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Abstract
Background Recent guidelines for the diagnosis of asthma in schoolchildren recommend the measurement
of exhaled nitric oxide fraction (FENO) as part of the diagnostic algorithm. However, implementation may
be hampered by the lack of FENO devices that are affordable and usable in all healthcare settings. We
aimed to compare the performance of two portable FENO devices (Evernoa (EVE) and NObreath (NOB))
to a stationary “gold standard” device (CLD 88 sp (CLD)) in children.
Methods 106 children aged 6–17 years under investigation or monitoring for asthma underwent FENO

measurements using the three devices in randomised order.
Results All devices showed high repeatability across a wide FENO range (2.5–191.9 ppb). Median
(interquartile range) FENO levels were significantly lower with the portable devices (20.8 (9.5–43.5),
16 (9–36) and 22.8 (13.2–55.2) ppb for NOB, EVE and CLD, respectively; p<0.0001). Despite the
proportional bias (−20% (NOB) and −40% (EVE)), both portable devices demonstrated good overall
agreement with CLD (>94%) at a cut-off level of 25 ppb but lower agreement for a cut-off of 35 ppb. EVE
required a greater number of attempts compared to NOB and CLD to achieve two valid measurements.
Conclusions Both portable devices showed limited interchangeability with the gold standard, making them
less applicable for research and disease monitoring purposes. However, good overall agreement at the
European Respiratory Society cut-off level (25 ppb) suggests potential as a simple and convenient
screening tool in clinical settings for initial asthma diagnosis.

Introduction
Asthma is a frequent and heterogeneous chronic disease [1] characterised by airway inflammation,
reversible airway obstruction and bronchial hyperreactivity [2]. Because obstructive respiratory symptoms
are very frequent and non-specific, without objective tests asthma misdiagnosis occurs in up to 50% of
children presenting asthma-like symptoms [3–7]. Recent guidelines recommend objective tests, including
spirometry and the measurement of exhaled nitric oxide fraction (FENO), in all schoolchildren with
suspected asthma, as part of the diagnostic workup [2, 8]. Based on moderate evidence, the European
Respiratory Society (ERS) clinical practice guidelines for the diagnosis of asthma in children aged
5–16 years recommend a FENO value ⩾25 ppb in a child with asthma symptoms as supportive of a
diagnosis of asthma (ERS cut-off ) [2], whereas the UK National Institute for Health and Care Excellence
(NICE) guideline recommends a FENO value ⩾35 ppb as a positive test (NICE cut-off ) [8]. For these
guidelines to be successfully implemented in all healthcare settings, relevant barriers have to be taken into
consideration. One important barrier is the availability and affordability of FENO devices. The cost of
stationary devices can be up to 16 times higher than that of portable devices (see supplementary material
for the exact cost structure). As a result, stationary devices are currently restricted to specialist care and, in
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some less affluent countries, are not even accessible in certain tertiary care settings. The availability of
easy-to-use and inexpensive devices is a requirement for broader use of FENO measurements and hence
proper asthma diagnosis in primary and secondary care settings. Most of the evidence for FENO as part of
the asthma diagnosis algorithm derives from measurements with chemiluminescence devices [2], which are
expensive, bulky and not suitable for broad use. A recent ERS technical standard on Global Lung Function
Initiative (GLI) reference values for FENO concluded that due to different devices and protocols, available
FENO data were too variable to develop a single reference equation [9]. The authors underscored the need
for further standardisation of such devices [9]. More portable devices are coming to market, but the data
suggest that these devices are not interchangeable, and it is often unclear how they perform in clinical
practice over a full range of exhaled NO concentrations. It is important not only to assess their precision
around the cut-offs proposed by the recent guidelines but also the applicability of the measurement setups
over the full age range of children between 5 and 16 years. Until now, however, there were limited and
mixed results in the literature, with some studies demonstrating high correlation of FENO levels between the
methods [10–16], while others report differences up to 60% in FENO readings between more affordable and
“gold standard” methods [17–23]. Additionally, most research focused on the adult or mixed population,
with rather limited data on paediatric applications.

