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Abstract
Objective: Asthma control is generally monitored by assessing symptoms and lung 
function. However, optimal treatment is also dependent on the type and extent of air-
way inflammation. Fraction of exhaled Nitric Oxide (FeNO) is a noninvasive biomarker 
of type 2 airway inflammation, but its effectiveness in guiding asthma treatment re-
mains disputed. We performed a systematic review and meta- analysis to obtain sum-
mary estimates of the effectiveness of FeNO- guided asthma treatment.
Design: We updated a Cochrane systematic review from 2016. Cochrane Risk of Bias tool 
was used to assess risk of bias. Inverse- variance random- effects meta- analysis was per-
formed. Certainty of evidence was assessed using GRADE. Subgroup analyses were per-
formed based on asthma severity, asthma control, allergy/atopy, pregnancy and obesity.
Data Sources: The Cochrane Airways Group Trials Register was searched on 9 May 
2023.
Eligibility Criteria: We included randomized controlled trials (RCTs) comparing the ef-
fectiveness of a FeNO- guided treatment versus usual (symptom- guided) treatment in 
adult asthma patients.
Results: We included 12 RCTs (2,116 patients), all showing high or unclear risk of bias 
in at least one domain. Five RCTs reported support from a FeNO manufacturer. FeNO- 
guided treatment probably reduces the number of patients having ≥1 exacerbation 
(OR = 0.61; 95%CI 0.44 to 0.83; six RCTs; GRADE moderate certainty) and exacerba-
tion rate (RR = 0.67; 95%CI 0.54 to 0.82; six RCTs; moderate certainty), and may slightly 
improve Asthma Control Questionnaire score (MD = −0.10; 95%CI −0.18 to −0.02, six 
RCTs; low certainty), however, this change is unlikely to be clinically important. An ef-
fect on severe exacerbations, quality of life, FEV1, treatment dosage and FeNO values 
could not be demonstrated. There were no indications that effectiveness is different in 
subgroups of patients, although evidence for subgroup analysis was limited.
Conclusions: FeNO- guided asthma treatment probably results in fewer exacerbations 
but may not have clinically important effects on other asthma outcomes.
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1  |  INTRODUC TION

Asthma is a chronic airway disease, characterized by airway in-
flammation and variable expiratory airflow limitation.1 The goal of 
asthma treatment is to minimize symptoms, optimize lung function, 
and prevent acute exacerbations. The cornerstone of treatment 
consists of corticosteroids, preferably in inhaled form (ICS), com-
bined with bronchodilators. International guidelines recommend 
to treat asthma using a stepwise approach: treatment is increased 
(i.e., by adding a medicine or increasing dosage) if disease is insuffi-
ciently controlled, and treatment is maintained or decreased when 
disease is stable.1,2 Asthma control is commonly monitored by as-
sessing symptoms, sometimes in combination with lung function 
testing. However, increasing evidence is emerging that asthma is 
a heterogenous disease with different inflammatory endotypes.3 
In most patients, asthma is predominantly driven by type 2 air-
way inflammation, with high levels of eosinophils. In others, type 
2 inflammation plays a smaller, or no role at all, and these tend 
to respond poorly to corticosteroid therapy. Ideally, asthma treat-
ment is tailored in accordance with the type and extent of airway 
inflammation.

It has been shown that the frequency of asthma exacerbations 
is significantly lower in patients in whom the dose of ICS is guided 
by sputum eosinophil levels, as compared with those in whom 
management is based on usual methods of asthma monitoring.4 
Unfortunately, sputum induction requires experienced laboratory 
personnel, is time- consuming, does not provide immediate re-
sults, and is not feasible in every patient.5,6 An alternative could be 
Fraction of exhaled Nitric Oxide (FeNO), which strongly correlates 
with sputum eosinophils, is noninvasive and quick.7– 11 However, a 
Cochrane systematic review by Petsky and colleagues from 2016 
found only limited evidence in favour of FeNO- guided asthma treat-
ment.12 Since then, several new studies have appeared. In addition, 
that Cochrane systematic review focused on asthma control in the 
overall population, without looking at specific subgroups.

We performed a systematic review and meta- analysis to summa-
rize the effectiveness of FeNO- guided asthma treatment compared 
to usual (symptom- guided) treatment in (specific subgroups of) adult 
asthma patients.

