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ABSTRACT
Background In children with asthma, web-based
monitoring and inflammation-driven therapy may lead to
improved asthma control and reduction in medications.
However, the cost-effectiveness of these monitoring
strategies is yet unknown.
Objective We assessed the cost-effectiveness of web-
based monthly monitoring and of 4-monthly monitoring
of FENO as compared with standard care.
Methods An economic evaluation was performed
alongside a randomised controlled multicentre trial with
a 1-year follow-up. Two hundred and seventy-two
children with asthma, aged 4–18 years, were
randomised to one of three strategies. In standard care,
treatment was adapted according to Asthma Control Test
(ACT) at 4-monthly visits, in the web-based strategy also
according to web-ACT at 1 month intervals, and in the
FENO-based strategy according to ACT and FENO at 4-
monthly visits. Outcome measures were patient utilities,
healthcare costs, societal costs and incremental cost per
quality-adjusted life year (QALY) gained.
Results No statistically significant differences were
found in QALYs and costs between the three strategies.
The web-based strategy had 77% chance of being most
cost-effective from a healthcare perspective at a
willingness to pay a generally accepted €40 000/QALY.
The FENO-based strategy had 83% chance of being most
cost-effective at €40 000/QALY from a societal
perspective.
Conclusions Economically, web-based monitoring was
preferred from a healthcare perspective, while the FENO-
based strategy was preferred from a societal perspective,
although in QALYs and costs no statistically significant
changes were found as compared with standard care. As
clinical outcomes also favoured the web-based and
FENO-based strategies, these strategies may be useful
additions to standard care.
Trial registration number Netherlands Trial Register
(NTR1995).

INTRODUCTION
Asthma treatment aims at achieving and maintain-
ing asthma control and therefore adjusting therapy
is based on regular assessment of the level of
asthma control.1 Effective disease management
requires simple, reliable and affordable tools to

assess asthma control. However, guidelines offer
little practical guidance for monitoring asthma in
children and in clinical practice a substantial pro-
portion of children does not achieve adequate
asthma control which leads to increased healthcare
costs and productivity loss of parents.2–5

Web-based self-monitoring may improve asthma
control in children.6 A simple and affordable tool
that can be offered via internet is the Asthma
Control Test (ACT, for children >11 years) or
Childhood ACT (for children 4–11 years).7–10 In
addition, since chronic airways inflammation is the
target for treatment with inhaled corticosteroids
(ICS) monitoring of airways inflammation is
another opportunity to tailor therapy and improve
asthma outcomes.11 12 Measuring the FENO is a
non-invasive and simple method to quantify
eosinophilic airways inflammation.
In a recent study in children with asthma

between 4 years and 18 years of age, we evaluated
the effectiveness of 1 year treatment based on two
different asthma monitoring strategies as compared
with standard care: (1) web-based monitoring with

Key messages

What is the key question?
▸ Does the clinical effectiveness of FENO-based

and web-based monitoring outweigh
healthcare costs and societal costs in children
with allergic asthma?

What is the bottom line?
▸ Both FENO-based and web-based monitoring

were economically preferred from societal and
healthcare perspectives, as compared with
standard care.

Why read on?
▸ This paper extends the favourable clinical

outcomes of FENO-based and web-based
monitoring with a detailed assessment of the
health economic effects showing a higher
probability of cost-effectiveness of both
strategies.
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monthly ACTand; (2) a 4-monthly FENO-based monitoring strat-
egy.13 The primary end point of symptom-free days did not differ
between the three strategies. However, web-based monitoring led
to a significant and clinically relevant reduction in ICS dose with
similar asthma control, suggesting better, personalised asthma
management. The FENO-based strategy improved asthma control
as assessed with the ACTwithout the need for higher ICS doses,
and therefore both monitoring strategies might be considered to
improve childhood asthma from clinical and patient perspec-
tives.13 However, to date it is unknown to what extent the clin-
ical benefits outweigh the costs and whether the strategies can be
recommended from a health economic perspective.

To that end, we performed an economic evaluation alongside
the randomised trial.13 We hypothesised that web-based moni-
toring of asthma control and monitoring of airways inflamma-
tion by FENO, in addition to standard care, are cost-effective.

