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Diagnostic accuracy of minimally invasive markers for
detection of airway eosinophilia in asthma: a systematic
review and meta-analysis

Daniél A Korevaar, Guus A Westerhof, Junfeng Wang, Jérémie F Cohen, René Spijker, Peter | Sterk, Elisabeth H Bel, Patrick M M Bossuyt

Summary

Background Eosinophilic airway inflammation is associated with increased corticosteroid responsiveness in asthma,
but direct airway sampling methods are invasive or laborious. Minimally invasive markers for airway eosinophilia
could present an alternative method, but estimates of their accuracy vary.

Methods We did a systematic review and searched Medline, Embase, and PubMed for studies assessing the diagnostic
accuracy of markers against a reference standard of induced sputum, bronchoalveolar lavage, or endobronchial
biopsy in patients with asthma or suspected asthma (for inception to Aug 1, 2014). Unpublished results were obtained
by contacting authors of studies that did not report on diagnostic accuracy, but had data from which estimates could
be calculated. We assessed risk of bias with QUADAS-2. We used meta-analysis to produce summary estimates of
accuracy.

Findings We included 32 studies: 24 in adults and eight in children. Of these, 26 (81%) showed risk of bias in at least
one domain. In adults, three markers had extensively been investigated: fraction of exhaled nitric oxide (FeNO)
(17 studies; 3216 patients; summary area under the receiver operator curve [AUC] 0-75 [95% CI 0-72-0-78]); blood
eosinophils (14 studies; 2405 patients; 0-78 [0-74-0-82)); total IgE (seven studies; 942 patients; 0-65 [0-61-0-69]). In
children, only FeNO (six studies; 349 patients; summary AUC 0-81[0-72-0-89]) and blood eosinophils (three studies;
192 patients; 0-78 [0-71-0-85]) had been investigated in more than one study. Induced sputum was most frequently
used as the reference standard. Summary estimates of sensitivity and specificity in detecting sputum eosinophils of
3% or more in adults were: 0-66 (0-57-0-75) and 0-76 (0-65—0- 85) for FeNO; 0-71 (0-65-0-76) and 0-77 (0-70-0-83)
for blood eosinophils; and 0-64 (0-42-0-81) and 0-71 (0-42-0-89) for IgE.

Interpretation FeNO, blood eosinophils, and IgE have moderate diagnostic accuracy. Their use as a single surrogate
marker for airway eosinophilia in patients with asthma will lead to a substantial number of false positives or false

negatives.

Funding None.

Introduction

Historically, asthma control has been pursued by means
of symptom and lung function monitoring." Although
asthma medications are effective in controlling the
disease in most patients, a minority deteriorates despite
maximum treatment. Non-eosinophilic asthma responds
poorly to corticosteroid therapy, the standard treatment
for suppressing airway inflammation. About half of
patients with asthma seem to be persistently non-
eosinophilic.?

Bronchoalveolar lavage and endobronchial biopsy are
the reference standards for identifying the extent of
eosinophilic airway inflammation, but these tests are
invasive and expensive. Another option is induced
sputum, which has been clinically useful in guiding
asthma treatment.*

A Cochrane review showed that the frequency of
asthma exacerbations is significantly lower in patients in
whom inhaled corticosteroids are tailored based on
sputum eosinophil levels, compared with those in whom
management is based on traditional methods of asthma

monitoring.’ Recent guidelines recommend guiding
treatment in severe asthma by sputum eosinophil counts
in addition to clinical criteria in centres experienced in
using this technique.** Sputum eosinophilia might also
have prognostic value as a marker for persistent airflow
limitation,” deteriorating asthma over time,° and
responsiveness to future therapies specifically targeting
eosinophilic inflammation, such as mepolizumab.’

Unfortunately, sputum induction is time-consuming,
needs experienced laboratory personnel, and many
patients are unable to produce adequate samples. Several
minimally invasive markers of eosinophilic airway
inflammation, such as fraction of exhaled nitric oxide
(FeNO), blood eosinophils, and serum periostin, could
have potential as a surrogate to replace sputum induction,
but their accuracy to distinguish between patients with
and without airway eosinophilia remains controversial.

We did a systematic review and meta-analysis to
obtain summary estimates of the diagnostic accuracy®
of markers for airway eosinophilia in patients with
asthma.
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Methods

Search strategy and selection

A medical information specialist (RS) developed searches
in Medline, Embase, and PubMed without date or
language restrictions (appendix). We included studies if
they had assessed the diagnostic accuracy of one or more
blood, serum, nasal lavage, or exhaled breath markers’
(index test) in detecting airway eosinophilia (target
condition) in patients with asthma or suspected asthma.
Direct airway sampling methods (induced sputum,
bronchoalveolar lavage, or endobronchial biopsy) were
acceptable reference standards, independent of the
threshold for positivity used. We excluded review articles.
The searches were updated until Aug 1, 2014. Two
independent reviewers (DAK, GAW) examined titles and
abstracts of all search results. Full reports of studies that
were considered potentially eligible by at least one of the
reviewers were obtained and independently assessed for
inclusion. Disagreements were resolved by consensus.
One reviewer (DAK) also scanned reference lists of
included articles, and searched trial registries
(ClinicalTrials.gov, Current Controlled Trials, Netherlands
Trial Register, and Australian New Zealand Clinical Trials
Registry) for unpublished or ongoing studies.