In this study we aimed to compare the performance of two novel electrochemical-based portable FENO

analysers with a well-established stationary chemiluminescence analyser as the reference device. Data were
collected in a real-world clinical setting with a population consisting exclusively of paediatric patients.
Specific emphasis was given to the FENO cut-off levels for asthma diagnosis defined by the recent guidelines.

Methods
Participants
Between September 2022 and July 2023, a consecutive cohort of 142 children under investigation for
asthma, monitoring of their asthma or allergies, was recruited at the respiratory outpatient clinics of the
University Children’s Hospital Zurich, Zurich, Switzerland. The study was approved by the cantonal ethics
committee (KEK 2022-D0043) and written informed consent was obtained for each participant by the
legal representative and, where appropriate, from the child. Clinical and demographic characteristics were
collected at the time of assessment. Allergy was defined by demonstrating a positive skin prick test and/or
specific IgE. Asthma was defined according to the current international guidelines [2].

FENO measurements
Children underwent FENO measurements using a single-breath online technique at an expiratory flow of
50 mL·s−1 with the following devices: CLD 88 sp (CLD) (Eco Medics, Duernten, Switzerland), Evernoa
(EVE) (Eversens, Pamplona, Spain) and NObreath (NOB) (Bedfont, Maidstone, UK). To minimise any
potential bias related to the sequence of device usage, we randomised the order in which the devices were
used for each subject. Two-point calibration was made daily for the CLD analyser, while the NOB and
EVE analysers were pre-calibrated. Prior to each measurement the environmental NO level was measured
using the corresponding device. FENO measurements were performed in the sitting position by qualified
lung function personnel and were completed within a 30-min window during the child’s visit at the clinic.
The measurements were conducted at various times throughout the day between 08:00 and 19:00,
reflecting real-world conditions. For every assessment, two technically acceptable measurements were
acquired according to the latest American Thoracic Society (ATS)/ERS guidelines [24]. Exhaled NO levels
of each of the two measurements were recorded and their mean calculated per device for subsequent
analysis. If two acceptable measurements were not achieved within a maximum of eight attempts on each
device, the measurement was considered as failed and not included in the analysis. Standard mode was
used on the two portable devices as recommended by the manufacturer, resulting in a 12-s exhalation
duration for the NOB device and a 10-s duration for the EVE device. Exhalations on the CLD device were
conducted until reaching a NO plateau of 2 s for subjects aged <12 years and a NO plateau of 3 s for
subjects aged ⩾12 years. These procedures align with the operating instructions for the devices and the
latest ATS/ERS guidelines [24]. To prevent room air containing NO in the exhalations, subjects inhaled
NO-free air through a mouthpiece (Denox 88; Eco Medics) for the CLD device. For NOB and EVE, the
dead space portion of the exhaled air was automatically subtracted by the devices. Each device had an
exhalation flow control with audio and/or visual feedback to maintain flow rates at 50±5 mL·s−1.
Spirometry and other diagnostic procedures were always conducted after the measurements of FENO.

Statistical analysis
Continuous variables were summarised as medians and interquartile ranges (IQRs) unless otherwise stated,
while categorical variables were reported as counts or relative frequencies. Spearman’s rank correlation
coefficient was used to assess the association between FENO levels measured by NOB and CLD as well as
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EVE and CLD. The Wilcoxon signed-rank test was applied to compare FENO levels between the portable
devices and CLD. The agreement between NOB and CLD and between EVE and CLD was assessed using
Bland–Altman plots [25] and Passing–Bablok regression [26]. Bland–Altman plots compared the means of
the two methods on the x-axis with the differences between the two methods (NOB–CLD and EVE–CLD)
on the y-axis. Passing–Bablok regression was used to estimate slope and intercept, capturing both
proportional and systematic differences between the methods. Systematic bias was defined if the 95%
confidence interval of the intercept did not contain the value 0 and proportional bias was defined if the
95% confidence interval of the slope did not contain the value 1. The applicability of the Passing–Bablok
procedure was verified using the Cusum test. Furthermore, the ERS [2] and NICE [8] recommended FENO