METHODS
This economic evaluation was conducted alongside the ‘Better
Asthma Treatment: Monitoring with ACT and Nitric oxide’
study. This three-arm multicentre randomised, partly blinded
parallel group trial with 12 months follow-up was conducted
from February 2010 through November 2012 in The
Netherlands. All parents and all children above 12 years of age
gave written informed consent before entering the study.
Procedures were in accordance with the Helsinki Declaration,
and this trial is registered in the Netherlands Trial Register
(NTR1995). The methodological details of the trial are reported
elsewhere and briefly summarised here.13 The CONSORT
checklist is available online.

Patients
Children with allergic asthma (age range 4–18 years) were
recruited from five general hospitals and two tertiary referral
centres as described previously.13 Patients used ICS during at
least 3 months before the study. Exclusion criteria were active
smoking, lung disease other than asthma, recent (<1 year) or
multiple admissions to an intensive care unit for asthma, and/or
the use of omalizumab.

Design
Children were automatically and randomly allocated to one of
three strategies by a randomisation programme in a 1:1:1 ratio:
(1) standard care; (2) web-based monitoring and (3) FENO-based
monitoring, stratified for age (<12 years or ≥12 years), centre
and dosage of ICS. Patients visited the outpatient clinic at a base-
line visit 4 weeks prior to randomisation and every 4 months
over the course of 1 year. At these visits asthma control was
assessed using the ACT score. In standard care the ACT score
during clinic visits directed treatment. In the web group, treat-
ment was adapted monthly according to the web-based ACT
score, while in the FENO group, treatment was adapted to FENO

and ACT score at clinic visits every 4 months (figure 1). Patients
in all three strategies filled out questionnaires as described below
at baseline and after 4 months, 8 months and 12 months.

Utilities and quality-adjusted life years
The health economic outcome of this study was the costs per
quality-adjusted life year (QALY) gained from healthcare and
societal perspectives. Utilities reflect the individual preferences
for different health states. Health-related quality of life was
reported using the EuroQoL classification system (EuroQoL-5
dimensions (EQ-5D) version 3L).14 In patients under 12 years
of age, their parents filled out the questionnaire. In children

12 years and older, the patients filled out the questionnaires
aided by their parents.14 QALYs were obtained by calculating
the area under the health state utility curve based on the Dutch
tariff of EQ-5D.15 In addition, we calculated QALY estimates
using EuroQoL-visual analogue scale (EQ-VAS) scores,16 but
according to protocol the EQ-5D classification system was used
as input for the cost-effectiveness analysis.

Costs
We assessed the costs from both healthcare and societal perspec-
tives, using a cost questionnaire. Patients reported healthcare
use, paid labour absenteeism and hours spent on unpaid labour.

Healthcare costs consisted of both asthma and
non-asthma-related contacts with healthcare providers (clinical
consultations, telephonic consultations and home visits), emer-
gency room visits, hospital admissions and medication. We
requested the participant’s permission to collect pharmacist data
about medications. Total medication costs were assessed by
obtaining all medication prescriptions from local pharmacy
records, using standard Dutch pricing.6 In the FENO-based and
web-based strategies, additional costs of the intervention were
added to these costs. Patients reported each type of consultation
for each type of healthcare provider (general practitioner,
paediatrician, other type of specialist, paramedic or complemen-
tary care) separately. We used standard Dutch prices for consul-
tations per type of healthcare provider,17 and standard prices
for medication determined by the Dutch authority of insurance
companies. The intervention costs for the FENO-based strategy
consisted of purchase and exploitation costs of the FENO ana-
lyser, and for the web-based strategy we estimated the informa-
tion and communications technology costs and the costs of a
nurse practitioner who communicated with the children or
parents when they filled out the ACT.

Societal costs consisted of the above-mentioned healthcare
costs, time and travel costs for that healthcare and the loss of
productivity in both paid and unpaid self-reported labour. Paid
labour absenteeism due to the child’s health for the parents (for
children <12 years of age) or for the child (for children
≥12 years of age) was valued using age-specific wages.18 Hours
spent on unpaid volunteer work (housekeeping, grocery shop-
ping, etc) were valued using a standard voluntary work compen-
sation and relative to the average hours in the study populations
(so negative costs reflect above-average hours of unpaid work).
Total costs were obtained by adding the costs of three relevant
categories: all healthcare costs, productivity loss and interven-
tion costs, consisting of additional costs for the measurement of
FENO-based or web-based support. Because the follow-up was
1 year, costs were not discounted.

