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Summary
Background Clinical risk factors for severe asthma attacks have been identified, but their incremental prognostic 
values are unclear. Additionally, the incremental contribution of type 2 inflammation, a common, treatable process, 
is undetermined. We aimed to quantify the prognostic value of baseline characteristics and type 2 inflammatory 
biomarkers, specifically blood eosinophil count and fractional exhaled nitric oxide (FeNO), to predict asthma 
attacks.

Methods In this systematic review and meta-analysis of randomised controlled trials (RCTs), Oxford Asthma Attack 
Risk Scale 2 (ORACLE2), we searched MEDLINE from Jan 1, 1993, to April 1, 2021, for trials investigating fixed 
treatment regimen effects on asthma attack rates for at least 6 months with baseline blood eosinophil count and 
FeNO. Eligible participants were aged 12 years or older with asthma (any severity) who had been randomly assigned 
to the control group of an RCT. Relevant trials were manually retrieved and reviewed by two independent reviewers 
(SC and IDP). Disagreements were discussed with five reviewers. Individual patient data (IPD) for meta-analysis were 
requested from study authors. We investigated the rate of severe asthma attacks (≥3 days of systemic corticosteroids) 
for at least 6 months and prognostic effects of baseline blood eosinophil count and FeNO in control group participants. 
Rate ratios (RRs) with 95% CIs were derived for annualised asthma attack rates from negative binomial models 
adjusted for key variables, including blood eosinophil count and FeNO, and interactions between these type 2 
inflammatory biomarkers were explored. Certainty of evidence was assessed using GRADE. The heterogeneity of the 
included studies and potential for ecological bias were quantified by the concordance statistic (C-statistic). This study 
was registered with PROSPERO, CRD42021245337.

Findings We identified 976 potentially eligible studies. After automated screening, we manually reviewed 219 full-text 
articles. Of these, 19 publications comprising 23 RCTs were eligible. 6513 participants (4140 [64%] female; 2370 [36%] 
male; three missing) spanning 22 RCTs were included for data analysis. 5972 (92%) of 6513 patients had moderate-to-
severe asthma. 4615 asthma attacks occurred during 5482 person-years of follow-up (annualised rate 0·84 per person-
year). Higher blood eosinophil count or FeNO was linked to higher asthma attack risk (per 10-fold increase, RR 1·48 
[95% CI 1·30–1·68] for blood eosinophil count and 1·44 [1·26–1·65] for FeNO; high-certainty evidence). Other 
prognostic factors were attack history (yes vs no, RR 1·94 [1·61–2·32]); disease severity (severe vs moderate, RR 1·57 
[1·22–2·03]); FEV1 percentage predicted (FEV1%; per 10% decrease, RR 1·11 [1·08–1·15]); and 5-item Asthma Control 
Questionnaire score (ACQ-5; per 0·5 increase, RR 1·10 [1·07–1·13]). High blood eosinophil count and FeNO 
combined were associated with greater risk than either prognostic factor separately. Bronchodilator reversibility was 
associated with lower risk of severe asthma attacks (per 10% increase, RR 0·93 [0·90–0·96]), with the reduction 
observed primarily between 0% and 25%. Regarding heterogeneity of the included studies, the C-statistic ranged 
from 0·58 to 0·95, indicating major differences in patient and disease characteristics between studies. In the 
univariable meta-analysis per trial, we found substantial heterogeneity in associations between studies, with 
I² statistics ranging from 0·56 to 0·97.

Interpretation Blood eosinophil count, FeNO, asthma attack history, disease severity, low lung function (low FEV1%), 
and symptoms (ACQ-5 score) are key predictors of asthma attacks. Conversely, we found that moderate bronchodilator 
reversibility was associated with reduced risk. These findings from high-quality multinational RCTs support 
incorporation of blood eosinophils and FeNO into clinical risk stratification for targeted risk reduction. More 
individualised clinical decision-making models should be explored.
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Introduction
Asthma is a chronic disease affecting 400 million people 
worldwide and 10% of high-income country populations.1 
Due to morbidity, mortality, and health-care costs, 
asthma attacks are key outcomes that need to be predicted 
and prevented.1,2

Evidence supports risk assessment and treatment 
titration based on a history of a previous asthma attack 
and a list of clinical risk factors.1 This framework is 
centred on symptoms (eg, night-time awakenings, 
activity limitations, and frequent reliever requirement) 
and evidence of damage (eg, lung function decline and 
previous attacks), which are identifiable only after they 
have happened. The limitations of this approach are that 
many of these prognostic factors, such as history of 
a previous asthma attack or sex assigned at birth, do not 
inform on modifiable pathways. Other factors, such as 

lung function and symptoms, are modifiable 
independently of an effect on asthma attacks. For 
example, long-acting bronchodilator monotherapy 
improves airflow and symptoms without reducing 
asthma attack risk.3 Furthermore, lung function must 
decline to gain prognostic value, implying that the 
airways must be damaged to prompt more aggressive 
management. Identifying risk factors that inform on 
a causal and treatable biological pathway that underpins 
the adverse outcome of interest might be more useful 
than symptom management to improve outcomes.4

The past decade of research has revealed that type 2 
inflammation is prevalent, measurable, treatable, and, in 
many cases, a cause of asthma attacks.5–8 Type 2 
inflammation is identifiable in the clinic by the use of 
two independent, complementary, and accessible 
biomarkers: the peripheral blood eosinophil count and 

Research in context

Evidence before this study
Although risk factors for asthma attacks have been identified, 
there is limited understanding of the quantitative risk 
associated with these characteristics. We reviewed the 2023 
findings of an annual, independent, international expert 
literature review that identified risk factors for asthma attacks. 
The list of 20 risk factors was based on 35 publications, none of 
which informed the multivariable prognostic relations across 
clinical profiles. We also reviewed 12 previously published 
clinical prediction models for asthma attacks and found none 
that included both blood eosinophil count and fractional 
exhaled nitric oxide (FeNO) as prognostic variables. Finally, we 
searched PubMed from Jan 1, 1993, to Feb 23, 2024, for clinical 
trials, systematic reviews, and meta-analyses assessing risk 
factors for asthma attacks. We used the search terms “asthma”, 
“exacerbation”, “risk”, and “factors” with no language or time 
restrictions. This search yielded 192 results, including ten papers 
with multivariable analyses to predict asthma attacks. Only 
one publication included blood eosinophils and FeNO in their 
multivariable prediction model of asthma attacks. However, 
this analysis was a real-world randomised trial in adolescents in 
which background treatment fluctuated.