To enrich the number of included studies, we also tried
to identify unpublished data by contacting authors of
published studies that had not reported on the diagnostic
accuracy of a marker to detect airway eosinophilia, but
seemed to have data from which accuracy estimates
could be calculated (the “enrichment sample”). Studies
were selected if they had done at least one index test and
one reference standard, as defined above. Such studies
were only eligible if they explicitly distinguished patients
with airway eosinophilia from those without, included at
least an arbitrary number of 50 patients with asthma, and
were published before Jan 1, 2014. We contacted
corresponding authors through email, and asked
whether they were willing to calculate and share
estimates of accuracy or to send their masked dataset.

Data extraction and quality assessment

One reviewer (DAK) did the data extraction, which was
verified by a second reviewer (GAW). We identified the first
author, country, journal, year of publication, recruitment
setting, sample size, and characteristics of included
patients (age, sex, BMI, atopy status, asthma severity, FEV,
% predicted, smoking status, corticosteroid treatment
status). We also extracted the index test(s), reference
standard(s), test positivity thresholds, disease prevalence,
accuracy estimates, and data for 2x2 tables presenting
index test results by reference standard results for each
reported threshold. If 2x2 tables were not reported, we
attempted to reconstruct them from summary estimates
or by contacting corresponding authors through email. If
it appeared from an article that many markers had been
assessed, but diagnostic accuracy data were not reported
for all of them, we contacted authors to obtain these data.
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Two authors (DAK, GAW) independently assessed risk of
bias and applicability concerns using QUADAS-2."

Statistical analysis
Whenever we obtained datasets from studies in the
enrichment sample, we assessed diagnostic accuracy as
follows. First, we estimated the ability of each index test
to discriminate between patients with and without airway
eosinophilia by calculating the area under the receiver
operating characteristic curve (AUC-ROC). Then, we
selected the optimal cutpoint of sensitivity and specificity
on the ROC curve using the Youden index, as has been
done by almost all included diagnostic accuracy studies.
Depending on the reference standard available, we
repeated this analysis for each definition of airway
eosinophilia used in the included studies. Patients with
missing data on the index test or reference standard were
excluded from the analysis for that specific marker. We
analysed datasets using R v3.0.
We analysed studies in children and adults separately. To
get a view of the overall diagnostic performance of each
marker, we did a random effects meta-analysis of AUC
estimates,” independent of the reference standard or
definition of airway eosinophilia that had been used.
Whenever a study reported more than one AUC estimate
for one marker in the same group of patients, for example
because the study relied on many definitions of airway
eosinophilia, we included the highest AUC reported. If a
study reported an AUC estimate in the total study group
and in subgroups, we only included the estimate for the
total study group. However, if a study reported on these
estimates in subgroups only, and not in the total study
group, we included the AUCs of all subgroups. If sufficient
data were available (three or more studies), we repeated
this meta-analysis for studies that had used the same
reference standard and airway eosinophilia definition. We
assessed statistical heterogeneity using the I2 statistic.”
From each collected or reconstructed 2x2 table, we
calculated estimates of sensitivity and specificity and
95% CIs. We used a hierarchical random effects model*
to obtain summary estimates of sensitivity and specificity
for studies that had used the same reference standard
and airway eosinophilia definition. We did so whenever
four or more tables were available. If articles provided
data on direct, head-to-head comparisons of two or more
markers, we assessed whether there were significant
differences in accuracy between markers. Such direct
comparisons ensure that differences in accuracy are not
caused by heterogeneity across study populations. We
used Deeks’ funnel plot asymmetry test to assess risk of
publication bias.” We used SAS v9.2 to fit the models.

Role of the funding source

There was no funding source for this study. The
corresponding author had full access to all the data in the
study and had final responsibility for the decision to
submit for publication.

See Online for appendix
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4284 studies identified

2919 results after deduplication

1784 from Embase
2192 from Medline
308 from PubMed

2567 excluded after two authors independently assessed titles
and abstracts

N

352 potentially eligible articles

285 excluded after two authors independently assessed full-texts
9 letters, viewpoints, editorials, or reviews
16 had no patients with asthma
P 86 did none of the index tests
42 had none of the reference standards
131 had no diagnostic accuracy study
1 had diagnostic accuracy study updated in a later publication

v

v

21 diagnostic accuracy studies

| | 46 potentially eligible for enrichment sample

v

28 excluded

» 20 had sample size <50
4 had same population as included study
4 were published after Jan 1, 2014

A 4

18 corresponding authors contacted

10 did not respond or were unwilling/unable
>
to share data

2 from own department
1 conference poster

3 unpublished by time of searches

-

32 included studies
24 studies in adults
8 studies in children

3 results shared

8 in the enrichment sample
< 5 datasets (partly) shared

Figure 1: Study selection

Studies in adults*

Studies in children*

FeNO

Blood eosinophils
Serum IgE

Serum periostin
Serum ECP
EBCpH

Exhaled VOCs
EBC model

Nasal lavage eosinophils

Studies assessing  AUCs Patients
marker (n) included (n) (n)
17 19 3216
14 14 2405
7 7 942
2 3 204
2 2 174
2 2 96
1 1 18
1 1 53
1 1 130