Statistical analysis
Patients were analysed according to intention to treat. To correct
for possibly selective non-response, we first imputed missing data
using linear regression modelling. We constructed 10 sets of impu-
tations, with study group, age, gender, centre and available utilities
as regression variables. Then we used Rubin’s rules to congregate
the imputation sets to single values.19 After imputation we com-
pared the differences between the different strategies performing
independent sample Student’s t tests with the following pairwise
contrasts: standard care versus web-based, standard care versus
FENO-based and FENO-based versus web-based for each category
of costs. As there is still debate about how to adjust for multiple
testing, and we didn’t specify how to adjust for this in our proto-
col, we chose to report non-adjusted p values below 0.05, which
should be interpreted in the light of multiple comparisons.
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Statistical uncertainty of cost-effectiveness was analysed using the
net benefit (NB) approach.20 The NB is defined as λ×ΔQALY
−Δcosts, where λ is the willingness to pay for a gain of one QALY.
This way, the observed QALY difference is reformulated into a
monetary difference. To assess the likelihood of cost-effectiveness
of the intervention strategies, we used two different perspectives: a
healthcare perspective and a societal perspective, as described
above. The probability of each strategy to be the most cost-
effective of the three strategies was assessed in acceptability curves
using bootstrap analysis, from healthcare and societal perspectives
at different λ levels. We assessed whether there were differences
between the study arms in the EQ-5D dimensions using mixed
models. All analyses were performed with Stata/IC V.11.0.

RESULTS
Recruitment and baseline characteristics
In total, 481 children satisfied the inclusion criteria and were
approached for the study, of whom 201 refused to participate.

Prior to randomisation, eight children were excluded for non-
adherence to the study protocol. The remaining 272 participants
were randomised over the different study arms: 89 in the stand-
ard care group, 91 in the web-based group and 92 in the FENO

group. Missingness of data comprised 10 out of 1088 records
(0.9%). Baseline characteristics are shown in table 1. There were
no significant differences between the strategies for age, sex,
FENO, lung function and ICS dose.13 Although asthma control at
baseline was better in the web-based group compared with the
FENO-based group, asthma control was not significantly different
from the standard care group for both novel monitoring strat-
egies.13 In addition, there were no statistically significant differ-
ences in patient utilities at baseline between the strategies.

Costs
The healthcare costs of the different strategies are shown in
table 2. Total healthcare costs varied between €837 and €924
per patient per year across the different strategies, which was
not significantly different. Among healthcare cost categories,
only the amount of nurse practitioners’ consultations differed
significantly between the strategies: the web-based strategy
accounted for an average of €129 annual expenditure (1.79 con-
sultations per year per patient×€72 per consultation), whereas
standard care accounted for €86 (1.20 consultations per patient
per year, p=0.001) and FENO-based care accounted for €96
(1.33 consultations per patient per year, p=0.01).

Patient utilities
The scores of the EQ-5D domains are shown in table 3. These
domains range from 1 to 3, where 1 represents the most favour-
able score. There were no between-strategy differences in
EQ-5D domains.

The changes in patient utilities during follow-up are shown in
figure 2. The best outcomes were seen in the web-based strategy
at 4 months follow-up (p=0.26 compared with standard care,
p=0.15 compared with FENO). Although the differences of
these outcomes were statistically non-significant, they accounted
for the higher overall QALY in the web-based strategy. The
standard care group and the web-based group show a similar
pattern over time, with a peak after 4 months follow-up, with a
subsequent decrease in quality of life. The FENO-based strategy
offers a more constant pattern, with a slight non-significant
peak after 8 months follow-up.

QALYs are shown in table 2. These results, although statistic-
ally not significantly different, slightly favour the web-based
strategy. The mean utility scores across the strategies vary
between 0.928 and 0.939, indicating relatively high utilities in
this population.

Figure 1 Time line study protocol.
ACT, Asthma Control Test; PD20,
provocation dose causing a 20%
decline in FEV1.