2  |  METHODS

2.1  |  Search and selection

The abovementioned Cochrane systematic review by Petsky and 
colleagues on the effectiveness of FeNO- guided treatment in adult 
asthma patients (which included seven randomized controlled tri-
als (RCTs); searches were performed in June 2016) served as our 

starting point.12 The exact same search was used to identify studies 
published since then, that is, between 1 January 2016 and 9 May 
2023. We searched the Cochrane Airways Group Trials Register 
(composed of airway- related RCTs identified through systematic 
searches in MEDLINE, Embase, Cochrane CENTRAL, PsycINFO and 
CINAHL databases, and through handsearching of respiratory medi-
cine journals and conference abstracts). The full search strategy is 
reported in Data S1— Supplementary Material 1.

Study selection was independently performed by two review-
ers. First, titles and abstracts were screened and disagreements 
were discussed between the two reviewers. All abstracts deemed 
potentially relevant were assessed for inclusion on full texts. 
Differences in the full- text assessment between the reviewers 
were discussed. In case of disagreement, a third reviewer made 
the final decision. Studies were included if they were RCTs (study 
design) comparing the effectiveness of FeNO- guided treatment (in-
tervention) versus usual treatment (control) in adult asthma patients 
(study population), or specific subgroups thereof. FeNO- guided 
treatment could be tailored by FeNO results alone, or in combi-
nation with other measures of asthma control, such as symptoms, 
lung function or other biomarkers of type 2 airway inflammation, 
such as blood eosinophils or periostin.9 Usual treatment could be 
tailored by clinical asthma symptoms alone, or in combination with 
other variables such as lung function. Studies were only included 
if they reported on any of the following outcomes: asthma exacer-
bations (≥1 exacerbation during the study period, or exacerbation 
rate), asthma control (assessed by Asthma Control Questionnaire 
(ACQ) or Asthma Control Test (ACT)), quality of life (assessed 
by Asthma Quality of Life Questionnaire (AQLQ)), lung function 
(Forced Expiratory Volume in 1 second (FEV1) % predicted), medi-
cation use (dosage of ICS) or FeNO. We excluded nonrandomized 
studies, such as observational studies and literature reviews. We 
also excluded studies in children and studies only reported as con-
ference abstracts. We included studies written in English, Dutch, 
French, German or Spanish. In addition to database searching, we 
also scanned reference lists of included articles for RCTs poten-
tially missed in our search and selection process. We did not search 
trial registers for ongoing studies.13,14

K E Y W O R D S
asthma, eosinophils, Fraction of exhaled Nitric Oxide, meta- analysis, systematic review

Key messages

• FeNO- guided asthma treatment probably reduces the 
number of asthma exacerbations.

• No effect was found on severe exacerbations, quality of 
life, FEV1 and treatment dosage.

• There were no indications that effectiveness is different 
in subgroups of asthma patients.
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2.2  |  Data extraction and quality assessment

For each included study, descriptive data were collected regard-
ing patient characteristics, intervention (i.e., FeNO- guided asthma 
treatment), control (i.e., usual treatment) and outcomes. The meth-
odological quality of each study was assessed using the Cochrane 
Risk of Bias tool for RCTs.15 Data extraction and quality assessment 
were performed by two reviewers independently, where differences 
were discussed. If necessary, a third reviewer made the final deci-
sion. For the meta- analyses, data extraction and quality assessment 
were performed exclusively on newly identified RCTs; for the seven 
RCTs already included in the Cochrane systematic review by Petsky 
and colleagues, we used the results that were previously extracted 
and presented in their review report.12

2.3  |  Statistical analysis

If possible, results were pooled using inverse- variance random- 
effects meta- analysis, accounting for differences between studies. 
Studies for which insufficient data were presented and outcomes 
for which insufficient studies were available (two or fewer) were 
described qualitatively. The following predefined subgroups were 
evaluated: asthma severity (mild– moderate vs. severe), asthma con-
trol (controlled vs. uncontrolled), allergy/atopy (allergic/atopic vs. 
nonallergic/non- atopic asthma), pregnancy and obesity. Analyses 
were performed in Review Manager.16

2.4  |  Grading the evidence

For each outcome, two investigators independently assigned the cer-
tainty of the evidence using the GRADE (Grading of Recommendations 
Assessment, Development and Evaluation) methodology, whereby 
the scientific evidence is assessed using five established criteria 
(study design, risk of bias, imprecision, inconsistency and reporting 
bias). Based on this, a final ‘level of certainty’ is attributed to the evi-
dence, which can be high, moderate, low or very low.17