AUCt (pooled Studies assessing  AUCs Patients AUCT (pooled
95% Cl) marker (n) included (n) (n) 95% Cl)
0-75 (0-72-0-78) 5 349 0-81 (0-72-0-89)
0-78 (0-74-0-82) 3 192 078 (0-71-0-85)
0-65 (0-61-0-69)
0-65 (0-49-0-81)

1 77 0-75%

0-76 (0-63-0-90)
0-98%
0-69%

6
3
0
0
072 (0-64-081) 1
0
0
0
0-88% 0

Detailed information on diagnostic accuracy data for individual studies can be found in the appendix. AUC=area under the receiver operator curve. FeNO=fraction of exhaled
nitric oxide. ECP=eosinophil cationic protein. EBC=exhaled breath condensate. VOCs=volatile organic compounds. *Five different definitions of airway eosinophilia were used
across studies, based on different thresholds for induced sputum, bronchoalveolar lavage, or endobronchial biopsy. tResults based on random effects meta-analysis. tMeta-
analysis not possible as only one study reported on AUC.

Table 1: Overall diagnostic performance of markers for detecting any airway eosinophilia
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TP FP FN TN Threshold Sensitivity Specificity Sensitivity Specificity
(95% Cl) (95% Cl) (95%CI) (95% Cl)
FeNO (ppb) vs induced sputum eosinophils 23%
Lemiere et al (2006)'5* 17 24 4 15 1045 0-81(0:58-0-95) 0-38(0-23-0-55) —.— — .
ten Brinke et al (2001)%* 19 11 6 28 121 0-76 (0-55-0-91) 0-72 (0:55-0-85) —— ——
Hillas et al (2011)16* 10 1 4 25 140  071(0-42-0-92) 0-96 (0-80-1-00) — = —m
Meijer et al (2002)7* 43 8 36 29 1545 0-54(0:43-0-66) 078 (0-62-0-90) —m— — -
Westerhof et al (2014)** 92 66 21 147 2395 0-81(0-73-0-88) 0-69 (0-62-0-75) - -
Yap et al (2013)"* 18 14 3 19 245 0-86 (0-64-0-97) 0-58 (0:39-0-75) —— —
De Carvalho-Pintoetal (2012)** 34 2 19 12 267 0-64 (0-50-0-77) 0-86 (0-57-0-98) —m— —.—
Hastie et al (2013)"* 49 58 27 104 300  0:64(053-0-75) 0.64 (0-56-0-72) — .
Tseliou et al (2010)2* 23 1 22 10 310  051(036-0-66) 0.91(0-59-1-00) — PR
Jiaetal (2012)2F 7 1 26 12 350  0-40(0-25-0-56) 0-92 (0-64-1-00) - — .
Greulich et al (2012)2* 48 14 29 44 350  062(051-073) 0.76 (0-63-0-86) —m —m—
Schleich et al (2013)** 147 59 78 224 410 0-65(0-59-0-72) 0-79 (0-74-0-84) - E 3
T T T T 1 T T T T 1
Blood eosinophils (per pL) vs induced sputum eosinophils 23%
Schleich et al (2013)%* 173 85 52 198 2200  077(0-71-0-82) 070 (0-64-0-75) - -
Liang et al (2012)%6* 84 23 40 45 2200  0-68(0:59-0-76) 0-66 (0-54-0-77) . —.—
Greulich et al (2012)** 58 22 19 36 2300 0-75(0-64-0-84) 0-62(0-48-0-74) — —a—
Westerhof et al (2014)%* 78 32 35 186 260-0 0-69 (0-60-0-77) 0-85 (0-80-0-90) - -
Zhang et al (2014)77* 71 14 14 65 2600  0-84(074-0-91) 0-82(0-72-0-90) . -
Wagener et al (2014)%t 9 2 6 19 2700  0-60(0-32-0-84) 0-90 (0-70-0-99) [ — ——
Meijer et al (2002)7* 58 11 17 26 2850  0.77(0-66-0-86) 0.70(0-53-0-84) — .
Yap et al (2013)"°* 13 8 8 27 3000  062(0-38-0-82) 0-77(0-60-0-90) P — R
Hastie et al (2013)** 52 58 30 114 300-0 0-63(0-52-0-74) 0-66 (0-59-0-73) —— —
Jiaetal (2012)2F 22 2 20 13 3000  0:52(036-0-68) 0-87(0-60-0-98) S — =
ten Brinke et al (2001)°* 18 4 8 33 3150 0-69 (0-48-0-86) 0-89 (0-75-0-97) — . —m
Bacci et al (2006)2%* 35 2 11 11 3200 0-76 (0-61-0-87) 0-85 (0-55-0-98) — . —
T T T T 1 T T T T 1
Blood eosinophils (%) vs induced sputum eosinophils =3%
Zhang et al (2014)7* 78 19 7 60 27  092(0:84-0-97) 076 (0-65-0-85) - .
Schleich et al (2013)* 169 75 56 208 30  075(0-69-0-81) 073 (0-68-0-79) - -
Bacdi et al (2006)2* 37 4 9 9 345 080(0:66-0-91) 0-69(0-39-0-91) —m— ——
Choi etal (2012)»* 21 15 13 28 455  0-62(0-44-0-78) 0-65(0-49-0-79) —— ——
Meijer et al (2002)7* 43 4 32 33 58 0-57 (0-45-0-69) 0-89 (0-75-0-97) —— —
T T T T 1 T T T T 1
IgE (IU/mL) vs induced sputum eosinophils 23%
Westerhof et al (2014)%* 75 70 40 147 720 0-65 (0-56-0-74) 0-68 (0-61-0-74) —, -
Jiaetal (2012)5t 23 2 19 13 1000  0-55(0-39-0-70) 0-87 (0-60-0-98) J—— [
Meijer et al (2002)7* 65 23 13 14 1030  0-83(073-0:91) 0-38(0-22-0-55) . -
ten Brinke et al (2001)°* 18 15 8 23 1125 0-69 (0-48-0-86) 0-61(0-43-0-76) — . — .
Choi et al (2012)* 23 20 11 23 1465  0.68(0-49-0-83) 053 (0-38-0-69) [ — S —
Yap et al (2013)"%* 6 2 15 31 9000  029(011-0-52) 0.94(0-80-0-99) | ——— —m
0 0-‘2 0I~4 0!6 0!8 1-‘0 0 0!2 0~I4 0~I6 O-IS 1!0