cut-off limits for asthma diagnosis in children (25 and 35 ppb, respectively) were introduced as categorical
variables (</⩾25 and </⩾35 ppb, respectively) for calculating positive percent agreement (PPA), negative
percent agreement (NPA) and overall agreement between the methods. Internal consistency of repeated
measurements for each instrument was assessed using intraclass correlation coefficients (ICCs) [27]. The
success rate to achieve valid measurements was calculated and, among valid measurements, the efficiency
on each device to achieve acceptable measurements was evaluated. Only participants with valid
measurements from all three devices were included in the analysis. All data were analysed using R version
4.3.2 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Of the 142 subjects recruited, 106 (75%) successfully completed measurements on all three devices. 30
(21%) individuals were unable to achieve two acceptable measurements on one of the three devices, with
the majority of the failed measurements (21 out of 30) associated with the EVE device. Additionally, six
subjects needed to be excluded due to technical issues with the instruments. Baseline characteristics of the
population included in the analysis (n=106) are presented in table 1.

FENO levels spanned a wide range of values from 2.5 to 191.9 ppb. There was a high level of repeatability,
with mean±SD ICCs of 0.98±4.60 for NOB, 0.99±1.72 for EVE and 0.99±3.39 for CLD.

Spearman’s rank correlation coefficients revealed strong positive associations between the FENO levels
measured by the portable devices and the CLD reference device (NOB: r=0.961; EVE: r=0.972; both
p<0.0001). The median (IQR) concentrations were 20.8 (9.5–43.5) ppb for NOB, 16 (9–36) ppb for EVE
and 22.8 (13.2–55.2) ppb for CLD. Both portable devices showed significantly lower FENO values
compared to CLD (Wilcoxon signed-rank test, p<0.0001) (figure 1a and 1b). Similarly, the trellis plot
[28], illustrating the individual FENO measurements for each device and subject, revealed a noticeable
separation between the CLD and handheld devices, particularly at higher FENO values (figure 1c).

The Cusum test for linearity confirmed the applicability of the Passing–Bablok regression for both portable
devices (p>0.05). Analysis using the coefficients of Passing–Bablok regression revealed the presence of
proportional bias (figure 2a and b). More precisely, both portable devices exhibited slopes significantly
lower than 1 (NOB 0.8 (95% CI 0.73–0.86) and EVE 0.61 (95% CI 0.56–0.65)), showing that as the FENO

levels measured by CLD increased, the portable devices increasingly underestimated these levels. The

TABLE 1 Baseline characteristics of the study population

Participants 106
Female 40 (37.7)
Age (year) 12.9±2.7
Height (cm) 158.5±15.9
Weight (kg) 51.4±16.4
FVC (L) 3.5±1.2
FVC (z-score) 0.2±1
FEV1 (L) 2.9±1
FEV1 (z-score) −0.3±1.1
Allergic asthma 73 (68.9)
Non-allergic asthma 13 (12.3)
Allergy# 75 (70.8)
Others¶ 11 (10.4)

Data are presented as n, n (%) or mean±SD. FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s.
#: clinically relevant allergic sensitisation to airborne allergens either by skin prick test and/or specific IgE and
allergic symptoms; ¶: chronic cough, wheezing, exercise intolerance (neither asthma subjects nor allergy sufferers).
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intercepts were 0.17 (95% CI −0.6–0.98) for NOB and 1.06 (95% CI 0.31–1.82) for EVE, with the
intercept for EVE showing a significant positive systematic bias but of small magnitude. To further
illustrate the underestimation of FENO levels by the portable devices, bias was estimated from the Passing–
Bablok regression model by bias(NOB or EVE)=intercept(NOB or EVE)+(slope(NOB or EVE)−1)×FENO(CLD). For
instance, at a decision value of 25 ppb, NOB exhibited a bias of −4.8 (95% CI −6.1–−3.8) ppb and EVE
of −8.6 (95% CI −9.4–−8) ppb against CLD. Bias for both portable devices as a function of FENO levels
measured by CLD is displayed in figure 2c and d, with further numerical examples provided in table 2.
For a simultaneous illustration, the Passing–Bablok regressions for both portable devices (NOB and EVE)
against the reference device (CLD) are shown in a single plot in supplementary figure S1a.