2.5  |  Funding and registration

This systematic review was part of a wider literature investigation 
of the usefulness of FeNO in the diagnosis and treatment of specific 
groups of asthma patients, performed by Cochrane Netherlands com-
missioned by the Dutch National Health Care Institute, for which the 
full report was published online in Dutch in June 2020.18 Updated 
results are reported in the current article. The review protocol was 
inspired by the abovementioned prior Cochrane systematic review by 
Petsky and colleagues, but was not identical (e.g., the same search 
strategy was used, but the subgroup analyses were newly added). Our 
protocol was finalized and submitted to the Dutch National Health 
Care Institute prior to initiation of the searches and study selection 

process, and can be accessed at https://osf.io/ycxt7/. The current re-
view has not been published in the Cochrane Library, and the authors 
of the previous Cochrane systematic review by Petsky and colleagues 
were not involved in this updated systematic review, but were con-
tacted for clarification of some of the reported data.

3  |  RESULTS

3.1  |  Study selection

The Cochrane systematic review by Petsky and colleagues identified 
seven RCTs up to June 2016.12,19– 25 In our update of the search, we 
identified 640 records (Figure 1). Of these, 598 could be excluded 
after screening titles and abstracts. For the remaining 42 records, 
full texts were assessed, of which 36 were excluded (Data S1— 
Supplementary Material 2). Of the remaining studies, five were RCTs 
that fulfilled the inclusion criteria,26– 30 and one was a reanalysis of 
an RCT already included in the Cochrane systematic review.31 So 
in total, we included 12 RCTs (and one reanalysis) on the effec-
tiveness of FeNO- guided asthma treatment, covering 2,116 rand-
omized asthma patients. No protocols of, or conference abstracts 
corresponding to, ongoing studies were identified in our literature 
searches.

3.2  |  Description of included RCTs

An overview of characteristics of included RCTs is provided in 
Table 1. The majority was conducted in Europe (n = 6) or Asia (n = 3), 
sample size ranged from 72 to 392 patients (median 162), and 
mean age ranged from 28 to 58 years. Study duration varied from 
18 weeks to 1 year. Seven RCTs included participants with asthma 
regardless of control or severity, whereas the others included pa-
tients with mild– moderate asthma (n = 2), moderate– severe asthma 
(n = 1) or severe asthma (n = 2). Two other RCTs were performed in 
primary care, where it can be expected that only patients with mild– 
moderate asthma were included. One RCT only included pregnant 
asthma patients. In four RCTs, the treatment decision was based on 
the FeNO value alone in the FeNO- guided asthma treatment group, 
while in the remaining studies FeNO was combined with other char-
acteristics or tools, such as ACQ (n = 5), GINA (Global Initiative for 
Asthma) guidelines (n = 2) or other biomarkers of type 2 airway in-
flammation (n = 1). The cut- off values of FeNO used to adjust treat-
ment also differed between RCTs. Two RCTs used a single cut- off 
value, that is, either 15 or 25 ppb. If the FeNO value was above this 
cut- off value, increasing treatment was considered, whereas treat-
ment was adjusted downwards if FeNO was below this value. Eight 
RCTs used two or even three cut- off values; if the FeNO value was 
between these cut- off values, treatment was not adjusted. Finally, 
two RCTs used the relative change in FeNO from the previous 
measurement to adjust treatment. Usual treatment in the control 
group was in most cases guided by ACQ (n = 5) or according to the 
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GINA guidelines (n = 4). Five RCTs reported support from a FeNO 
manufacturer .20,21,24,25,28

An overview of the risk of bias assessment is provided in Table 2. 
Risk of bias was high in at least one domain for five RCTs (only one of 
them being among the five newly identified RCTs); for the remaining 
seven RCTs, risk of bias was unclear in at least one domain. Nine 
RCTs had an unclear risk of bias in the randomization procedure (i.e., 
unclear random sequence generation and/or allocation conceal-
ment). Four RCTs had a high risk of bias because staff and partici-
pants were not blinded, and this was unclear in three. Three RCTs 
had a high risk of bias because outcome assessors were not blinded, 
and this was unclear in six. In one RCT, risk of bias due to incomplete 
outcome data was unclear. In one RCT, there was high risk of selec-
tive reporting, and this was unclear in five.