Added value of this study
We collaborated with academic, public, and pharmaceutical 
data providers to access high-quality individual patient data 
(IPD) from the control groups of 22 randomised controlled 
trials of asthma, for a total of 4615 attacks over 5482 person-
years of follow-up. This first broad consortium in airway disease 
enabled us to perform a large IPD meta-analysis providing 
precise estimates of the prognostic value of type 2 
inflammatory biomarkers and other characteristics while 
background therapy was controlled. Our multivariable analyses 

show that raised blood eosinophil count and FeNO are 
important, multiplicative, and prevalent predictors of asthma 
attacks, with synergistic prognostic effects (high-certainty 
evidence). The prognostic effects of blood eosinophil count and 
FeNO were incremental to other key risk factors, which our 
model adjusted for: asthma attack history, disease severity, 
lower lung function, and symptoms (high-certainty evidence). 
After adjusting for the presence of type 2 inflammation, we 
showed that moderate bronchodilator reversibility—
traditionally considered the defining characteristic and 
diagnostic gold standard for asthma—was associated with 
reduced asthma attack risk (moderate-certainty evidence). 
These findings imply that clinical risk stratification in asthma 
should incorporate inflammatory phenotyping using blood 
eosinophil count and FeNO.

Implications of all the available evidence
This work quantifies the value of measurable inflammatory 
and clinical prognostic factors to identify patients at highest 
risk of asthma attacks. Unlike a predictor such as previous 
history of asthma attacks, tools such as the type 2 
inflammatory biomarkers anticipate risk and provide 
opportunities to intervene preventively. In our large IPD 
meta-analysis, elevations in blood eosinophil count and FeNO 
were associated with an excess risk of asthma attacks. 
Considering the mechanistic, prognostic (ie, predicting 
adverse outcomes), and theragnostic (ie, predicting 
treatment responsiveness) values of type 2 inflammatory 
biomarkers, we speculate that individualised clinical decision 
making in asthma would be improved by a framework that 
includes these modifiable prognostic factors in clinical 
prediction models.
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fractional exhaled nitric oxide (FeNO).5,9 Importantly, 
inflammation and the risk of attacks identified by these 
biomarkers are reduced with appropriate treatment,7 be it 
low-dose inhaled corticosteroids in mild asthma,10,11 a 
higher dose of inhaled corticosteroids in moderate 
asthma,12,13 or biological agents targeting type 2 
inflammatory pathways in moderate and severe asthma.14–17 
Blood eosinophils and FeNO have thus emerged as 
so-called treatable traits, crucial for redefining airway 
diseases.5

We previously proposed a proof-of-concept biomarker-
stratified asthma attack scale, suggesting a novel 
framework for clinical decision making.6,7 This conceptual 
prototype did not have a detailed and statistically robust 
assessment of multivariable prognostic relations and 
interactions. Importantly, previous studies have not yet 
shown the synergistic value of biomarkers in predicting 
asthma attacks, probably due to the correlation between 
the biomarkers and sample size constraints in previous 
analyses. In this individual patient data (IPD) meta-
analysis, we aimed to quantify the prognostic value 
of baseline characteristics and type 2 inflammatory 
biomarkers, specifically blood eosinophil count and 
FeNO, to predict asthma attacks.

Methods
Search strategy and selection criteria
The study protocol was published and followed without 
deviation for this systematic review and meta-analysis.18 
We followed the PRISMA-IPD and REMARK check-
lists.19,20 Eligible studies were randomised controlled trials 
(RCTs) published from Jan 1, 1993, to April 1, 2021, 
investigating fixed treatment regimen effects on asthma 
attack rates for 6 months or more, with baseline blood 
eosinophil count and FeNO. We searched MEDLINE 
using previously described terms (appendix p 4)18 with 
language restricted to English and French. Relevant trials 
were manually retrieved. Two reviewers (SC and IDP) 
independently reviewed retained publications to select 
trials for inclusion. Disagreements were discussed (SC, 
IDP, EWS, JKS, and FLM), with reasons for exclusion 
recorded. There were no specific trial exclusion criteria. 
Trial inclusion was unblinded. Authors of retained studies 
and trial sponsors were contacted and invited to contribute 
IPD and join the Oxford Asthma Attack Risk Scale 2 
(ORACLE2) consortium. We contacted and received 
responses from all authors of included trials. Manual 
reference searching was performed for completed clinical 
trials that were in press at the time of the systematic 
review, which were identified through press releases.

We included IPD from patients aged 12 years or older 
diagnosed with asthma of any severity according to 
objective criteria who were randomly assigned to the 
control group of an RCT. The control group was the 
intervention corresponding to the lowest anti-
inflammatory therapy intensity after randomisation (ie, 
randomly assigned to no inhaled corticosteroids, 

lowest-dose inhaled corticosteroids, or inhaled 
corticosteroids plus placebo). We excluded patients 
allocated to receive inhaled corticosteroids in the control 
group if they were not on inhaled corticosteroids before 
randomisation.21 We also excluded patients missing data 
for both the baseline blood eosinophil count and FeNO, 
asthma severity (Global Initiative for Asthma [GINA] 
treatment steps: 1 being very mild to 5 being severe 
asthma), follow-up duration, or number of severe asthma 
attacks during follow-up, or who did not consent to third-
party data sharing.

