0.23–0.17)

–0.01 (–0.04–0.02)

–0.01 (–0.08–0.06)

–0.14 (–0.30–0.02)

–0.05 (–0.29–0.19)

–0.05 (–0.21–0.12)

0.06 (0.01–0.11)

0.03 (–0.03–0.08)

0.08 (0.00–0.15)

0.04 (–0.04–0.13)

0.00 (–0.01–0.01)

0.01 (–0.05–0.06)

0.16 (–0.01–0.32)

0.00 (–0.01–0.01)

0.01 (–0.03–0.04)

0.03 (–0.02–0.07)

0.06 (–0.13–0.25)

0.04 (–0.19–0.27)

0.10 (–0.13–0.33)

0.06 (–0.14–0.27)

0.20 (–0.10–0.42)

0.20 (–0.10–0.37)

0.13 (0.01–0.25)

0.05 (–0.01–0.10)

0.06 (–0.11–0.24)

0.001

0.011

0.007

0.008

0.396

0.032

0.623

0.015

0.768

0.398

0.796

0.078

0.672

0.569

0.031

0.334

0.044

0.308

0.992

0.800

0.060

0.477

0.765

0.223

0.518

0.738

0.380

0.537
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0.0391

0.0833
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MD (95% CI) p-value

p-value
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FIGURE 2 Univariate and multivariable analysis of predictors of change in post-bronchodilator forced expiratory volume in 1 s (FEV1). Data are
presented as the mean difference (MD) and error bars represent the 95% confidence intervals. Grey error bars indicate nonsignificant predictors.
a) Forest plot presenting the univariable predictors for changes in post-bronchodilator FEV1 (litres). The predictors include various biomarkers,
asthma-related metrics and demographic factors. b) Forest plot presenting the MD of a significant improvement in FEV1 for various predictors as
determined by a multivariable regression model. BEC: blood eosinophil count; FENO: fractional exhaled nitric oxide; Eos: eosinophil; TCC: total cell
count; Previously T2 high: defined as BEC ⩾0.15×10⁹ cells·L−1 and/or FENO ⩾25 ppb in the previous 12 months; FVC: forced vital capacity; ΔFEV1:
change in FEV1 at visit 1 compared to best value in previous 12 months; ΔFVC: change in FVC at visit 1 compared to best value in previous
12 months; BMI: body mass index; ACQ-5: Asthma Control Questionnaire-5; MART: maintenance and reliever therapy; GINA: Global Initiative for
Asthma. #: interaction term was included to assess the combined effect of biomarkers.
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changes in appetite, dyspepsia and tremors. The severe events were more frequently changes in mood,
tremors and changes in appetite (supplementary table S5).

The 90-day web-based surveys showed no significant difference in the ACQ-5 since visit 1 nor in the
frequency of subsequent severe exacerbations. At follow-up, 23 of 53 patients (43%) were using
biologicals, with use in the T2-High/High group (5 out of 10, 50%) and T2-Mid group (14 out of 27,
52%) only slightly more likely than in the T2-Low/Low group (4 out of 16, 25%) (p=0.15). The T2-Low/
Low group only received tezepelumab (4 out of 4, 100%), whereas the T2-Mid and T2-High/High groups
predominantly received dupilumab and tezepelumab (Chi-squared p=0.08).

In prespecified sensitivity analyses, univariate regression showed numerical trends towards males gaining
more post-BD FEV1 than females (mean difference 0.16, 95% CI −0.01–0.32; p=0.06) (figure 2a).
However, the disaggregated statistical outputs according to sex generally showed that T2 inflammatory
responsiveness occurred in both sexes (https://github.com/simoncouillard/PRISMA). Owing to the absence
of transgender and the limited number of non-Caucasian patients (n=3, 5%), we did not conduct further
sensitivity analyses.