Table 1 Baseline characteristics

Standard (n=89)
Web-based
(n=91)

FENO-based
(n=92)

Age, years (SD) 10.2 (3.2) 10.6 (2.8) 10.3 (2.9)
Male (%) 61 (69) 60 (66) 62 (67)
Initial ICS dose
(IQR) (mg)

400 (400–800) 400 (400–800) 400 (400–800)

LABA use (%) 40 (45) 42 (46) 44 (48)
LTRA use (%) 11 (12) 11 (12) 12 (13)
FENO, ppb (IQR) 21.4 (10.5–35.1) 17.1 (10.0–30.0) 15.4 (10.0–26.3)
FEV1, %pred (SD) 93.9 (14.0) 98.1 (12.6) 95.2 (12.6)
FVC, %pred (SD) 101.0 (13.0) 103.3 (12.2) 100.3 (12.8)
ACT or C-ACT
score (SD)

21.1 (3.3) 22.1 (3.5) 20.7 (4.3)

ACT≥20 62 (70) 73 (81) 60 (65)
Daily SABA, puffs
(SD)

0.4 (0.8) 0.4 (0.8) 0.6 (1.2)

Symptom-free
days, (SD)

54% (35) 60% (33) 53% (34)

PAQLQ score child
(IQR)

6.2 (5.9–6.6) 6.3 (5.9–6.6) 6.0 (5.6–6.6)

PACQLQ score
parent (IQR)

6.1 (5.8–6.8) 6.7 (6.2–7.0) 6.3 (5.7–6.8)

EQ-5D score (SD) 0.913 (0.095) 0.915 (0.092) 0.922 (0.102)

Data shown are numbers of patients (%), mean (SD) or median (IQR).
ACT, Asthma Control Test; C-ACT, Childhood ACT; EQ-5D, EuroQoL-5 dimensions; ICS,
inhaled corticosteroids; LABA, long-acting β-agonist; LTRA, leukotriene receptor
antagonist; %pred, percentage of predicted FEV1; PACQLQ, paediatric asthma-related
caregiver quality of life questionnaire; PAQLQ, paediatric asthma-related quality of life
questionnaire; SABA, short-acting β-agonist.
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Table 2 Health economic outcomes

Standard (n=89) Web-based (n=91) FENO-based (n=92) Web-based versus standard FENO-based versus standard Web-based versus FENO-based
Unit costs Volumes Costs Volumes Costs Volumes Costs Costs Costs Costs

QALY (EQ-5D)* (95% CI) 0.928 0.939 0.932 0.011 (−0.005 to 0.027) 0.004 (−0.018 to 0.026) 0.006 (−0.008 to 0.021)
QALY (EQ-VAS) (95% CI) 0.929 0.930 0.925 0.001 (−0.019 to 0.018) −0.005 (−0.018 to 0.027) −0.005 (−0.026 to 0.017)
Healthcare costs (€)
Intervention costs 29 48
General practitioner

Consultation 28 1.8 51 1.6 46 1.5 41 −5 (−19 to 9) −10 (−30 to 10) 5 (−9 to 18)
Phone consultation 14 1.0 14 1.1 15 0.8 11 1 (−6 to 8) −3 (−13 to 7) 4 (−3 to 11)
Visit at home 43 0.0 1 0.0 0 0.0 0 −1 (−2 to 0) −0 (−3 to 1) 0 (−1 to 1)

Paediatrician/pulmonologist 72 3.4 243 3.4 244 3.5 250 1 (−25 to 26) 7 (−29 to 42) −6 (−31 to 19)
Other specialist 72 0.8 57 0.9 66 0.8 55 10 (−30 to 50) −2 (−58 to 54) 12 (−28 to 51)
Nurse practitioner 72 1.2 86† 1.8 129†‡ 1.3 96‡ 43 (17 to 69) 10 (−26 to 46) 33 (7 to 58)
Physiotherapist 36 0.9 33 2.1 75 1.8 66 42 (−4 to 89) 33 (−32 to 99) 9 (−37 to 55)
Emergency room 151 0.2 35 0.3 38 0.3 41 3 (−23 to 30) 6 (−31 to 43) −3 (−29 to 23)

Hospitalisations days 457 0.3 129 0.2 101 0.1 44 −29 (−130 to 72) −85 (−227 to 56) 56 (−43 to 155)
Complementary care 30 0.0 1 0.1 2 0.0 1 1 (−1 to 2) 0 (−2 to 3) 0 (−1 to 2)
Medication 191 179 194 −12 (−50 to 25) 3 (−42 to 47) −15 (−53 to 23)