Figure 2: Forest plots for detection of sputum eosinophils of 3% or more in adults
Fraction of exhaled nitric oxide (FeNO), blood eosinophils, and IgE for detection of sputum eosinophils of 3% or more in adults. Studies are ordered by threshold.
TP=true positive. FP=false positive. FN=false negative. TN=true negative. ppb=parts per billion. *Threshold based on optimal cutpoint between sensitivity and
specificity on receiver operating characteristics curve. tThreshold selection arbitrary, based on results from previous studies, or unknown.

Results

The searches retrieved 2919 unique records, all of them
providing titles or abstracts in English language. Among
these, we found 21 eligible diagnostic accuracy studies
(figure 1). Another 18 studies fulfilled the eligibility
criteria for the enrichment sample. Contacting the
authors of these studies led to eight additional
inclusions. We also included data from two studies from
our own department, and one more identified through a

www.thelancet.com/respiratory Vol 3 April 2015

conference poster. No additional studies were identified
by scanning reference lists and searching trial registries.
Overall, we included 24 studies done in adults, and
eight in children (appendix).

Detailed characteristics of included studies are provided
in the appendix. All studies used a single set of inclusion
criteria (cohort studies) and the number of patients
included in the analysis of diagnostic accuracy varied
from 24 to 566 in adults, and from 27 to 150 in children.
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Blood eosinophils (per pL) vs induced sputum eosinophils =2%

Westerhof et al (2014)%* 95 39 38 159 2100 0-71(0-63-0-79)
McGrath et al (2012)* 74 80 29 178 2200  0.72(0-62-0-80)
Hastie et al (2013)%* 56 56 39 103 300-0 0-59 (0-48-0-69)
ten Brinke et al (2001)°* 19 3 10 31 3150  0-66(0-46-0-82)
Bacci et al (2006)2%* 36 1 11 11 3200  077(0-62-0-88)

Meijer et al (2002)7* 43 1 39 29 4150  052(0-41-0-64)
Blood eosinophils (%) vs induced sputum eosinophils 22%
Bacci et al (2006)28* 38 3 9 9 345 0-81(0-67-0-91)

Meijer et al (2002)7* 46 2 36 28 576 056 (0-45-0-67)

IgE (IU/mL) vs induced sputum eosinophils 2%

Westerhof et al (2014)%* 82 63 53 134 720 0-61 (0-52-0-69)
Meijer et al (2002)7* 71 17 14 13 1030  0-84(0:74-0-91)
ten Brinke et al (2001)°* 19 14 10 21 1125 0-66 (0-46-0-82)
Hastie et al (2013)*** 61 59 31 92 1200  0-66(0-56-0.76)

TP FP  FN TN Threshold Sensitivity Specificity Sensitivity Specificity

(95% C1) (95% C1) (95% C1) (95% C1)
FeNO (ppb) vs induced sputum eosinophils =2%
Lemiere et al (2006)"* 21 20 5 14 1045 0-81(0-61-0-93) 0-41(0-25-0-59) —— ——
ten Brinke et al (2001)°* 20 9 8 26 121  072(0-53-0-87) 0-74(0-57-0-88) — —a—
Meijer et al (2002)7* 45 6 41 24 1545 052(0-41-0-63) 0-80(0-61-0-92) —m— JR——
McGrath et al (2012)** 165 134 92 365 200  0-64(0-58-0-70) 073 (0-69-0-77) - =
Westerhof et al (2014)* 104 54 29 139 2395 0-78(0:70-0-85) 0-72(0-65-0-78) — -
DeCarvalho-Pintoetal (2012)°* 34 2 25 6 267  0-58(0-44-0-70) 0-75(0-35-0-97) — . - =
Hastie et al (2013)"** 58 49 31 100 300  0-65(0-54-0-75) 0-67(0:59-0-75) —i— —
Ibrahim et al (2011)3°* 4 1 4 9 491  050(016-0-84) 0-90 (0-55-1.00) RN —
Silkoff et al (2005)3* 5 0 4 13 729  056(0-21-0-86) 1.00(0-75-1-00) —_— . —a

0-80 (0-74-0-86) =
069 (0-63-075) —

0-65 (0-57-0-72) -

0-91(0:76-0-98) N — .
0-92 (0-62-1-00) — .