Each study was analysed with the Cochrane Collaboration 
tool for assessing the risk of bias in randomised trials.22 
These judgments were made independently by two authors 
(CC-P and SC) based on the criteria for judging the risk of 
bias across five domains. Disagreements were resolved by 
discussion or consortium arbitration.

Data analysis
We requested anonymised IPD for 42 covariates (appendix 
pp 46–50). These data included demographics, GINA 
treatment step, baseline spirometry, severe asthma attack 
history, control group intervention, biomarkers, other 
GINA-defined risk factors at baseline,1 duration of 
follow-up under control therapy, and the outcome of 
interest (ie, the number of severe asthma attacks during 
follow-up). Severe asthma attacks were defined as acute 
asthma episodes requiring at least 3 days of systemic 
corticosteroids. Data were shared freely. The external data 
extraction programming code was requested and made 
available on GitHub whenever possible.

Extracted data were securely transferred to a digital 
storage solution provided by the University of Oxford. 
Under the terms of the data sharing agreements, access 
to the complete dataset was available to the primary 
authors and statisticians on the study protocol (FLM, 
EWS, IDP, and SC).

IPD were combined for the initial data analysis 
(IDA).23 The IDA was conducted by two authors (FLM 
and SC) and comprised cleaning and screening of 
the extracted data, (graphical) description of the 
data distribution and missingness, and assessment of 
missingness. Detailed IDA steps are reported in 
the appendix (pp 4–7). Throughout the IDA process, 
discrepancies were resolved by consensus discussion, 
in direct collaboration with data providers. There were 
no duplicate data. In addition, R coding was supported 
by two independent statisticians. The heterogeneity of 
the included studies and potential for ecological 
bias were quantified by a membership concordance 
statistic (C-statistic). A high C-statistic reflects sub-
stantial differences between baseline characteristics of 
the patients in distinct studies. Outcome-specific 
hetero geneity across trials was quantified by I² in 
univariable forest plots. All statistical analyses were 
performed with R version 4.4.1.3 The R code for data 
extraction and analysis is provided on Github.

For GitHub programming code 
see https://github.com/
flmeulmeester/ORACLE2

For more on data extraction 
and analysis see https://github.
com/flmeulmeester/ORACLE2

See Online for appendix

https://github.com/Fleurmlmstr/ORACLE2/blob/main/ORACLE2-IPD_Extraction_code-instructions.zip
https://github.com/Fleurmlmstr/ORACLE2
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The assessment of missingness and imputation 
methods are detailed in the appendix (pp 5–7). Briefly, 
the 42 covariates revealed patterns of systematically 
missing data within some trials (appendix pp 10–13). 
Missing values were estimated with multiple imputation 
by chained equations and the mice package in R, with 
results combined with Rubin’s rules.24 There were small 
discrepancies between some variable definitions across 
trials (appendix p 5). In some instances, more than 50% 
of observations were systematically missing in a variable, 
but key variables used in the analyses were not 
systematically missing (appendix p 13). Candidate 
predictors were sorted by standardisation and 
completeness. For example, blood eosinophil count, 
FeNO, IgE, age, BMI, sex, 5-item Asthma Control 
Questionnaire score (ACQ-5), spirometry, the number of 
severe asthma attacks in the previous 12 months, and 
treatment step had the most standard and complete 
reporting across trials (appendix p 73).

To assess the prognostic relationships between 
baseline characteristics and the risk of asthma attacks, 
we derived univariable and multivariable regression 
coefficients from negative binomial models for the 
annualised asthma attack rate using the R package 
MASS. To account for clustering of observations within 
studies, we specified enrolled trial as a factor in both 
the univariable (model one) and the main multivariable 
(model two) fixed-effects models. The univariable 
model assessed the variable of interest while accounting 
for log-transformed follow-up duration as an offset 
variable and enrolled trial as a factor. The main 
multivariable model further adjusted for covariates of 
asthma severity (treatment step 1–5), attack history of 
the previous year (any attack: yes or no), mean ACQ-5 
symptom score, FEV1 percentage predicted (FEV1%) 
prebronchodilator, log-transformed blood eosinophil 
count, and log-transformed FeNO (both per 10-fold 
increase). These covariates were selected based on the 
conclusions of a previous systematic review of 
prediction models in asthma,25 the expertise of the 
study statisticians and clinical experts, and the main 
study hypothesis that type 2 biomarkers are attractive 
predictors of risk that identify anti-inflammatory 
treatment opportunities while also being related to 
other prognostic factors.5–7

We quantified the incremental effects of each potential 
prognostic factor by clinically relevant changes in those 
variables (eg, typical treatment-associated changes in 
FeNO and blood eosinophil count, minimal clinically 
important differences in ACQ-5 and FEV1%). Nagelkerke 
R² was calculated for the multivariable model with the 
R package fmsb. Further univariable and multivariable 
rate ratios (RRs) and 95% CIs were derived for other 
prognostic factors with retrievable data, sequentially 
adding in then removing each factor in the main 
multivariable model.1 A sensitivity analysis was 
conducted by repeating the univariable analyses 

Figure 1: Study selection
IPD=individual patient data. 

976 reports screened

976 reports (no duplicates identified)

219 full-text reports assessed for eligibility

200 reports excluded
  82 not randomised controlled trial 
  with fixed treatment control 
  group
  41 duration <24 weeks
  29 no baseline blood eosinophil 
  count and fractional exhaled 
  nitric oxide 
  25 not asthma managed on an 
  outpatient basis
  23 irrelevant post-hoc analysis

 757 reports excluded
  757 title and abstract did not 
  contain terms “eosinophil”,
  “FeNO”, “nitric oxide”, or 
  “exhaled NO”

973 reports identified
  through database
  search

3 reports identified through 
  other sources

 19 reports of 23 studies (with 6841 control group participants) 
  included in review and IPD requested

  1 study for which IPD were not 
  provided
  1 study data unretrievable by 
  study sponsor

 22 studies (with 6513 participants) included in IPD analysis

 22 studies (with 6620 control group participants for whom 
  IPD were provided)