3.3  |  Asthma exacerbations

Meta- analysis results are shown in Figure 2, with detailed GRADE 
summary of findings tables in Data S1— Supplementary Material 3. 
The definition of asthma exacerbation varied across studies, which is 
illustrated in Data S1— Supplementary Material 4. Six RCTs reported 
on the number of patients with ≥1 exacerbation during the study 
period. Although most of these found no significant difference, in 
meta- analysis a statistically significantly lower odds of having ≥1 
exacerbation was found for FeNO- guided treatment compared to 
usual treatment in meta- analysis (OR = 0.61 (95%CI 0.44 to 0.83); 
GRADE moderate level of evidence; Figure 2A). Ten RCTs reported 
on exacerbation rate (i.e., the number of exacerbations per year), 
of which six could be included in meta- analysis. A statistically 

significantly lower exacerbation rate for FeNO- guided treatment 
was found (RR = 0.67 (95%CI 0.54 to 0.82); GRADE moderate level 
of evidence; Figure 2B). The remaining four RCTs reported no sig-
nificant difference in median incidence of exacerbations per year 
(absolute difference = −0.14 in favour of FeNO- guided treatment; 
p = .95),20 in mean exacerbation rate per patient per year (0.19 
(95%CI 0.11 to 0.29) for FeNO- guided treatment versus 0.29 (95%CI 
0.17 to 0.40) for usual treatment),21 in total number of exacerbations 
requiring treatment throughout the course of the study (n = 20 for 
FeNO- guided treatment vs. n = 25 for usual treatment (p = .6)),26 and 
in mean exacerbation rate per patient per year (0.3 (95%CI 0.145– 
0.455) for FeNO- guided treatment vs. 0.4 (95%CI 0.228– 0.572) for 
usual treatment (p = .387)).27

Five RCTs reported on the number of exacerbations requiring 
treatment with oral corticosteroids (OCS) during the study period, 
of which three could be included in meta- analysis. No significant dif-
ference between groups was found (OR = 0.86 (95%CI 0.50 to 1.48); 
GRADE low level of evidence; Figure 2C). In the fourth RCT, the total 
number of OCS- requiring exacerbations throughout the study course 
was similar (n = 4 for FeNO- guided treatment vs. n = 6 for usual treat-
ment; no p- value reported). In the fifth RCT, the total number of severe 
asthma exacerbations (requiring OCS treatment and/or hospitaliza-
tion) was not significantly different between FeNO- guided treatment 
versus usual treatment (OR 0.64 (95%CI 0.27– 1.56)).21 Additionally, 
six RCTs reported on the number of patients with exacerbations re-
quiring hospitalization during the study period. Three of these could 
be included in meta- analysis, but in two of these, the outcome was 
not observed at all, and in one of these, the outcome was also infre-
quent and no significant difference was found (OR = 0.14 (95%CI 0.01 
to 2.67); GRADE very low level of evidence; Figure 2D). In the fourth 

F I G U R E  1  Study selection.
Records identified through

searching Cochrane Airways Group 
Trials Register 

(01-2016 to 05-2023)
n = 640
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Records screened
n = 640

Records excluded
n = 598

Full-text articles assessed 
for eligibility

n = 42

Full-text articles excluded 
n = 36

Not FeNO-adjusted n = 4
Abstract n = 14
Protocol n = 4
Wrong outcome n = 3
Duplicate/re-analysis n = 5
Included in Petsky et al n = 2
Language n = 1
RCT in children n = 2
No full-text n = 1

Included
n = 13 

(including one re-analysis)

RCTs included by Petsky et al prior 
to 06-2016

n = 7
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RCT, no significant difference was found in the annual hospitalization 
rate (RR = 0.77 (95%CI 0.32 to 1.84)).28 In the fifth RCT, no significant 
difference was found in median days of hospitalization per patient 
(absolute difference = 0; p = .25).20 In the sixth RCT, the number of 
hospitalizations was similar (n = 3 for FeNO- guided treatment vs. n = 2 
for usual care; no p- value reported).21