0-97 (0-83-1-00) T

075 (0-43-0-95) —i— ——
093 (0:78-0-99) —— —i

0-68 (0-61-0-74) —m- B
0-43(0-25-0-63) — —a—
0-60 (0-42-076) PR — [ —
0-61(0:53-0-69) —— -

T T T T 1 T T T T 1
02 04 06 08 10 02 04 06 08 10

Figure 3: Forest plots for detection of sputum eosinophils of 2% or more in adults
FeNO, blood eosinophils, and IgE for detection of sputum eosinophils of 2% or more in adults. Studies are ordered by threshold. TP=true positive. FP=false positive.

FN=false negative. TN=true negative. ppb=parts per billion. *Threshold based on
characteristics curve.

The mean or median age ranged from 27.0 years to
59-8 years in adults, and from 6-8 years to 13-0 years in
children. In all cases, study participants had been
recruited in secondary care or tertiary care facilities and
both males and females had been included. Studies in
adults included patients with asthma of varying severity:
mild-moderate (four studies, 17%), mild-severe (four
studies, 17%), moderate-severe (four studies, 17%), severe
(five studies, 21%), or not reported (seven studies, 29%).
In children, asthma severity was mild (one study, 13%),
mild-severe (one study, 13%), moderate-severe (one study,
13%), severe (two studies, 25%), or not reported (three
studies, 38%). In adults, 12 studies (50%) included
current non-smokers only, one study (4%) current
smokers only, and 11 studies (46%) included both.

Two studies in adults (8%) assessed corticosteroid
(inhaled or oral) untreated patients only, 11 studies (46%)
assessed corticosteroid treated patients only, and
11 studies (46%) included both treated and untreated
patients. In children, these numbers were one study
(13%), three studies (38%), and four studies (50%),
respectively. There were large between-study differences
in atopy and asthma severity status.

optimal cutpoint between sensitivity and specificity on receiver operating

In adults, 21 studies (88%) used only sputum as the
reference standard, whereas two studies (8%) used
sputum and endobronchial biopsy, and one study (4%)
used bronchoalveolar lavage and endobronchial biopsy.
In children, sputum was the reference standard in four
studies (50%), bronchoalveolar lavage in two studies
(25%), bronchoalveolar lavage and endobronchial biopsy
in one study (13%), and sputum, bronchoalveolar lavage,
and endobronchial biopsy in one study (13%).

Detailed results of the QUADAS-2 assessment are
provided in the appendix. All but six studies (81%) showed
risk of bias in at least one domain, often because
thresholds for index test positivity had not been predefined
(21 studies, 66%), or because more than 10% of the
patients had been excluded because of missing reference
standard results (14 studies, 44%). Additionally, methods
for patient sampling (22 studies, 69%) or masking of the
index test (20 studies, 63%), or masking of the reference
standard (18 studies, 56%) were often unclear.

All diagnostic accuracy data for markers and reference
standards are summarised in the appendix. Results of
meta-analyses of AUC estimates are presented in table 1,
with detailed results in the appendix.
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Figure 4: Summary receiver operating characteristics curve for detecting sputum eosinophils of 3% or more in adults, and 2-5% or more or 3% or more in

children

(A) FeNO (ppb) in adults, (B) blood eosinophils (per pL) in adults, (C) IgE (IU/mL) in adults, and (D) FeNO (ppb) in children. Each open circle is the result from a single
study. Closed circles are summary estimates. Dotted ellipses are 95% confidence regions around summary estimates. ppb=parts per billion.

In adults, five different definitions of airway
eosinophilia had been used across studies, most often
based on sputum eosinophils of 2% or more, or 3% or
more. The prevalence of eosinophilia ranged from 20%
to 88%. We obtained diagnostic accuracy data for nine
markers, but only FeNO, blood eosinophils, total IgE,
serum periostin, serum eosinophil cationic protein,
and exhaled breath condensate pH had been
investigated in more than one study (table 1). When we
pooled data, independent of which reference standard
or airway eosinophilia definition had been used, the
summary AUC of these markers never exceeded 0-78.

www.thelancet.com/respiratory Vol 3 April 2015

We found substantial heterogeneity in most analyses
(appendix).

FeNO (17 studies, 3216 patients), blood eosinophils
(14 studies, 2405 patients), and IgE (seven studies,
942 patients) have been investigated in more than two
studies, with pooled AUC estimates of 0-75 (95%
CI 0-72-0-78), 0-78 (0-74-0-82), and 0-65 (0-61-0-69),
respectively. We repeated these meta-analyses for studies
that had used sputum eosinophil values of 3% or more
and 2% or more as the definition of airway eosinophilia
(appendix), but the summary AUCs were barely affected:
0-74 (95% CI 0.70-0-78) and 0-73 (0-68-0-77),
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Sputum eosinophils 23%

Sputum eosinophils =2%

FeNO=fraction of exhaled nitric oxide. ppb=parts per billion.