Post hoc analyses for the primary outcome showed progressively greater % predicted post-BD FEV1

changes (p for trend<0.029) from T2-Low/Low to T2-High/High (supplementary figure S6). Post-BD FVC
improved significantly in absolute values (p=0.03) (supplementary figure S6a) with a trend in percentage
change (p=0.06) (supplementary figure S6b). Post-BD FEV1/FVC likewise showed a trend towards
improvement (p=0.06) (supplementary figure S7). Pre-BD FEV1 differences were significant in both
absolute changes (p<0.0001) (supplementary figure S8a) and percentage changes (p=0.001) (supplementary
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FIGURE 3 Peak expiratory flow (PEF) values and symptoms score trajectories analysis according to ordinal blood eosinophil count (BEC)-fractional
exhaled nitric oxide (FENO) three-group categories. a) Mean PEF values and b) Asthma Control Questionnaire-5 (ACQ-5) and symptom scores
measured over 7 days, stratified by ordinal BEC-FENO three-group categories. The T2-Low/Low group is shown in blue, the T2-Mid in grey and the
T2-High/High group is shown in orange. *: p<0.05 for interaction between T2-High/High group and time on linear mixed effect modelling. PEF
values are represented for both home device measurements (solid lines and squares) and spirometry measurements at study visits (triangles).
ACQ-5 and symptoms scores values are represented for both home measurements (solid lines and squares) and at study visits (triangles). Error
bars represent the standard error of the mean.

TABLE 2 Adverse events related to oral corticosteroid use in the total population and according to T2 groups

Overall T2-Low/Low T2-Mid T2-High/High p-value

Patients (n) 53 16 27 10
Any adverse event 33 (62.3) 10 (62.5) 18 (66.7) 5 (50.0) 0.696
Any mild adverse event 32 (60.4) 10 (62.5) 18 (66.7) 4 (40.0) 0.4
Any severe adverse event 3 (5.7) 1 (6.3) 1 (3.7) 1 (10.0) 0.76

According to an adaptation of the Common Terminology Criteria for Adverse Events 5.0.1 [26]. See supplementary
methods and supplementary table S4. Data are presented as n (%), unless otherwise stated. T2: type 2.
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figure S8b). Post hoc analyses for the primary outcome according to sputum eosinophils showed that high
sputum levels (⩾3%) were associated with greater improvements in post-BD FEV1 (p=0.005)
(supplementary figure S9).

An analysis of the individual domains of the ACQ-5 questionnaire revealed that T2-High/High patients
experienced the greatest improvements in night-time symptoms (mean −2.10±1.10 points; p=0.0246) and
activity limitations (mean −1.90±1.10 points; p=0.0368).

Following OCS treatment, significant reductions were observed in biomarkers across the T2 subgroups
(supplementary table S6), with the T2-High/High group exhibiting the largest reduction in BEC
(p<0.0001), FENO (p=0.0003) and sputum eosinophils (p<0.0001).

Discussion
Prospective evaluation of severe asthma attacks before and after OCS highlights the utility of T2
inflammation biomarkers (BEC and FENO) to identify distinct clinical trajectories. Comparison based on
ordinal BEC-FENO three-group categories of T2 inflammatory burden showed significantly greater lung
function improvements and a strong trend towards better symptom control in T2-High attacks. In contrast,
30% of attacks qualified as T2-Low/Low, achieving nonsignificant post-BD FEV1 changes below the
MCID. Importantly, dual biomarker stratification outperformed symptom-, X-ray-, microbiology- and
FEV1-based parameters in univariable and multivariable models predicting lung function improvements.
Finally, we found that the side-effects of OCS were reported uniformly, indicating a disconnect between
therapeutic trajectories and toxicity.

The observed heterogeneity in clinical trajectories of asthma attacks challenges traditional management of
these events. Indeed, using a symptom-based decision to initiate OCS when symptoms had not abated
within ⩾48 h of increased inhaled therapy, we followed GINA recommendations [1]. These
recommendations are based on clinical trials reported prior to 1993, at a time where regular inhaled
corticosteroids (ICS) were not firmly mandated, anti-inflammatory reliever therapy was not an option and
T2 inflammatory biomarkers were not clinically accessible [3]. Our prospective observational study was
not designed to question the decrease in clinical relapse observed in the previous century’s trials of OCS.
However, it does imply that these clinical responses may have been driven by T2-High/High attacks, that
the percentage of T2-Low/Low attacks may have increased with the advent of widespread use of ICS, or a
combination of both. The statistical and clinical robustness of our carefully designed observational study’s
findings underscore the potential for personalised treatment in acute asthma to minimise unnecessary
exposure and side-effects. It also complements the recently published ABRA study [27] and strengthens
the evidence for biomarker-guided management in obstructive lung disease exacerbations.