Total healthcare costs (€) 839 924 837 84 (−70 to 237) −2 (−215 to 211) 86 (−66 to 237)
Productivity costs (€) −129 457 −451 586 (−781 to 1954) −321 (−2264 to 1621) 908 (−455 to 2270)
Time costs (€) 138 154 133 16 (−10 to 42) −5 (−42 to 31) 21 (−5 to 46)
Travel costs (€) 7 8 8 1 (0 to 2) 1 (−1 to 2) 1 (0 to 2)

Total societal costs (€) 855 1543 527 687 (−699 to 2072) −328 (−2295 to 1640) 1015 (−366 to 2395)

*Columns 3–8 represent the mean results at the final visit or the total volumes and costs at the end of the study per strategy. Columns 9–11 are pairwise differences and CIs of the costs. Values are summary estimates of the five data sets obtained by
multiple imputations, combined using Rubin’s rules.19

†p=0.001, difference between standard care and web-based monitoring.
‡p=0.01, difference between FENO-based monitoring and web-based monitoring.
EQ-5D, EuroQoL-5 dimensions; EQ-VAS, EuroQoL-visual analogue scale; QALY, quality-adjusted life year.
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Cost-effectiveness
The probability that a strategy is more cost-effective compared
with the two other strategies at different willingness to pay per
QALY levels was assessed by cost-effectiveness acceptability curves
(CEACs) from a healthcare perspective (figure 3A) (based on
healthcare costs only) and from a societal perspective (including
both healthcare costs and costs due to loss of productivity) (figure
3B). From a healthcare perspective, the web-based strategy showed
the highest probability of cost-effectiveness over a wide range of
willingness-to-pay values (€10 000–€100 000/QALY). Specifically,
at a generally acceptable willingness-to-pay threshold of €40 000/
QALY,21 22 the web-based strategy was 77% likely to be the most
cost-effective, while this was 3% for the standard care and 20%
for the FENO-based strategy. At a threshold of €80 000/QALY,
which is mentioned in the Netherlands as the maximum costs con-
sidered acceptable,21 22 the web-based strategy has an 85% likeli-
hood of being most cost-effective. From a societal perspective,
uncertainty was substantially higher, favouring the FENO-based
strategy over a wide range of willingness-to-pay values, which has
the highest 83% chance of being most cost-effective at a willing-
ness to pay of about €40 000/QALY (figure 3B).

DISCUSSION
In this study we assessed the cost-effectiveness of a web-based
and an FENO-driven monitoring strategy compared with stand-
ard care in children with asthma in secondary care and tertiary
care. Both monitoring strategies were introduced in addition to

standard care. Although we found no significant differences in
costs and QALYs between the strategies, the web-based strategy
was most likely to be cost-effective over a wide range of accept-
able willingness-to-pay values for a gain in quality-adjusted life
and was the preferred strategy from the healthcare perspective.
From a societal perspective the FENO-based strategy was the pre-
ferred strategy with an overall higher probability of cost-
effectiveness as compared with the web-based strategy and
standard care.

Studies regarding the cost-effectiveness of monitoring strat-
egies with asthma are scarce, especially in children.23–25 This
study was performed alongside a clinical study which showed
that both the web-based monitoring strategy and an
FENO-driven strategy did not improve the number of symptom-
free days more than the standard care strategy.13 However,
monthly web-based symptom monitoring did result in a clinic-
ally relevant decrease of ICS, while maintaining asthma control.
Remarkably, the FENO-based strategy improved asthma control
as assessed with ACT and as compared with standard care,
without increasing medications. This cost-effectiveness analysis
fits in with the results of the clinical outcomes, since it is likely
that improved asthma control in the FENO-based strategy posi-
tively impacts productivity costs and therefore the cost-
effectiveness from a societal perspective.5 We observed relatively
high patient utilities of around 0.93 in this population. Hence it
would be interesting to compare the different strategies in a
population with more severe disease, accompanied with more
room for improvement.