Studies  Patients  Sensitivity (95% Cl)  Specificity (95% Cl) ~ Studies  Patients  Sensitivity (95% Cl)  Specificity (95% Cl)
(n) (n) () (n)
FeNO (ppb) 12 1720 0-66 (0-57-0-75) 076 (0-65-0-85) 9 1667 0-65 (0-55-0-74) 0-75 (0-62-0-84)
Blood eosinophils (per 12 1967 0-71(0-65-076) 077 (0-70-0-83) 6 1180 0-66 (0-56-0-75)  0-83(0-62-0-94)
L)
Blood eosinophils (%) 5 920 0-76 (0-52-0-90) 074 (0-67-0-80) 2 171 -
Serum IgE (IU/mL) 6 699 0-64 (0-42-0-81) 071 (0-42-0-89) 4 754 0-63(036-0-84) 059 (0-37-0-79)

Table 2: Summary estimates of sensitivity and specificity for detecting sputum eosinophilia in adults

TP FP  FN TN Threshold Sensitivity Specificity Sensitivity Specificity
(95% C1) (95%Cly (95%Cl) (95%Cly
Sivanetal (2009)%* 76 9 17 48 180 0-82(0-72-0-89)  0-84 (0-72-0-93) . .
Lex etal (2005)+ 6 17 0 5 230 1.00 (0-54-1-00)  0-23 (0-08-0-45) —u | —e—
Lex et al (2006)*F 3 7 2 11 230 0-60 (0-15-0-95)  0-61 (0-36-0-83) - B [ —
Flemingetal (2013)*t 22 11 16 30 350 0-58 (0-41-0.74) 073 (0-57-0-86) —— ——
Toyranetal (2014)* 4 0 11 23 498 0-27(0-08-0-55)  1:00 (0-85-1-00) | —@— —m
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Figure 5: Forest plots for detection of sputum eosinophils of 2-5% or more, or 3% or more in children
FeNO for detection of sputum eosinophils of 2-5% or more, or 3% or more in children. Studies are ordered by threshold. TP=true positive. FP=false positive. FN=false
negative. TN=true negative. *Threshold based on optimal cutpoint between sensitivity and specificity on receiver operating characteristics curve. tThreshold

selection arbitrary, based on results from previous studies, or unknown.

respectively, for FeNO; 0-78 (0-73-0-83) and 0-78
(0-73-0-83) for blood eosinophils; and 0.63 (0-57-0-69)
and 0-66 (0-62-0-70) for IgE.

Periostin showed promising performance in one study
(AUC 0-84), but these results were not replicated in a
second study (AUC 0-55).* Nasal lavage eosinophils
(AUC 0-88) and a model based on exhaled volatile
organic compounds (AUC 0-98) showed high accuracy,
but were only investigated in single studies (table 1).

Three studies reported combinations of markers, but
none of these showed a significant improvement in the
diagnostic accuracy compared with single markers (data
not shown).

Comparisons between published and unpublished
diagnostic accuracy data for FeNO, blood eosinophils,
and IgE are shown in the appendix. Adding unpublished
data led to a substantial increase in precision, but did not
affect summary estimates of AUCs.

Sufficient data in adults (four or more studies) to do
the meta-analysis of sensitivity and specificity for studies
that used the same airway eosinophilia definition, were
only available for induced sputum as the reference
standard. Forest plots of FeNO, blood eosinophils, and
IgE for detecting sputum eosinophil values of 3% or
more and 2% or more are presented in figures 2 and 3,
with summary ROC curves given in figure 4. Almost all
studies had used the optimal cutpoint of sensitivity and
specificity on the ROC curve to define the positivity
threshold of the markers. These thresholds varied
widely. For example, the optimal threshold for FeNO to
detect sputum eosinophils of 3% or more ranged from
10 to 41 parts per billion (ppb).

Summary estimates of sensitivity and specificity of
FeNO, blood eosinophils, and IgE for detecting sputum
eosinophils of 3% or more and 2% or more, obtained by
meta-analysis, are presented in table 2. Sensitivity ranged
from 0-63 to 0-76, and specificity ranged from 0-59 to
0-83. When pooling direct comparisons, FeNO was
significantly more accurate than IgE in detecting sputum
eosinophils of 2% or more (four studies; p=0-025), but
not in detecting sputum eosinophils of 3% or more (five
studies; p=0-34). Pooling of other direct comparisons
(FeNO vs blood eosinophils and IgE vs blood eosinophils)
showed no significant differences (data not shown).

Statistical testing for funnel plot asymmetry showed no
evidence of publication bias (appendix). Forest plots of
sensitivity and specificity of FeNO, blood eosinophils,
and IgE for detecting sputum eosinophilia in subgroups
based on smoking, treatment, and asthma severity status
are shown in the appendix. Also in these subgroups,
positivity thresholds of the markers varied considerably
at the optimal cutpoint of sensitivity and specificity.