 107 participants with control group IPD 
  excluded
  81 younger than 12 years
  23 no follow-up
  3 treatment step missing

194 participants of control group, no 
  IPD received 
  132 allocation involved inhaled 
  corticosteroid initiation 
  51 did not consent to data sharing 
  5 did not receive placebo
  1 unknown

 22 studies (with 6814 control group participants) for which 
  IPD data were provided
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per variable of interest for each trial separately. The trial-
specific RRs (95% CIs) were subsequently pooled by 
person-years of follow-up to account for variations in 
trial characteristics. The relationship between a study’s 
effect size and its precision was visualised for all analyses 
separately with funnel plots. Additionally, we performed 
two sensitivity analyses by excluding open-label trials 
and by excluding trials that we considered as having 
some risk of bias. We did not adjust for multiplicity 
since multiple prognostic factors were each considered 
relevant.26 A spline curve was used to explore the 
prespecified18 interaction analysis between biomarkers 
blood eosinophil count and FeNO with the annualised 
severe asthma attack rate (appendix pp 7–8). Finally, 
we explored the effect of FEV1 postbronchodilator 
reversibility on the annualised severe asthma attack rate 
with splines.

We assessed certainty of evidence using GRADE27 for 
each prognostic factor. For assessments of the overall 
quality of evidence for each outcome that included pooled 
data from RCTs only, we downgraded the evidence from 
high quality by one for serious (or by two for very serious) 
study limitations (risk of bias), indirectness of evidence, 
serious inconsistency, or imprecision of effect estimates.

Ethical approval for individual studies was obtained 
from multiple local committees that were part of the 
underlying trials. We used anonymised data for secondary 
analysis and obtained additional ethical approval from 
the Oxford Tropical Research Ethics Committee. This 
systematic review and meta-analysis was registered with 
PROSPERO (CRD42021245337) and the protocol was 
previously published.18

Role of the funding source
The funders of the study had no role in study design, 
data collection, data analysis, data interpretation, or 
writing of the report.

Results
We identified 976 reports in the literature review. After 
automated screening of titles and abstracts, we manually 
reviewed 219 full-text articles (appendix pp 52–66). Of 
these, 19 publications comprising 23 RCTs met our 
eligibility criteria (figure 1). Over 2·5 years, nine data 
sharing agreements were reached with three academic 
or public data providers and six pharmaceutical data 
providers to pool IPD from control groups centrally. An 
overview of the 23 identified RCTs is shown in table 1, 
with detailed study characteristics of the analysed trials 
provided in the appendix (pp 74–78). Data from one small 
RCT were no longer retrievable.29 Of the 6841 control 
group patients for whom data were requested, 
6513 participants spanning 22 RCTs were included for 
data analysis (figure 1). All trials except two had a low risk 
of bias (table 1; appendix p 14)36 and there was no relevant 
overlap of participants. Of the 22 analysed trials, 20 were 
double-blind and two were open-label RCTs.

Control Patients included 
from the control 
group

Duration 
of 
folllow-
up, 
weeks

Overall bias 
assessment 
(concerns or 
comment)

AZISAST28 (UZ Ghent) Placebo tablets 54/54 (100%) 26 Low

Benralizumab phase 2a in 
South Korea and Japan29 
(AstraZeneca)

Placebo subcutaneous 
injections

0/27 52 Some concerns 
(data 
unretrievable by 
study sponsor)

Benralizumab phase 2b30 
(AstraZeneca)

Placebo subcutaneous 
injections

211/222 (95%) 52 Low

CAPTAIN12 (GSK) Fluticasone furoate 
100 μg combinations 
(fluticasone furoate plus 
vilanterol, fluticasone 
furoate plus vilanterol 
plus umeclidinium) 

1218/1218 (100%) 24–52 Low

COSTA31 (Genentech) Placebo subcutaneous 
injections

145/145 (100%) 36 Low

DREAM14 (GSK) Placebo intravenous 
perfusions

155/158 (98%) 52 Low

Dupilumab phase 2b32 
(Sanofi-Regeneron)

Placebo subcutaneous 
injections (all volumes)

155/158 (98%) 24 Low

EXTRA33 (Genentech) Placebo subcutaneous 
injections (all schedules)

420/423 (99%) 48 Low

LAVOLTA I, LAVOLTA II34 
(Eli Lilly)

Placebo subcutaneous 
injections

726/726 (100%) 52 Low

LUSTER-1, LUSTER-235 
(Novartis)

Placebo tablets 585/585 (100%) 52 Low

LUTE, VERSE36 (Eli Lilly) Placebo subcutaneous 
injections

116/116 (100%) 24 Some concerns 
(randomisation 
process and 
missing 
outcome data)

MILLY37 (AstraZeneca) Placebo subcutaneous 
injections

112/112 (100%) 24 Low

NAVIGATOR16 
(AstraZeneca)

Placebo subcutaneous 
injections

519/531 (98%) 52 Low (open label)

Novel START10 (MRINZ) Salbutamol 200 μg 
inhaled when required

218/223 (98%) 52 Low

PACT38 (National Heart, 
Lung, and Blood Institute)

Montelukast 5 mg orally 
once a day plus placebo 
inhaled twice a day plus 
albuterol inhaled when 
required

16/95 (17%) 48 Low (many 
patients who 
were younger 
than 12 years 
excluded)

PATHWAY39 (AstraZeneca) Placebo subcutaneous 
injections

133/138 (96%) 52 Low

PRACTICAL21 (MRINZ) Budesonide 200 μg 
inhaled twice a day plus 
terbutaline 500 μg inhaled 
when required

307/448 (69%) 52 Low (open label; 
patients not on 
inhaled 
corticosteroid 
before 
randomisation 
excluded)

QUEST15 
(Sanofi-Regeneron)

Placebo subcutaneous 
injections (all volumes)

634/638 (99%) 52 Low

STRATOS 1, STRATOS 240 
(AstraZeneca)

Placebo subcutaneous 
injections (all schedules)

801/828 (97%) 52 Low

Data are n/N (%). A more detailed summary is provided in the appendix (pp 63–67). MRINZ=Medical Research Institute 
of New Zealand.