Bland–Altman difference plots illustrated a relationship between measurement differences and FENO

magnitude for both NOB and EVE (figure 3a and b). A simultaneous illustration of the Bland–Altman
differences for both devices is presented in supplementary figure S1b. When analysing log10-transformed
data, Bland–Altman plots revealed an offset for both portable devices, indicating underestimation on the
log scale (figure 3c and d). By back-transforming (antilog) for better interpretability, the geometric mean
ratio of the measured levels was 0.79 (95% limits of agreement 0.50–1.25) for NOB and CLD, and the
geometric mean ratio for EVE and CLD was 0.66 (95% limits of agreement 0.44–1). This implies that in
95% of the cases NOB measurements might deviate by up to 50% lower to 25% higher than those from
the CLD device, while EVE measurements could range from 56% lower to equalling those from the
CLD device.
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FIGURE 1 Comparison between measured exhaled nitric oxide fraction (FENO) levels of the handheld devices
(NObreath (NOB) and Evernoa (EVE)) and CLD 88 sp (CLD). a, b) Box plots comparing FENO measurements
between a) NOB and CLD and b) EVE and CLD. c) Trellis plot showing individual FENO measurements (x-axis) for
each subject (y-axis) across the three devices (NOB, EVE and CLD), with subjects ordered by average FENO
values across the three devices. Horizontal grey lines connect the measurements for each subject (n=106).
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Applying the ERS threshold of 25 ppb, the comparison between NOB and CLD demonstrated an overall
agreement of 94.3% (95% CI 88.2–97.4%) with a PPA of 89.4% (95% CI 77.4–95.4%) and a NPA of
98.3% (95% CI 91–99.7%) (table 3). Similarly, comparing EVE to CLD resulted in an overall agreement
of 95.3% (95% CI 89.4–98%), with a PPA of 89.4% (95% CI 77.4–95.4%) and a NPA of 100% (95% CI
93.9–100%) (table 3).

With the NICE cut-off threshold of 35 ppb, the comparison between NOB and CLD showed an overall
agreement of 94.3% (95% CI 88.2–97.4%) with a PPA of 86% (95% CI 72.7–93.4%) and a NPA of 100%
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FIGURE 2 Passing–Bablok regression and bias plots. a, b) Passing–Bablok regression. Exhaled nitric oxide
fraction (FENO) values from CLD 88 sp (CLD) (x-axis) versus FENO values from a) NObreath (NOB) and b) Evernoa
(EVE). The solid black line is the estimated regression line by the Passing–Bablok method, with the red dashed
line representing the line of perfect agreement (y=x). The shaded area represents the 95% confidence band
around the regression line. c, d) Bias plots. The x-axis represents FENO values obtained from the CLD device.
The y-axis represents the bias for c) NOB and d) EVE. The solid black line represents the estimated bias from
the Passing–Bablok model. The shaded area represents the 95% confidence band calculated with the
bootstrap quantile method. The red dashed line represents zero bias.

TABLE 2 Estimated bias (95% CI) for NObreath (NOB) and Evernoa (EVE) from the Passing–Bablok regression model at different exhaled nitric oxide
fraction (FENO) levels

FENO

25 ppb 35 ppb 50 ppb 70 ppb

Bias by NOB −4.7 (−6.1–−3.8) −6.7 (−8.7–−5.3) −9.7 (−12.5–−7.5) −13.6 (−17.7–−10.4)
Bias by EVE −8.6 (−9.4–−8) −12.5 (−13.8–−11.6) −18.3 (−20.1–−16.6) −26.1 (−28.6–−23.5)
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FIGURE 3 Bland–Altman plots. a, b) Mean exhaled nitric oxide fraction (FENO) values (x-axis) and the difference
in FENO values (y-axis) between a) NObreath (NOB) and CLD 88 sp (CLD) and b) Evernoa (EVE) and CLD. The
dashed red line indicates perfect agreement. c, d) Mean log10-transformed FENO values (x-axis) and the
difference in log10-transformed FENO values (y-axis) between c) NOB and CLD and d) EVE and CLD. The solid
black line represents the estimated bias, the dashed lines represent the 95% limits of agreement and the
shaded areas represent the 95% confidence bands. The dashed red line indicates perfect agreement.