In children, five different definitions of airway
eosinophilia had been used across studies, most often
based on sputum eosinophil values of 2-5% or more
(appendix). The prevalence of eosinophilia ranged from
21% to 81%. The diagnostic accuracy was assessed for
three markers; two of them in more than one study
(table 1): FeNO (six studies, 349 patients) and blood
eosinophils (three studies, 192 patients) had pooled AUC
estimates of 0-81 (95% CI 0-72-0-89) and 0-78
(0-71-0-85), respectively.

For children, the summary ROC curve and forest plot
of FeNO for detecting sputum eosinophils of
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2-5% or more, or 3% or more are presented in figures 4
and 5. Summary estimates of accuracy based on five
studies (318 patients) were 0-72 (95% CI 0-24-0-95) for
sensitivity and 0-77 (0-20-0-98) for specificity, again
without evidence of publication bias (appendix).

Discussion

We systematically reviewed studies on the diagnostic
accuracy of minimally invasive markers for detecting
airway eosinophilia in asthma. In adults, FeNO, blood
eosinophils, and total IgE have been extensively
investigated, but their ability to distinguish between
patients with and without airway eosinophilia is
restricted, with summary estimates of AUC, sensitivity,
and specificity never exceeding 0-8. Other markers, such
as volatile organic compound analysis, were reported to
be more accurate in single studies, but these results have
not yet been replicated. Studies in children are scarce,
but findings for FeNO and blood eosinophils are
comparable with those in adults.

Several considerations deserve attention. Almost all
studies showed risk of bias. These sources of bias are
likely to overestimate diagnostic accuracy,” which would
mean that the extracted accuracy estimates, although
usually moderate, might be even too optimistic.
Suboptimal reporting, a common phenomenon for
diagnostic accuracy studies,” often withheld us from a
proper assessment of risk of bias.

Failure to publish is a common phenomenon in
diagnostic accuracy studies.* We aimed to reduce the risk
of publication bias by searching trial registries, and by
contacting authors of published studies that seemed to
have data from which accuracy estimates could be
calculated. This approach was successful. More than one-
third of the included results were unpublished at the time
of our searches. However, this approach also has its
limitations. First, only a minority of diagnostic accuracy
studies are registered.” Second, most of the included
unpublished data came from studies that were, at least
partially, reported and had included at least 50 patients.
These studies might differ from smaller studies, or those
that do not get published at all. Though we did not see any
differences between accuracy estimates obtained from
published and unpublished data (appendix) and we
recorded no funnel plot asymmetry (appendix), we cannot
completely exclude the possibility of reporting bias. Drivers
of non-publication are unknown in diagnostic research,
but it is likely that studies with lower accuracy estimates
have lower chances of getting published than those with
higher accuracy estimates. Should this be the case, this
might have led to further overestimations of accuracy.

Overall, nine different definitions of airway eosinophilia
were used across studies, based on different thresholds
for eosinophilia in induced sputum, bronchoalveolar
lavage, and endobronchial biopsy. These three airway
compartments do not show strong correlations with
regard to eosinophil counts.® Although the diagnostic
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accuracy of markers can vary across different eosinophilia
definitions, we noted that the summary AUCs were stable
when comparing studies using any definition of airway
eosinophilia, sputum eosinophils of 3% or more, or
sputum eosinophils of 2% or more. There was also
substantial heterogeneity in the study population and test
methods. Some studies only included smokers, for
example, whereas others only included non-smokers, and
at least four different FeNO measurement devices were
used. Many studies analysed both patients with childhood
and adult onset asthma. In the latter group, distinguishing
asthma from COPD and asthma-COPD overlap
syndrome can be problematic. The accuracy of markers
can vary across these different subgroups. The prevalence
of airway eosinophilia also differed substantially across
studies. Diagnostic accuracy typically varies with clinical
setting, context, and prevalence. Although the results
from the individual studies show substantial
heterogeneity, we felt it was safe to draw conclusions
because AUCs for FeNO, blood eosinophils, and IgE
consistently reflected moderate accuracy.

Combining markers with other clinical features in a
prediction model is likely to improve diagnostic accuracy
compared with single markers, but this has not been
sufficiently investigated yet. All but three studies only
reported on accuracy estimates of single markers. Since
we did not have individual patient data, we were unable
to further analyse the incremental value of combining
markers.