Table 1: Summary of 19 reports of the 23 identified trials meeting inclusion criteria
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5972 (92%) of 6513 patients had moderate-to-severe 
asthma (treatment steps 3–5). The majority of participants 
had a history of severe attacks or poor asthma control, but 
1280 (20%) of 6400 had not had an attack in the previous 
year and 929 (15%) of 6055 had at least partly controlled 
symptoms (ACQ-5 <1·5). Overall, 4615 attacks over 
5482 person-years of follow-up occurred (annualised rate 
0·84 per person-year), providing ample power for 
regression analyses and prediction modelling (table 2).41 
Extended variables and values disaggregated per trial are 
shown in the appendix (pp 79–87).

In the main multivariable regression analyses, we 
observed that higher blood eosinophil count or FeNO 
values were each associated with higher risks of asthma 
attacks (per 10-fold increase, RR 1·48 [95% CI 1·30–1·68] 
for blood eosinophil count and 1·44 [1·26–1·65] for FeNO; 

high-certainty evidence). Other prognostic factors (high-
certainty evidence) in the main multivariable model were 
attack history in the previous year (yes vs no, RR 1·94 
[1·61–2·32]); disease severity (severe vs moderate, RR 1·57 
[1·22–2·03]); FEV1% (per 10% decrease, RR 1·11 
[1·08–1·15]); and ACQ-5 (per 0·5 increase, RR 1·10 
[1·07–1·13]). The model had an explained variability of 
23% (adjusted R²). The results of the univariable and 
multivariable regression models are shown in figure 2, 
with univariable outputs disaggre gated per trial showing 
similar effect direction (appendix pp 15–35) and weighted-
average effect size (appendix p 36). To assess biomarker 
prognostic differences further, risks at the 75th and 25th 
percentiles of the sample distribution were compared. 
A baseline blood eosinophil count of 0·42 × 10⁹ cells per L 
versus 0·14 × 10⁹ cells per L was associated with an 
adjusted RR of 1·16 (95% CI 1·12–1·21) and a baseline 
FeNO of 42 versus 14 parts per billion was associated with 
an adjusted RR of 1·11 (1·07–1·15; appendix p 37). RRs for 

Total (N=6513)

Demographics

Age, years 50 (39–59), n=6510

Sex

Female 4140/6510 (64%)

Male 2370/6510 (36%)

BMI, kg/m² 27·0 (24·5–32·3), n=3774

History of smoking 1199/6396 (19%)

Ethnicity or race  

Asian 502/4781 (10%)

Black or African American 267/4781 (6%)

Other or multiple 187/4781 (4%)

White 3825/4781 (80%)

Region  

Asia 344/3909 (9%)

Europe 1475/3909 (38%)

North America 1244/3909 (32%)

Oceania 520/3909 (13%)

South Africa 88/3909 (2%)

South America 238/3909 (6%)

Patient-reported comorbidities

Airborne allergen sensitisation 1721/2940 (59%)

Eczema 330/3184 (10%)

Allergic rhinitis 2501/5172 (48%)

Chronic rhinosinusitis without nasal 
polypsosis

439/4141 (11%)

Chronic rhinosinusitis with nasal 
polypsosis

598/4161 (14%)

Psychiatric disease 420/3300 (13%)

Baseline asthma medication

Treatment step  

Step 1 226/6513 (3%)

Step 2 315/6513 (5%)

Step 3 859/6513 (13%)

Step 4 2555/6513 (39%)

Step 5 2558/6513 (39%)

On maintenance oral corticosteroids 261/5417 (5%)

(Table 2 continues in next column)

Total (N=6513)

(Continued from previous column)

Asthma symptoms and history

Asthma Control Questionnaire-5 
score

2·4 (1·8–3·0)

≥1·5 5126/6055 (85%)

<1·5 929/6055 (15%)

Severe exacerbation in past 12 
months

Yes 5120/6400 (80%)

No 1280/6400 (20%)

Previous intensive care unit 
admission or intubation

134/2545 (5%)

Lung function

FEV1 percentage predicted 63·9% (52·9–73·0), n=5948

FEV1/FVC ratio 64·2% (56·0–72·3), n=5948

Percentage reversibility of FEV1 17·0% (10·0–27·7), n=4654

Biomarkers

Blood eosinophil count, × 109 cells 
per L

0·250 (0·140–0·420), n=6433

Fractional exhaled nitric oxide, parts 
per billion

23 (14–42), n=5981

Total IgE, ng/mL 171 (64–434), n=5889

Follow-up in trial

Follow-up duration*, days 363 (251–365)

Total number of follow-up years in 
trial

5482

Total number of severe 
exacerbations in trial

4615

≥1 severe exacerbations 2268/6513 (35%)

Data are median (IQR), n, or n/N (%), unless otherwise specified. Full baseline 
characteristics are reported in the appendix (pp 68–76). The numbers of patients 
with available data are shown. FVC=forced vital capacity. *Follow-up duration 
refers to the entire time participants were monitored under control group 
therapy. 

Table 2: Baseline characteristics of the control groups of 22 asthma 
randomised controlled trials 
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2-fold changes in blood eosinophil count and FeNO values 
are shown in the appendix (p 37). The absolute 
rates are estimated with spline curves (figure 3 and 
appendix p 38).