3.4  |  Asthma control

Nine RCTs reported on asthma control measured by ACQ (where 
lower scores indicate better asthma control) at final visit, of which 
six could be included in meta- analysis. Although none of these found 
a significant difference, in meta- analysis a statistically significantly 
lower ACQ was found for FeNO- guided treatment (MD = −0.10 
(95%CI - 0.18 to −0.02); GRADE low level of evidence; Figure 2E). In 
the seventh RCT, no significant difference in mean ACQ change from 
baseline was observed (MD = 0.14 (95%CI −0.14 to 0.42); p = .37).20 
In the eighth RCT, no significant difference was found in mean ACQ 
(MD = −0.05 (95%CI −0.15 to 0.06)).21 In the ninth RCT, no signifi-
cant difference was found in median ACQ score (FeNO group: 0.8 
(IQR 0.4 to 1.8); control group: 0.8 (IQR 0.4 to 2); p = .7).26 In addi-
tion, one RCT reported on asthma control measured by ACT (where 
higher scores indicate better asthma control) at final visit, and found 
no significant difference in mean scores (MD = −1 (95%CI −2.63 to 
0.63)).29

3.5  |  Quality of life

Seven RCTs reported on quality of life measured by AQLQ (where 
lower scores indicate higher quality of life) at final visit, of which three 
could be included in meta- analysis, but no significant difference was 

found (MD = 0.02 (95%CI −0.10 to 0.14); GRADE low level of evidence; 
Figure 2F). In the fourth RCT, no difference was found in mean AQLQ 
change from baseline to final visit between groups (FeNO: −0.03 (SE 
0.10); control −0.14 (SE 0.13); p = .30).20 In the fifth RCT, no difference 
was found in median score on MiniAQLQ at final visit (FeNO: 6.2 (IQR 
5.3 to 6.6), control: 6.2 (IQR 5.3 to 6.6); p = .5).26 In the sixth RCT, the 
median overall MiniAQLQ score did not significantly improve more in 
the FeNO- guided group (0.23 (IQR, 0.07– 0.73) vs. 0.07 (IQR, −0.20 
to 0.80); p = .197).25 In the seventh RCT, no significant difference was 
found in MiniAQLQ between the FeNO- guided and control group 
(0.75 (IQR 0.38 to 1.25) vs. 0.81 (IQR 0.38 to 1.63); p = .54).22

3.6  |  Lung function

Eleven RCTs reported FEV1% predicted at final visit, of which eight 
could be included in meta- analysis, but no significant difference 
was found (MD = 0.14; 95%CI −0.98 to 1.26; GRADE low level of 
evidence; Figure 2G). In the remaining three RCTs, it was reported 
that there was no difference in FEV1 between groups over the du-
ration of the study,23 that no significant differences in FEV1 were 
observed between groups,19 and that changes in FEV1 were not 
significantly different between the two groups,20 without additional 
data reported.

3.7  |  Medication use

Nine RCTs reported on the dosage of ICS (budesonide variant) at 
final visit, of which seven could be included in meta- analysis, but no 
significant difference was found (MD = −57 μg/day; 95%CI −135 to 
20; GRADE low level of evidence; Figure 2H). In the eighth RCT, no 
significant difference was found in the median dose of ICS (FeNO: 

TA B L E  2  Risk of bias of included RCTs.

Reference

Random 
sequence 
generation

Allocation 
concealment

Blinding of 
participants and 
personnel

Blinding of 
outcome 
assessment

Incomplete 
outcome data

Selective 
reporting Other

Bernholm 201826 Low Low Unclear Unclear Low Low Low

Calhoun 2012a19 Unclear Unclear Unclear Unclear Low High Unclear

Garg 202027 Low Low Low Unclear Low Unclear Low

Hashimoto 2011a20 Low Unclear High High Low Low Unclear

Heaney 202028 Low Unclear Low Unclear Low Low Low

Honkoop 2014a21 Low Unclear High High Low Low Unclear

Powell 2011a22

Murphy 201931
Low Low Low Low Low Low Unclear

Shaw 2007a23 Unclear Low Low Low Low Unclear Low

Smith 2005a24 Unclear Unclear Low Low Low Unclear Unclear

Syk 2013a25 Unclear Low High High Low Low Unclear

Truong- Thanh 202029 Unclear Unclear Unclear Unclear Low Unclear Low

Wang 201930 Unclear Unclear High Unclear Unclear Unclear Low

aRisk of bias obtained from Petsky et al.
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(A)

(B)

(C)

(D)

(E)