TABLE 3 Contingency tables comparing NObreath (NOB) and CLD 88 sp (CLD) and Evernoa (EVE) and CLD exhaled nitric oxide fraction measurements
using the European Respiratory Society recommended threshold of 25 ppb for children (values ⩾25 ppb are assumed to be positive) [2]

CLD Total Overall agreement Positive percent agreement Negative percent agreement

⩾25 ppb <25 ppb

NOB 100/106=94.3%
(95% CI 88.2–97.4%)

42/47=89.4%
(95% CI 77.4–5.4%)

58/59=98.3%
(95% CI 91–99.7%)

⩾25 ppb 42 1 43
<25 ppb 5 58 63
Total 47 59 106

EVE 101/106=95.3%
(95% CI 89.4–98%)

42/47=89.4%
(95% CI 77.4–95.4%)

59/59=100%
(95% CI 93.9–100%)

⩾25 ppb 42 0 42
<25 ppb 5 59 64
Total 47 59 106
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(95% CI 94.3–100%) (table 4). The comparison between EVE and CLD yielded an overall agreement of
85.8% (95% CI 78–91.2%) with a PPA of 65.1% (95% CI 50.2–77.6%) and a NPA of 100% (95% CI
94.3–100%) (table 4).

The recorded ambient NO levels ranged from 0.1 to 40 ppb, with a median (IQR) of 12 (3–15.36) ppb. No
significant correlation was found between the ambient NO readings and the respective measured levels by
the three instruments. Similarly, factors such as forced expiratory volume in 1 s (z-score), forced vital
capacity (z-score) and gender showed no significant influence. However, age demonstrated a significant
correlation with FENO readings across all three instruments (p<0.05), but of a modest and similar
magnitude per device (Spearman’s rank correlation: NOB, r=0.26; EVE, r=0.27; CLD, r=0.27; all p<0.01).

The secondary outcome assessed the efficiency to obtain two acceptable measurements out of a maximum
of eight attempts on each device. Among the 106 participants who completed the study, the median
number of attempts was two for both NOB and CLD (IQR 2–2.3 and 2–3, respectively). However,
participants using the EVE device required a greater number of attempts, with a median of three attempts
per participant (IQR 2–5). In particular, 90% of the participants needed a maximum of three attempts to
achieve two successful measurements with the NOB and CLD devices, while only 57% of the participants
achieved the same with the EVE device.

Discussion
This study investigated the agreement of two portable FENO devices (EVE and second-generation NOB)
with the reference chemiluminescence analyser (CLD). To the best of our knowledge, this is the first such
comparison in a paediatric population to date, particularly for the relatively new EVE device. All three
instruments showed a high level of repeatability (ICC 0.98–0.99) over a wide range of FENO values (2.5–
191.9 ppb) and consequently it could be suggested that a single technically valid FENO measurement may
be sufficient to determine a valid FENO value.

Passing–Bablok regression demonstrated the presence of proportional bias, indicating that the portable
devices were not interchangeable with the reference device. In estimate, FENO measurements obtained
using NOB were ∼20% lower, while measurements obtained with EVE were ∼40% lower than those
obtained with CLD. Prior comparative studies conducted with the NOB device have led to inconsistent
results concerning the interchangeability of FENO levels, but none of these studies reported that a
second-generation NOB device was used for data collection [11, 13, 20, 29]. For the relatively new EVE
device, no conclusion can be drawn about the comparability with other analytical devices as there is only
one study conducted with the EVE device [30].

Bias plots and the estimated bias at different FENO values can be used to calculate the mean deviation of
the FENO values measured with the portable devices from the reference device. This makes it possible to
approximately assign the FENO values measured with the NOB or EVE instrument to the reference values
measured with the CLD instrument. We show that the FENO values measured with the portable devices can

TABLE 4 Contingency tables comparing NObreath (NOB) and CLD 88 sp (CLD) and Evernoa (EVE) and CLD exhaled nitric oxide fraction
measurements using the National Institute for Health and Care Excellence recommended threshold of 35 ppb for children (values ⩾35 ppb are
assumed to be positive) [8]

CLD Total Overall agreement Positive percent agreement Negative percent agreement

⩾25 ppb <25 ppb

NOB 100/106=94.3%
(95% CI 88.2–97.4%)