Among other explored variables, we found that 
a higher risk of a severe asthma attack was predicted 
by female sex (RR 1·24 [95% CI 1·13–1·36]; high 
certainty), higher BMI (per kg/m², RR 1·01 [1·01–1·02]; 
high certainty), number of previous hospitalisations for 
asthma (per event, RR 1·23 [1·15–1·32]; moderate 
certainty, downgraded due to inconsistency in reporting), 
smoking status (ex-smoker vs non-smoker, RR 1·32 
[1·18–1·47]; moderate certainty, downgraded due to 
selection bias), and greater pack-years (per pack-year, 
RR 1·04 [1·03–1·06]; moderate certainty, downgraded 
due to selection bias), allergic rhinitis (RR 1·12 
[1·01–1·24]; moderate certainty, downgraded due to 
inconsistency in reporting), chronic rhinosinusitis with 
nasal polyposis (RR 1·16 [1·01–1·32]; moderate certainty, 

downgraded due to inconsistency in reporting), chronic 
rhinosinusitis without nasal polyposis (RR 1·20 
[1·03–1·39]; moderate certainty, downgraded due to 
inconsistency in reporting), and lower FEV1/FVC ratio 
(per 10% decrease, RR 1·14 [1·10–1·19]; high certainty). 
FEV1 postbronchodilator reversibility was associated 
with a lower risk of severe asthma attacks (per 10% 
increase, RR 0·93 [0·90–0·96]; moderate certainty due 
to inconsistency in effect across trials). No prognostic 
effect was seen for higher age (high certainty), patient 
reported eczema (moderate certainty, downgraded due 
to inconsistency in report ing), patient-reported airborne 
allergen sensitisation (moderate certainty, downgraded 
due to inconsistency in reporting), inhaled corticosteroid 
adherence (low certainty, downgraded due to 
inconsistency in reporting and over-representation of 
adherent patients), and serum IgE (high certainty).

When comparing the univariable and multivariable 
analyses, we observed that FEV1 postbronchodilator 

Figure 2: Forest plots of the associations between baseline characteristics and number of severe asthma attacks during follow-up
Rate ratios correspond to the univariable (model one) and multivariable (model two) models. Model one was adjusted for enrolled trial as a factor and follow-up duration as an offset variable. 
Model two was also adjusted for asthma attack in the past year (yes vs no), asthma severity (treatment step 1–5), FEV1 prebronchodilator, ACQ-5 symptom score, blood eosinophil count, and FeNO. 
Asthma attacks were defined as acute asthma episodes requiring at least 3 days of systemic corticosteroids. ACQ-5=5-item Asthma Control Questionnaire. FeNO=fractional exhaled nitric oxide. 
FVC=forced vital capacity. *Per 10-fold increase. †Dichotomous variable (yes vs no). ‡Patient reported.

Rate ratio (95% CI) 
model one; 
univariable

Main variables

log10(blood eosinophil count)*

log10(FeNO)*

Any attack in past 12 months†

Treatment step (1 vs 3)

Treatment step (2 vs 3)

Treatment step (4 vs 3)

Treatment step (5 vs 3)

FEV1 prebroncodilator (per 10% decrease)

ACQ-5 (per 0·5 increase)‡

Other variables explored

FEV1 postbronchodilator reversibility (per 10% increase)

Age (per 10 years)

Sex (female vs male)

BMI (per kg/m²)

Number of previous hospitalisations (per event)

Smoking (ex-smoker vs non-smoker)

Smoking (current smoker vs non-smoker)

Pack-years (per pack-year)

Allergic rhinitis†‡

Eczema†‡

Airborne allergen sensitisation†‡

Chronic rhinosinusitis without nasal polyposis†‡

Chronic rhinosinusitis with nasal polyposis†‡

Adherence in trial (per 10% decrease)

FEV1/FVC ratio (per 10% decrease)

FEV1 postbronchodilator (per 10% decrease)

log10(IgE)*

1·80 (1·59–2·03)

1·70 (1·50–1·94)

2·12 (1·76–2·55)

0·05 (0·01–0·38)

0·22 (0·12–0·40)

1·29 (1·01–1·64)

1·89 (1·45–2·44)

1·15 (1·11–1·19)

1·13 (1·10–1·16)

0·98 (0·95–1·01)

1·01 (0·98–1·05)

1·21 (1·10–1·32)

1·01 (1·01–1·02)

1·32 (1·22–1·43)

1·32 (1·18–1·47)

1·65 (0·67–4·07)

1·04 (1·02–1·06)

1·16 (1·05–1·30)

1·20 (1·00–1·44)

1·10 (0·96–1·26)

1·29 (1·11–1·51)

1·41 (1·22–1·62)

0·99 (0·96–1·03)

1·18 (1·13–1·22)

1·13 (1·10–1·16)

1·04 (0·97–1·12)

Rate ratio (95% CI) 
model two; 
multivariable

1·48 (1·30–1·68)

1·44 (1·26–1·65)

1·94 (1·61–2·32)

0·12 (0·02–0·85)

0·33 (0·18–0·59)

1·18 (0·93–1·50)

1·57 (1·22–2·03)

1·11 (1·08–1·15)

1·10 (1·07–1·13)

0·93 (0·90–0·96)

1·02 (0·98–1·05)

1·24 (1·13–1·36)

1·01 (1·01–1·02)

1·23 (1·15–1·32)

1·32 (1·18–1·47)

1·68 (0·69–4·11)

1·04 (1·03–1·06)

1·12 (1·01–1·24)

1·06 (0·91–1·23)

1·07 (0·96–1·19)

1·20 (1·03–1·39)

1·16 (1·01–1·32)

0·99 (0·96–1·00)

1·14 (1·10–1·19)

1·12 (1·09–1·15)

0·93 (0·87–1·00)

Lower risk Higher risk

1·000·03 0·10 0·30 3·00

Lower risk Higher risk

1·000·300·100·03 3·00
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reversibility (per 10% increase) had a stronger negative 
prognostic value, since the RR decreased from 0·98 
(95% CI 0·95–1·01) in the univariable analysis to 0·93 
(0·90–0·96) in the multivariable analysis.

Sensitivity analyses excluding open-label trials (Novel 
START [n=218] and PRACTICAL [n=307]) and excluding 
trials with some risk of bias (LUTE [n=66] and VERSE 
[n=50]) showed similar results (appendix pp 39–40). 
A post-hoc fully adjusted multivariable model (appendix 
p 41) showed similar prognostic effects to the main 
analysis.