Our findings align with existing evidence suggesting that T2 inflammatory biomarkers are more important
than symptoms and allergies to predict asthma treatment responses [2, 6]. In acute asthma, PIZZICHINI
et al. [16] investigated the time course of symptoms, FEV1 and inflammatory changes in sputum and
blood samples from 10 patients experiencing a severe asthma exacerbation that was treated with prednisone
for 10 days. After initiating treatment, improvements in symptoms, FEV1, BEC and serum eosinophil
cationic protein levels were observed within the first 24 h, while sputum eosinophils decreased at 48 h.
A correlation was reported between the decreases in sputum eosinophils and FEV1 change, but not with
baseline eosinophil values. Similarly, MANEECHOTESUWAN et al. [15] analysed serum cytokines in 28
consecutive patients with acute asthma treated with OCS for 1 week at an emergency department. These
authors characterised the immunological profile of “paradoxical responders”, defined by the effect of OCS
on BEC. Both studies relied on specialised measurements. In contrast, the current GINA strategy
recommendation is to base OCS prescription on symptoms with or without lung function tests. In our
study, the assessment of acutely symptomatic patients relied on clinically accessible biomarkers, in addition
to spirometry and other tests. The differential improvement observed in asthma attacks using T2
biomarkers is noteworthy because these were available in 100% of patients, reinforcing the feasibility of
incorporating underlying biological assessments into clinical decision-making processes across the range of
disease severities [13, 28].

Our finding that BEC and FENO were synergistic predictors of FEV1 improvement is biologically plausible,
given that each biomarker captures distinct components and compartments of the T2 immune response.
Indeed, blood eosinophils reflect the systemic pool of interleukin-5 and circulating effector cells, whereas
FENO is indicative of T2 cytokine, chemokine and alarmin signalling within the airway compartment [29].
This mechanistic understanding reinforces the concept that taking both biomarkers together is the most
effective strategy to stratify acute as well as chronic asthma [2, 5, 6, 22, 27, 30, 31]. Our observation that
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the most impressive change in post-BD FEV1 and other lung function parameters occurred in participants
with greater dual biomarker elevation (BEC ⩾0.30×109 cells·L−1 and FENO ⩾35 ppb) further supports the
phenotyping of asthma attacks using both BEC and FENO.

Notably, a substantial proportion of T2-Low/Low patients achieved meaningful symptom improvement
despite limited changes in lung function, suggesting that withholding OCS in this group could deny some
patients significant symptomatic relief. A potential explanation for this finding is regression to the mean.
Additionally, alternative mechanisms such as resolution of viral infection, non-T2 inflammatory pathways
or a placebo effect may have contributed. Domain-specific analysis of ACQ-5 showed significant
reductions in night-time awakenings and activity limitations in the T2-High/High group, reflecting
symptoms that are closely linked to improvements in lung function.

We acknowledge that our study has several limitations. First, being an observational study, it inherently
carries the limitations of such designs. However, by ensuring that all patients received prednisone, all
groups received active treatment. This suggests that differences between phenotypes may be even greater in
a placebo-controlled biomarker-stratified trial, where placebo versus OCS differences would be smaller in
T2-Low/Low than in T2-High/High events. Second, while we did not assess quality of life, we measured
symptoms. Despite being underpowered for this outcome, we observed strong numerical trends that suggest
meaningful clinical differences with greater T2 burden. Third, adverse effects were reported by patients
through a directed questionnaire, which could have led to over-reporting and attribution bias. Fourth, we
advocated for POC BEC but failed in most of our attempts with the tested device. Fifth, our 90-day
post-attack visit was conducted virtually for people who had often benefited from background treatment
escalation, meaning that the reported outcomes are likely confounded. Finally, the small sample size in the
T2-High/High group represents an additional limitation that warrants caution in interpreting the findings.
These limitations should be considered in further clinical studies of asthma attacks.

In conclusion, the PRISMA study identifies a novel utility for blood eosinophils and FENO to stratify
people experiencing asthma attack. Indeed, we found that the T2-High groups experienced greater
improvements in lung function and symptom control. The study also noted that the side-effects of OCS
were uniformly reported across groups, supporting the incorporation of biomarker-driven approaches into
routine acute asthma care to enhance outcomes and reduce the risks associated with OCS therapy. Future
translational studies will elucidate the underlying mechanisms that drive the differential responses observed
with T2 inflammatory biomarker stratification [19]. For example, our findings provide a strong rationale for
a placebo-controlled non-inferiority study of prednisolone versus placebo in patients with T2-Low/Low
attacks, as done successfully in COPD [27].
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