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General introduction

Infectious diseases in children
In the Netherlands, emergency departments (EDs) are annually visited by 300,000
children younger than 14 years of age.1 At the age of 18 months, children have suffered
on average from eight infective episodes, mostly respiratory tract infections (RTIs).2 At
the ED, fever is therefore one of the main presenting problems and accounts for about
10-30% of all visits by children.3-5 Most acute febrile illnesses and RTIs are caused by selflimiting viral infections, which do not require antibiotic treatment. However, a minority
develops a serious bacterial infection (SBI), such as meningitis, sepsis, pneumonia or
urinary tract infection, for which timely diagnosis and targeted therapy are necessary to
prevent harm.6 At the hospital ED about 15% to 20% of febrile children are diagnosed
with an SBI.7,8
Although viral infections are usually self-limiting, it has been recognized for
approximately a century that respiratory viruses predispose to bacterial superinfections.9
Mixed (i.e. viral and bacterial) infections pose a medical problem for several reasons.
First, bacterial superinfections in viral respiratory disease are associated with antibiotic
treatment failure.9 In 51% of the children with a dual otitis media infection, the infection
persisted for up to 12 days after initiation of antibiotic treatment, compared to 35% of
those with only bacterial otitis and to 19% in patients with viral otitis.10 Second, in case of
severe illness physicians are afraid to miss secondary bacterial infections, even if a viral
pathogen is found, and therefore start pre-emptive antimicrobial treatment, leading to
high numbers of antibiotic overuse.11,12 Indicating that there is an urgent need for better
diagnostics to distinguish between simple viral infections and bacterial co-infections.

1

Drivers of antibiotic prescriptions
Children with fever and RTIs are a significant cause of concern for parents because of the
impact on both the child and the family, and concerns about serious illnessess.13 Parents
who make decisions about their child’s health take into account not only the health
risks to their child, but also the risk of appearing to be a bad or irresponsible parent to
others.14 As clinicians desire to maintain a good relationship with the parent, parental
pressure is a strong predictor for antibiotic prescription.13 However, parents are also
aware of the disadvantages of antibiotics and might be willing to work together with
healthcare providers to improve appropriate use.15 Furthermore, repeated consultations
for the same episode increase clinician anxiety that they might ‘missing something’
and make prescription of antibiotics more likely.13 The prescription of antibiotics is also
influenced by clinical uncertainty, in many cases it is difficult to differentiate between
bacterial and non-bacterial disease based on clinical judgment alone and available
blood tests include a large range of uncertain test results. This range of uncertainty
should be reduced to a minimum to make diagnostics useful for clinicians.

9
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The burden of antibiotic misuse
Clinical uncertainty regarding the diagnosis of the infection and parental influences
lead to inappropriate use of antibiotics (Table 1). Antibiotics are prescribed almost twice
as often as required in children with acute RTI in the US.16 Most antibiotics for children in
the US are prescribed by paediatricians (39%) and family practitioners (15%), however
the prescription of antibiotics depends on geographic region.17 Importantly, antibiotic
overuse has been linked to the emergence of resistant strains of bacteria, causing an
estimated 25 000 deaths in Europe annually.18,19 Besides health consequences, antibiotic
overuse has several economic consequences due to direct cost of unnecessarily
prescribed antibiotics, indirect costs for antibiotic-related adverse events and costs
for treating patients with antibiotic-resistant bacteria.20 Antimicrobial resistance is a
phenomenon considered to be “one of the world’s most pressing health problems in
the 21st century” by the Center for Disease Control.21,22 Conversely, it is estimated that
22-47% of all patients with a bacterial infection fail to get antibiotic treatment within
the recommended timeframe due to delayed or missed diagnosis. This delay leads
to medical complications (e.g. organ dysfunction, acute mastoiditis, and increased
mortality).23-26 The enormous health and economic consequences of antibiotic misuse
highlight the high need for a solution that would empower physicians to use antibiotics
more appropriately.
Table 1. Facts on antibiotic misuse.
Overuse
•

Almost 50% of the children in the US with acute RTI receive antibiotics unnecessarily16

•

Antibiotic overuse leads to:
o

Preventable antibiotic related adverse events

o

Antimicrobial resistant bacteria
·

25 000 deaths in Europe annually18,19

·

Direct costs: 20 billion US$ per year in the US20

·

Indirect costs: 35 billion US$ per year in the US20

Underuse
•

22-47% of the patients with a bacterial infection fail to get antibiotics on time23-25

•

Antibiotic underuse leads to:
o

Medical complications23-26

o

Increased mortality: odds ratio 3.59 for PICU patients26

10
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Conventional diagnostics
Culture of microorganisms is the most definitive way to confirm bacterial infections.
Unfortunately, this reference standard is time consuming, hampered by inaccessibility
of the site of infection and influenced by several factors, including previous antibiotic
usage. The search for simple and accurate diagnostic tools to differentiate between viral
and bacterial infections is not new. Starting in the 1980’s, the Yale Observation Scale27
and the Rochester Criteria28, both clinical scores to predict bacterial infections in febrile
children, were implemented to support physicians in the identification and management
of children at risk of SBI. However, after the introduction of the conjugate vaccines
against Haemophilus influenza type B, Neisseria meningitides type C, and Streptococus
pneumonia, the incidence rates of SBIs (i.e. mainly sepsis, meningitis and pneumonia)
significantly dropped and clinical presentations changed.29-31 Consequently, experience
with serious bacterial infections declined, possibly making it even more difficult to
recognize rare but serious infections, and an urgent need for new diagnostic research
arose in the post-vaccination era.32