F I G U R E  2  Forest plots and meta- analyses of RCTs comparing FeNO- guided treatment versus usual (symptom guided) treatment in 
adult asthma patients. (A) ≥1 Asthma exacerbation during the study period. (B) Exacerbation rate (number of exacerbations per 52 weeks). 
(C) ≥1 Asthma exacerbation requiring treatment with oral corticosteroids during the study period. (D) Asthma exacerbation requiring 
hospitalization during the study period. (E) Asthma control assessed by Asthma Control Questionnaire (ACQ) at final visit. (F) Quality 
of life assessed by Asthma Quality of Life Questionnaire (AQLQ) at final visit. (G) FEV1% predicted at final visit. (H) Dosage of inhaled 
corticosteroids (in μg/day) at final visit. (I) FeNO value in parts per billion (PPB) at final visit.
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100 μg/day (IQR 0– 600); control: 0 μg/day (IQR 0– 800); p = .8).26 In 
the ninth RCT, the median change in ICS dose showed no change in 
the FeNO- guided group (range 0 to 250 μg/day), and was 125 μg/day 
(range − 250 to 250 μg/day) in the control group (p < .01).20

3.8  |  FeNO values

Nine RCTs reported on FeNO values at final visit, of which six could 
be included in the meta- analysis, but no significant difference was 
found (SMD = −0.07; 95%CI −0.23 to 0.08; GRADE low quality of 
evidence; Figure 2I). In the seventh RCT, a significant difference in 
median FeNO values was found (FeNO group: 15 (IQR 12 to 18); 

control group: 21 (IQR 14 to 29); p = .03).26 In the eighth RCT, no 
significant difference was found (ratio of geometric means = 1.02; 
95%CI 0.87 to 1.19).28 In the ninth RCT, it was reported that the 
increase in FeNO was significantly greater in the control group than 
in the FeNO- guided group (p = .007).19

3.9  |  Subgroups based on asthma severity, asthma 
control, atopic asthma, pregnancy and obesity

Results on subgroup analyses are reported in Data S1— 
Supplementary Material 5. Regarding asthma severity, there are no 
indications that the effectiveness of a FeNO- tailored treatment is 

F I G U R E  2   (Continued)

(F)

(G)

(H)

(I)
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considerably different in studies with patients with mild– - moderate 
asthma patients,19,21,25,27 compared to studies with patients with 
(moderate– )severe asthma,20,28,29 or compared to the other studies 
that included patients regardless of severity. The same applied to 
asthma control, where one RCT only included patients with well- 
controlled asthma only,19 three RCTs only included patients with 
uncontrolled asthma,20,29,30 and two RCTs additionally performed 
a subgroup analysis including only patients with uncontrolled 
asthma.25,28 A single RCT evaluated atopic patients only (they had 
confirmed IgE sensitization to at least one major airborne perennial 
allergen), whereas no RCTs evaluated (subgroups of) non- atopic/
allergic patients only, but results were similar compared to overall 
meta- analysis results. Regarding pregnancy, one RCT only included 
pregnant asthma patients.22 The results from this RCT do not dif-
fer from the other studies, although the effect on exacerbations 
seems to be slightly stronger in this study. Regarding obesity, one 
study compared the effectiveness of FeNO- guided asthma treat-
ment in three subgroups of pregnant asthma patients based on BMI, 
categorized as either not overweight, or overweight, or obese.22,31 
Between subgroups, there were no significant differences in terms 
of women with ≥1 exacerbation, number of hospital admissions, 
AQLQ, FEV1% predicted, dose of ICS or FeNO values.

4  |  DISCUSSION

We performed a systematic review, evaluating the effectiveness 
of FeNO- guided treatment in adult asthma patients, and were able 
to include 12 RCTs covering 2,116 patients. Compared to usual 
(symptom- guided) treatment, the use of FeNO led to a 39% lower 
odds of having ≥1 exacerbation during the study period, a 33% lower 
exacerbation rate and a 0.1 lower ACQ score. However, an effect 
with regard to the number of severe exacerbations requiring OCS 
or hospitalization, quality of life, FEV1% predicted, dosage of ICS 
treatment and FeNO could neither be demonstrated nor rejected. 
The certainty of the evidence according to GRADE was ‘moderate’ 
for the outcomes on exacerbations, and ‘low’ or ‘very low’ for almost 
all other analyses, mainly due to high risk of bias and imprecision of 
effect estimates. Furthermore, we found no indications that the ef-
fectiveness of FeNO- guided treatment depends on asthma severity, 
asthma control, allergy/atopy, obesity or pregnancy, although evi-
dence was limited or absent for most of these subgroups.