We observed synergistic effects between blood 
eosinophil count and FeNO (pinteraction=0·045), as evidenced 
by the dissociating spline curves in figure 3A. High 
type 2 inflammatory burden was prevalent in the study 
population (figure 3B), an observation also found in the 
subset of RCTs not select ing patients according to 
biomarkers (appendix p 42). Synergy and high prevalence 
were also seen in categorical analyses, as the prespecified18 
combined elevation of a blood eosinophil count of 
0·30 × 10⁹ cells per L or higher and FeNO 50 parts 
per billion or higher was associated with nearly double 
the RR compared with a blood eosinophil count of less 
than 0·15 × 10⁹ cells per L and a FeNO less than 25 parts 
per billion (RR 1·47 [95% CI 1·30–1·66] vs 0·76 
[0·68–0·86]; appendix pp 88–89). However, FEV1 
postbronchodilator reversibility showed a non-linear 

rela tionship with future severe asthma attacks (figure 3C). 
Notably, the common 12% reversibility (figure 3D) was 
associated with some of the lowest adjusted attack rates, 
whereas risk was higher with reversibility greater than 
25%. A sensitivity analysis excluding the 11 RCTs that 
required postbronchodilator reversibility at baseline 
(removing 4269 [66%] of 6513 participants)12,15,16,32,34,36,40 and 
evaluating the prognostic value by FEV1% categories 
prebronchodilator and postbronchodilator, supported the 
overall negative prognostic effect of reversibility 
(appendix pp 43, 90). Reversibility was distributed 
similarly across asthma severities (appendix p 44).

The C-statistic for identification of a trial versus other 
trials ranged from 0·58 to 0·95 (appendix p 72), 
indicating major differences in patient and disease 
char acteristics between studies. In the univariable 
meta-analysis per trial, we found substantial hetero-
geneity in associations between studies, with I² statistics 
ranging from 0·56 to 0·97 (appendix pp 15–35).

Discussion
In this large, IPD meta-analysis of control groups from 
RCTs across various clinical contexts, countries, and 
inclusion criteria, we showed that two biomarkers of 
type 2 airway inflammation—blood eosinophils and 
FeNO—provide valuable and synergistic incremental 
prognostic information regarding the risk of asthma 

Figure 3: Relationships between baseline blood eosinophil count per FeNO group and FEV1 postbronchodilator reversibility and the estimated annualised 
severe asthma attack rate, with density plots
(A) Spline plot of the relationship between blood eosinophil count (×109 cells per L) and the estimated annualised severe asthma attack rate, per group of baseline 
FeNO value. (B) Spline plot of the relationship between FEV1 postbronchodilator reversibility (%) and the estimated annualised severe asthma attack rate. The y-axis 
has a different scaling in B than the scaling for the severe asthma attack rate in A. (C) Probability density of baseline blood eosinophil count observations per group of 
baseline FeNO value in the imputed datasets. (D) Probability density of baseline FEV1 postbronchodilator reversibility observations in the imputed datasets. Density 
plots show the distribution of a continuous variable, with the area under the curve representing the likelihood of different values occurring. Higher peaks indicate 
more frequent values, with the total area representing all values. FeNO=fractional exhaled nitric oxide.
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attacks. The incremental relative risk associated with 
these biomarkers and key clinical prognostic factors 
implies that the absolute risk due to type 2 inflammation 
is greater in patients with additional clinical prognostic 
factors. Specifically, 10-fold increases in baseline blood 
eosinophil count and FeNO were each associated with 
a 1·4-fold higher risk of a severe asthma attack. Such 
substantial changes in these measurements reflect 
those that can occur with the initiation or discontinua-
tion of an anti-inflammatory treatment.14–16,30,42 These 
prognostic effects were greater than those associated 
with minimal clinically important differences in 
baseline FEV1 and ACQ-5. By contrast, after adjusting 
for type 2 biomarkers, moderate bronchodilator 
reversibility was associated with reduced risk of future 
asthma attacks.

The combination of blood eosinophils and FeNO might 
be more useful than either biomarker alone, since each 
reflects distinct components and com partments of the 
type 2 immune response in asthma. Blood eosinophil 
counts reflect circulating IL-5 and the systemic pool 
of available effector cells, whereas FeNO is an 
IL-13-mediated biomarker also reflecting type 2 cytokine, 
chemokine, and alarmin signalling in the airway 
compartment.9 Accordingly, elevations of both of these 
biomarkers are likely to be associated with migration of 
eosinophils to the bronchi and the development of airway 
pathology associated with asthma attacks, including 
abnormal mucus production, airway wall thickening, 
and increased bronchial motor tone.5,9,43 We previously 
found that patients with persistently elevated FeNO and 
blood eosinophil count had corticosteroid-resistant type 2 
inflammation and refractory asthma despite adequate 
inhaled corticosteroid therapy.42 Moreover, airway mucus 
plugging in people with asthma has been linked to 
eosinophilia and greater airflow obstruction.43 Thus, 
raised type 2 biomarkers have substantial incremental 
utility to identify patients at risk. This finding is 
important as these measurements are known to identify 
patients who benefit most from anti-inflammatory 
therapies.7,12–17

Our analyses focused on type 2 biomarkers while 
adjusting for clinical prognostic factors that are generally 
acknowledged as important.1 By quantifying the multi-
variable prognostic values for inflammatory and clinical 
covariates, we found that the strongest increases in risk 
were associated with asthma attack history and treat-
ment step (reflecting increased therapeutic intensity of 
asthma). Although these two cardinal variables are robust 
to identify patients at risk, they do not reveal targetable 
mechanisms on the individual level. Similarly, other 
identified prognostic factors, such as symptoms and 
impaired lung function, can be modified independently 
of an effect on asthma attacks. Our results support 
the incremental value of biomarkers to improve risk 
stratification. Notably, the combination of blood 
eosinophils and FeNO was not part of clinical prediction 

models identified in a systematic review published in 
2018.25 Surprisingly, broncho dilator reversibility, a 
common diagnostic tool and inclusion criterion for 
asthma trials, was associated with a reduced risk of 
asthma attacks. Overall, these findings have important 
implications for clinical practice as they highlight the 
shortcomings of relying on symptoms, lung function, 
and bronchodilator reversibility to identify patients at 
high risk and make individualised treatment decisions.1,5,44 
Acknowledging that asthma attack history and disease 
severity had the greatest prognostic effects, further 
analyses can focus on understanding the interactions 
between type 2 inflammation and other clinical predictors 
in the dataset.