The results of this study might be influenced by differences at
baseline, missing data or selection bias. We think that this was
unlikely for the following reasons. First, with respect to patient
utilities there were no statistically or clinically important differ-
ences between the strategies at baseline. However, asthma
control was somewhat better, although not statistically signifi-
cant, in the web-based strategy at baseline and therefore left less
room for improvement. Therefore, it is unlikely that the statis-
tically non-significant improvement in utilities in the web-based
strategy can be explained by baseline differences. Second, there
was a low frequency of missing values, which was not associated
with a particular strategy, and sensitivity analyses using different
imputation methods all showed similar results. Third, a poten-
tial limitation of this study might be selection bias at enrolment.
About 50% of eligible children refused participation. However,
non-participating children did not differ from participants
regarding age, lung function and ICS dose.13 As children from
seven clinics all over the Netherlands were included in this
study, and inclusion criteria were rather loose, this study is rep-
resentative for Dutch children with allergic asthma treated in
second line and third line centres. Finally, socioeconomic factors
were not included as randomisation strata.

One of the strengths of this study was the comprehensive
coverage of costs by questionnaires and medication prescriptions
from local pharmacy records. Besides the more clearly defined
healthcare costs, we assessed productivity costs by a number of
relevant variables. There is increasing evidence that children with
uncontrolled asthma experience asthma-related night-time awa-
kenings, and it is not unlikely that their caregivers too are awa-
kened more often at night.5 This could be a driving factor in
impaired work performance the next day.5 However, the valu-
ation of productivity losses of children and their parents is still a
methodological challenge. No consensus exists about the calcula-
tion of costs of unpaid labour, parent’s absence of work due to
their children’s health status and the long-term economic impact
of absence of school. Therefore the outcome from the societal

Table 3 Average scores of EQ-5D subdomains over 1 year
follow-up

Standard (n=89)
Web-based
(n=91)

FENO-based
(n=92)

Mobility 1.04 (1.01 to 1.06) 1.04 (1.02 to 1.07) 1.05 (1.02 to 1.07
Self-care 1.01 (1.00 to 1.02) 1.02 (1.01 to 1.04) 1.00 (1.00 to 1.01)
Usual
activities

1.11 (1.07 to 1.15) 1.11 (1.07 to 1.15) 1.15 (1.11 to 1.16)

Pain/
discomfort

1.21 (1.16 to 1.26) 1.24 (1.19 to 1.30) 1.21 (1.16 to 1.26)

Anxiety/
depression

1.12 (1.08 to 1.16) 1.08 (1.04 to 1.12) 1.14 (1.10 to 1.18)

Data shown are means of subdomain scores (95% CIs). These domains range from 1
to 3, where 1 represents the most favourable score.
No significant differences found between the strategies, using mixed models. EQ-5D,
EuroQoL-5 dimensions.

Figure 2 Patient utilities over time.
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perspective might be more sensitive to subjective choices of valu-
ation than outcomes from the healthcare perspective.

How can we interpret the current findings? The conclusions
could be more convincing and persuasive if the differences in
utilities and costs were both statistically significant. However, a
CEAC incorporates these uncertainties and could hypothetically
be more significant than the costs and utilities separately.
Therefore a CEAC offers additional insights in the cost-
effectiveness to the utilities and costs alone. The CEACs show a
probability for the web-based strategy to be cost-effective of 77%
and 83% from a healthcare perspective and a societal perspec-
tive, respectively, at a generally accepted willingness to pay of
€40.000. Even at a willingness to pay of €20.000, the web-based
strategy had clearly the highest chance of being cost-effective.
Therefore, although our results do not establish the cost-
effectiveness beyond any scientific doubt (ie, beyond p≤0.05 stat-
istical significance), this study provides relevant and useful infor-
mation for policy making, including an appropriate reflection of
the associated uncertainty. One could argue that the cost-
effectiveness of web-based care might be further improved if
some of the 4-monthly clinic visits are substituted by an
e-consult. In addition, the FENO-based strategy was overall the
preferred strategy from the societal perspective irrespective of
the uncertainty in the valuation of productivity costs.

We conclude that both web-based and FENO-based monitoring
on top of standard care have additional value and are likely to be
more cost-effective than standard care alone. This is in line with
the earlier findings of additive value in clinical outcomes.13 The
present analysis supports the case for a web-based and/or
FENO-driven monitoring strategy in addition to standard care in
children with allergic asthma from a health economic perspective.
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