37/43=86%
(95% CI 72.7–93.4%)

63/63=100%
(95% CI 94.3–100%)

⩾35 ppb 37 0 37
<35 ppb 6 63 69
Total 43 63 106

EVE 91/106=85.8%
(95% CI 78–91.2%)

28/43=65.1%
(95% CI 50.2–77.6%)

63/63=100%
(95% CI 94.3–100%)

⩾35 ppb 28 0 28
<35 ppb 15 63 78
Total 43 63 106
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deviate from those of the CLD device over a wide range (95% CI −50 to +25% for NOB and 95% CI −56
to +0% for EVE, respectively). Consequently, a single device model may be used in one clinic, and for
individual patients the same device should be used over time [15, 22].

Contingency tables using the ERS recommended threshold of 25 ppb for asthma diagnosis in children
demonstrated an overall agreement of 94.3% between NOB and CLD and an overall agreement of 95.3%
between EVE and CLD [2]. Agreement decreased with higher FENO values and therefore agreement was
lower at the cut-off recommended by the NICE guidelines (35 ppb) [8].

Our study revealed differences in terms of usability between devices. 30 individuals were unable to
perform two acceptable measurements on each device, with 21 of the failed measurements being
associated with the EVE instrument. Similarly, among the successful measurements, a median of one more
attempt was required to achieve at least two acceptable measurements with EVE compared to NOB and
CLD. We used the standard mode with both portable devices and still claim that this fact is not related to
the stated success rate. In child mode, exhalation time could be reduced from 12 to 10 s by NOB and from
10 to 6 s by EVE. Instead, we observed that children struggled with the audio-visual feedback loop of the
EVE instrument, regardless of exhalation time. Its response to flow deviations from the target flow
(50 mL·s−1) was very sensitive, resulting in failed attempts needing to be repeated. In addition, preparation
time for the EVE instrument was required after each acceptable measurement. Such a delay could be
inconvenient in an occupational setting, particularly because corrective instructions have to be
implemented immediately.

To prevent room air containing NO from biasing the measurements, the different extraction methods were
equally effective in our investigation. Despite different extraction methods, we found no clinically relevant
bias of ambient NO on the FENO levels on any device, even for high ambient NO levels.

To obtain successful measurements on all devices, the children had to attempt multiple measurements.
While it is possible that the number of attempts may have influenced the results, the randomised order of
device usage minimises the likelihood of any systematic bias. We did not observe a trend for FENO values
with measurement attempts; however, the study was not specifically designed to investigate this effect.

There are several limitations to this study. First, the more validated standard application mode was used to
collect FENO data because the majority of our individuals counted two acceptable measurements even with
the standard mode. Nevertheless, the comparability and usability of different application modes of NOB
and EVE would be another interesting aspect to focus on. Second, our investigation cannot make any
statement about the performance of FENO levels over time, for which longitudinal studies would be
necessary. Thus, further studies are needed to address these limitations. The recent ERS technical standard
on GLI reference values for FENO found important heterogeneity between the study sites and FENO devices
[9]. It was not possible to derive a single all-age reference equation for FENO in healthy individuals. Most
data were collected using the NIOX MINO device. Some sites used the NOB device (first generation) and
a few used chemiluminescence techniques in addition to others. This underscores the conclusion that
different devices may not be interchangeable and there is need for further standardisation [9].

In conclusion, our data confirm that FENO values measured with the two portable devices were not
interchangeable in comparison with the reference device. Contingency tables using the ERS recommended
threshold of 25 ppb for asthma diagnosis in children demonstrated a high overall agreement between the
two portable devices and the reference device. Therefore, if individuals have elevated FENO levels of
>25 ppb when measured with the portable devices, it is very likely that these FENO levels would also be
>25 ppb when measured with the reference device. Consequently, this suggests potential for both portable
devices to be used as a practical tool in clinical settings for the initial diagnosis of asthma. In terms of ease
of use, the chance of obtaining valid measurements was higher using NOB and CLD than using EVE, and
even valid measurements were achieved in a lower number of attempts. According to our assessment, a
feasible feedback loop is a key requirement for children to obtain valid measurements.
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