A notable strength of this meta-analysis compared 
with other prognostic studies in airway disease is the 
collaboration of academic, public, and pharmaceutical 
data providers, allowing efficient use of high-quality 
RCT IPD. Our study of the control groups of RCTs 
contrasts with previous prognostic analyses involving 
blood eosinophils and FeNO that were conducted in 
real-world settings or clinical trials in which background 
treat ment fluctuated.45 The advantage of RCT data is 
that base line prognostic factors and outcomes are 
assessed prospectively, with high confidence in 
diagnostic accuracy, treatment adherence, and stability. 
Furthermore, we adjusted our analyses for the 
heterogeneity observed between RCTs, improving the 
applicability of our findings across various clinical 
contexts, countries, and patient characteristics. In 
effect, the prognostic values we report in ORACLE2 are 
robust prospective estimates for a status quo scenario 
(ie, if treatment is unchanged following a clinical 
encounter).

We acknowledge that our study has limitations. First, 
our dataset comprised selected RCT populations that had 
lower asthma attacks rates than expected due to regression 
to the mean and a placebo response. Nonetheless, we 
believe RCTs are a key high-quality source of evidence for 
prognostic factors because their control groups provide 
long-term clinical observation under stable background 
treatment. Second, we identified discrepancies between 
definitions of some variables in the included RCTs. 
These discrepancies improve the generalisability of the 
results as the prognostic effects remained consistent 
despite variations in study definitions. In keeping with 
best practices,23 we have disclosed our data dictionary, 
extraction code, and analytical code to ensure transparency 
and reproducibility of our study. Nevertheless, we 
acknowledge that patient-reported comorbidities, such as 
eczema, allergic rhinitis, airborne allergic sensitisation, 
and chronic rhinosinusitis with or without nasal 
polyposis, were unverified and incon sistently reported.46 
Accordingly, we downgraded the certainty of evidence 
for those characteristics’ prognostic effects. Third, the 
IPD meta-analysis included studies published up to 
April 1, 2021, which were identified through MEDLINE 
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only. We were constrained in our ability to expand or 
update the systematic review after protocol development 
due to contracting require ments and practicalities. 
Fourth, we were unable to conduct analyses on social 
determinants of health, such as race, ethnicity, or 
socioeconomic status, due to the absence of 
standardisation for race and ethnicity across trials and the 
absence of data for socioeconomic status.1 Fifth, we 
quantified the risk attributable to type 2 inflammation 
using metrics adapted to the log-normal data distribution, 
and to maximise therapeutic relevance, we used 10-fold 
changes for the biomarkers to mirror the effects of 
initiation or discontinuation of an anti-inflammatory 
treatment14–16,30,42 and we estimated prognostic effects for 
absolute biomarker differences for pre-specified 
categories,18 interquartile cutpoints,41 and 2-fold changes. 
Finally, studies differed in patient profile and design. 
Although we included the full range of asthma severities, 
most patients had moderate-to-severe asthma, potentially 
due to the predefined exclusion of trials not measuring 
both blood eosinophils and FeNO. Notably, studies 
applied different control group formulations and 
schedules. Importantly, despite between-study differences 
in the selection of patients, intervention, and exact 
definitions of covariates, the prognostic effects were 
largely consistent across studies.

Our findings have substantial clinical implications. 
First, high-quality control group RCT IPD analyses show 
that inflammatory and clinical risk stratification should 
be combined to estimate risk on an individual basis. 
Second, our observation that blood eosinophil count and 
FeNO are synergistic prognostic factors in the context of 
the status quo scenario of RCT control groups (ie, no 
change in background therapy following assessment) 
has substantial implications for future risk prediction 
modelling.18 Indeed, one approach to targeted risk 
reduction is to conjugate risk stratification with 
mechanistic targeting (ie, to focus on prognostic factors 
that also predict benefits from specific preventive 
treatment).47 This approach has been successful in 
cardiovascular disease,4 in which the focus is on the 
effect of modifiable factors, such as blood pressure and 
cholesterol, on top of unmodifiable risk factors, such as 
age and sex. Just as meta-regression studies have shown 
that statin therapies target the modifiable risk of heart 
attacks in a biomarker-dependent way,48 the high asthma 
attack risk for people with type 2-high asthma in our 
dataset probably reflects the magnitude of the treatment 
opportunity. Specifically, we observed a higher annualised 
asthma attack rate for patients with high biomarkers 
than for those with low biomarkers, mirroring the 
previously reported treatment effect of higher-dose 
inhaled corticosteroids or biologics in biomarker-high 
asthma.7 These findings support the development of a 
framework analogous to that used in cardiovascular 
medicine to predict and prevent asthma attacks on an 
individual basis.47

In conclusion, blood eosinophil count, FeNO, asthma 
attack history, disease severity, lower lung function, and 
symptoms (ACQ-5 score) are key predictors of asthma 
attacks when treatment is unchanged. Importantly, high 
blood eosinophils and high FeNO together are associated 
with a greater risk than either factor alone, each 
highlight ing specific treatment opportunities.12–17,49 
Moderate FEV1 postbronchodilator reversibility is 
associated with reduced risk of future asthma attacks. 
These findings underscore the importance of com-
prehensive risk stratification of people with asthma. 
Future prediction models using the ORACLE2 dataset 
could be centred on biomarkers for more individualised 
clinical decision making.
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