The most robust evidence for the clinical value of
detecting airway eosinophilia comes from a Cochrane
review that showed the frequency of asthma exacerbations
can be significantly reduced when tailoring inhaled
corticosteroids on sputum eosinophilia.’ For a marker to
be able to replace induced sputum in this context,
sensitivity and specificity should probably be at least 90%,
so that at most 10% of all patients will be misclassified
and, potentially, subjected to inappropriate clinical
decisions. Our analysis shows that there are no single
markers available with a large enough documented
accuracy to fulfil these criteria. However, recent guidelines
recommending the use of sputum eosinophil counts in
severe asthma, acknowledge that the quality of evidence is
very low."* Additionally, they do not recommend sputum-
guided treatment in the general asthma population. Some
of the markers assessed in this review on their own might
have better potential in managing asthma than sputum
eosinophil counts. This fact is shown by a recent study in
which volatile organic compound analysis predicted
corticosteroid responsiveness with greater accuracy than
sputum eosinophils,” and by another study that showed
good response to mepolizumab in patients with severe
eosinophilic asthma as measured by blood eosinophils.”
The latter study draws attention to the accumulating
evidence for the potential role of blood eosinophils as a
predictor of responsiveness to novel targeted therapies
against eosinophilic airway inflammation.”
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Moderate accuracy does not necessarily make the
investigated markers useless. Markers can also be
applied in a triage setting, for example, for ruling-out
(high sensitivity required) or ruling-in (high specificity
required) airway eosinophilia. In the case of high
specificity, for example, those with a positive test result
would be considered as eosinophilic, whereas those with
a negative test result would need to undergo further
testing (eg, sputum induction) because of a large number
of false negatives due to a low sensitivity. Most included
studies only reported on the optimal cutpoint between
sensitivity and specificity, based on the Youden index.
When a marker is not sufficiently accurate to replace the
existing test, this optimal cutpoint is clinically not very
practical because both sensitivity and specificity are
typically suboptimal at this cutpoint. Therefore, it does
not inform the reader about the ability of the marker to
rule-in or rule-out airway eosinophilia. Furthermore,
data-driven selection of an optimal cutpoint leads to over-
optimistic estimates of sensitivity and specificity.” It
could be more informative to report on sensitivity at a
fixed high specificity (eg, 95%), or the other way around.

An American Thoracic Society guideline on the
interpretation of FeNO for clinical applications strongly
“recommends the use of FeNO in the diagnosis of
eosinophilic airway inflammation”.® It also strongly
“recommends that low FeNO less than 25 ppb (20 ppb in
children) be wused to indicate that eosinophilic
inflammation and responsiveness to corticosteroids are
less likely”, “that FeNO greater than 50 ppb (35 ppb in
children) be wused to indicate that -eosinophilic
inflammation and, in symptomatic patients, respon-
siveness to corticosteroids are likely”, and “that FeNO
values between 25 ppb and 50 ppb (20-35 ppb in children)
should be interpreted cautiously and with reference to the
clinical context”. Our results challenge this concept. At
FeNO thresholds below 25 ppb sensitivity ranges from
0-52 to 0-86 in adults (appendix). This finding means
that of every 100 patients with asthma with airway
eosinophilia tested by FeNO, up to 48 would be falsely
considered as not having airway eosinophilia, and
effective treatment might be withheld from them. In
children, sensitivity for FeNO thresholds below 20 ppb
ranges from 0-75 to 0-82, showing that up to 25 of every
100 patients with airway eosinophilia would be false
negatives. Although these thresholds might be relevant in
specific subgroups of asthma, these findings show that
FeNO results should be interpreted with much more
caution in the general asthma population than
recommended by the American Thoracic Society.

It is not surprising that the markers assessed in our
review generally were moderately accurate. The
underlying biological mechanisms determining airway
eosinophil counts are substantially different from those
of some of the investigated markers.* Several studies
also showed significant variability in blood eosinophils®
and IgE* in the same patients with asthma over short

periods of time. Some patients with asthma were shown
to have persistently raised FeNO concentrations, not
suppressed by corticosteroid treatment, and not
reflecting raised sputum eosinophils.” Corticosteroid
treatment significantly affects FeNO, blood eosinophils,
IgE, and sputum eosinophils,® but the relative
magnitude of this effect could vary across markers.
Diagnostic accuracy might therefore be affected by
treatment status. Also, many other factors, such as age,
sex, reflux disease, smoking, and atopy, have been
shown to affect FeNO concentrations.® This effect
might also be the case with other markers and further
compromises the identification of an accurate
minimally invasive test for airway eosinophilia.

Similar reproducibility problems could apply to the
reference standard and target condition. Although some
studies showed that a threshold of 3% for sputum
eosinophils is reproducible over time,” others found the
phenotypic classification of asthma to change frequently,
both spontaneously and in response to treatment.”
Longitudinal studies that examined sputum cell counts
in successive exacerbations found substantial hetero-
geneity in the type of inflammation within the same
individuals.” Consequently, a diagnosis of eosinophilic
asthma based on a single sputum sample might be
questionable.

Based on our findings, we discourage the use of FeNO,
blood eosinophils, or IgE as single surrogate tests for
detecting airway eosinophilia in asthma. Our meta-
analyses show that, at the optimal cutpoint, sensitivities
and specificities of these markers for detecting sputum
eosinophilia are moderate, and their use would lead to
many false positives or false negatives. Future research
will mainly need to focus on whether these markers can
be applied as rule-in or rule-out tests, whether markers
that were poorly investigated or clinical prediction
models incorporating many markers together with other
clinical data are more accurate, perhaps in specific
settings or subgroups, and whether these markers on
their own merits have potential in managing asthma.® A
next step could be an extensive individual patient data
project, combining existing datasets from observational
asthma studies in which both clinical features, minimally
invasive markers, and one or more reference standards
for airway eosinophilia were assessed. Thresholds for
ruling-in and ruling-out airway eosinophilia based on
individual markers can then be reliably defined, and an
optimal multivariable clinical prediction model can be
developed. The clinical value of these findings can
subsequently be investigated in terms of, for example,
response to therapy or the reduction of exacerbations.
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