Several elements should be taken into account when interpreting 
these findings. There was considerable variation in the reported out-
come measures across RCTs. Because of this, we were only able to 
include a fraction of all available RCTs in most meta- analyses. RCTs 
that could not be included in meta- analysis did not always support 
the findings of the main meta- analyses. For example, only six RCTs 
reported sufficient information to be included in the meta- analysis 
on exacerbation rate, and only three reported sufficient information 
to be included in the meta- analysis on quality of life based on AQLQ. 
Despite a relatively large overall number of RCTs included, there 
was imprecision in the estimated effect size for many outcomes, 

which made it difficult to generate firm recommendations regarding 
the use of FeNO in specific asthma subgroups. Such variations in 
outcome measures can be considered as a substantial source of re-
search waste,32 and this should be harmonized as much as possible 
across future studies.

A closer look at the definitions of an asthma exacerbation used 
in RCTs revealed that this was often a composite measure includ-
ing both mild and severe exacerbations (Data S1— Supplementary 
Material 4). Severe exacerbations requiring OCS treatment and/
or hospitalization were reported as a separate outcome by only a 
few RCTs. Moreover, these outcomes occurred infrequently or not 
at all in these studies, making it difficult to demonstrate or exclude 
an effect. This is unfortunate, as severe exacerbations are likely to 
have more impact than mild ones, in terms of medical consequences 
and healthcare costs. Although a significantly lower ACQ score in 
the FeNO- guided treatment group is reassuring, the difference of 
only 0.1 points compared to usual care is generally considered as 
clinically irrelevant and the 95%CI excludes the minimal clinically im-
portant difference of 0.5 points for ACQ.33

The FeNO- guided treatment protocol differed considerably 
across the included studies, both with regard to cut- offs used, as 
well as to whether or not additional measures of asthma control 
(e.g., ACQ) were incorporated. Despite this heterogeneity, RCT re-
sults were generally consistent for most outcomes. Still, our system-
atic review does not answer the question which protocol is optimal. 
Given the fact that it is unlikely that there is one single cut- off above 
which patients will, and below which patients will not, respond to 
treatment, a two- cut- off protocol seems rational. In the in- between 
group, it may be appropriate to keep medication as it is, and to mon-
itor the patient more closely. Alternatively, the relative change in 
FeNO from the previous measurement could be used, which has the 
advantage of taking into account inter- person differences in FeNO 
levels due to intrinsic and extrinsic factors not related to type 2 
airway inflammation.7 For the same reason, we believe that FeNO 
should ideally not be used as a standalone test to make treatment 
decisions, but should be combined with other simple measures of 
asthma control (e.g., ACQ), as most studies did. Whether addition 
of other noninvasive markers of asthma control that are mechanisti-
cally complimentary, such as blood eosinophils, can further improve 
outcomes is mostly unclear.28,34,35

Over the past years, treatment with biologicals affecting the air-
way inflammatory pathways involved in asthma has rapidly emerged. 
These biologicals are now being used in selected patients with se-
vere asthma that is uncontrolled under conventional treatment.36,37 
FeNO plays an important role in selecting the optimal biological in a 
given patient.7 In addition, large numbers of studies have evaluated 
a potential role of FeNO in asthma care, not only for treatment se-
lection, but also for, for example, diagnosis of (eosinophilic) asthma, 
prediction of asthma outcomes and assessing adherence to treatm
ent.7– 10,34,35,38– 40 Although FeNO has been implemented in clinical 
practice in many healthcare centres worldwide, discussion regarding 
the added value for most of these indications remains.7,8 Our find-
ings provide new evidence to this discussion.
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Compared to the Cochrane systematic review by Petsky and col-
leagues from 2016,12 we were able to almost double the number of 
included RCTs. Our findings confirm that FeNO can have a role in 
the treatment of adult asthma patients, but the added value in the 
general asthma population is likely to be limited. This is in line with 
the recommendations from most clinical guidelines and consensus 
documents, which generally advice against routinely using FeNO to 
monitor disease control in asthma patients, although most acknowl-
edge that this can be considered in selected patients.1,2,7,8 FeNO- 
guided treatment led to a reduction of asthma exacerbations, but a 
(clinically relevant) effect on other outcomes could not be demon-
strated. Therefore, especially asthma patients with type 2 airway 
inflammation and frequent exacerbations may benefit, and future 
studies could focus specifically on the prevention of exacerbations 
in this subgroup of patients. Future studies on FeNO- guided treat-
ment in the general asthma population seem futile, considering the 
large amount of data already available.
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