1

The ideal biomarker for bacterial infections should allow a rapid and accurate diagnosis
at or near the site of care and facilitate cost effective decision making.33 Currently,
white blood cell (WBC) count, C-reactive protein (CRP) level and procalcitonin (PCT)
level are the most frequently used biomarkers of infection. The complex response to
tissue injury, infection and inflammatory diseases is characterized by an increase in the
synthesis of hepatic acute-phase proteins, including CRP.34 PCT, the precursor molecule
of calcitonin, is a 116-amino-acid acute phase peptide and mainly synthesized by the
thyroid.34 PCT is detectable in healthy neonates, but is low or undetectable in serum
of other healthy children.35 The dynamics of PCT is comparable with CRP, however, the
peak concentration of CRP is seen 36 hours after infection, whereas PCT reach the peak
concentration after 8 hours.36 Unfortunately, both WBC, CRP and PCT cannot differentiate
accurately enough between bacterial and viral infections for ruling in or ruling out SBI,
even when combined with clinical signs and symptoms.37-40 A Dutch research group
found a discriminative ability of 0.81-0.86 for a prediction model that combines clinical
variables and CRP.40 Recently, they showed there are no differences in accuracy of the
prediction model when CRP was replaced by PCT.41
A study by Oved and colleagues42 showed that a novel host–response-based diagnostic
assay, ImmunoXpert, distinguishes bacterial infection from viral infection with high
accuracy. This assay integrates the concentrations of three biomarkers with different
dynamics: tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), interferon
gamma induced protein-10 (IP-10), and CRP. This combination of biomarkers leads to
a decrease in cases with an uncertain diagnosis. Unfortunately, cases with equivocal

11
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test results remain. The diagnostic value of TRAIL is noteworthy since its dynamics are
complementary to traditionally studied bacteria-induced proteins such as CRP and PCT;
TRAIL concentrations increase in viral infection and decrease during bacterial infection.
The increase of TRAIL in viral patients may be related to TRAIL’s role in programmed
cell death associated with viral infections. The mechanism for its reduction in bacterial
infections warrants further study.43 The protein IP-10 is secreted by several cell types in
response to INF-γ 44 and has a function in chemo-attraction of monocytes and T-cells.45 It
also plays a role in the response to chronic viral infections including hepatitis C viruses46,
human immunodeficiency viruses47, as well as a broad range of acute viral infections.42

Interventions to minimize antibiotic overuse
Besides the search for new biomarkers, there are several studies performed to
investigate other strategies to reduce antibiotic overuse. Systematic reviews found that
passive strategies targeting only parents, such as waiting room posters or pamphlets,
do not appear to alter prescribing rates significantly.48,49 The most effective interventions
involve targeting both parents and clinicians during a consultation. Examples of such
interventions include automatic computer prompts for evidence-based prescribing,
printed materials with personalised information and integration of interventions into
routine clinical processes.48-50 Large randomised controlled trials show that social norm
feedback and online training with an information booklet for parents can substantially
reduce antibiotic prescribing at low cost and at national scale.51,52 In hospitals most
interventions focus on antimicrobial stewardship programs.53,54 Successful programs
have achieved a 20% increase in clinical cure rates and a 10%–15% reduction in
treatment failures, while decreasing antimicrobial use by 20%–35%.55 Most hospitals
have challenges in implementing centralized antimicrobial stewardship programs due
to lack of dedicated personnel and lack of financial resources.53 Even when implemented,
centralized approaches to stewardship may fail to affect the many episodes of
antimicrobial use not subject to scrutiny by the stewardship team.53 In conclusion,
there are many interventions to reduce antibiotic overuse with positive results, but,
prescribing antibiotics only to patients who really need them, remains a large challenge.

Reference standard to diagnose bacterial infection if a gold
standard is lacking
The most important challenge in diagnostic studies in the field of infectious diseases,
is the lack of a gold standard. A final diagnosis is necessary to calculate the accuracy
measures of the diagnostic test(s) or model(s) in question. Clinical suspicion confirmed
by microbiological results is an approach often used, but this method can be hampered

12
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by technical issues such as inaccessibility of the infection site (e.g. middle-ear, sinusitis),
culture contamination and uncertainty of the diagnosis due to colonisation. Therefore,
the cohorts most often studied tend to include more severely ill patients. One potential
solution to the lack of a gold standard is the use of panel diagnosis as reference
standard, i.e., a group of experts who assess the results from multiple tests to reach a
final diagnosis in each patient. The use of an expert panel diagnosis has the advantage
of capturing a wider spectrum of illness severities in the resulting cohort—including
difficult-to-diagnose cases—and is therefore more likely to be generalizable to clinical
practice.56 The use of a panel diagnosis appears to be increasing.57 Unfortunately, there
is neither theoretical evidence, nor practical guidance on the preferred methodology to
conduct panel diagnoses. It is therefore not surprising that a review shows that methods
of panel diagnosis varied substantially across studies.57

1

Aims and outlines of this thesis
The overarching aim of this thesis is to improve diagnostic care for children with possible
bacterial infection in order to optimize antibiotic use in this group of patients. In young
children most infections are caused by viral pathogens, whereas bacterial pathogens
are the main cause of infection in adults. We expected the amount of antibiotic misuse,
and thus the need for new diagnostics, to be highest in children. For that reason, this
thesis focusses mainly on children, aiming to improve diagnosis of acute infections and
to optimise management decisions for children with fever or RTI presenting to hospital
settings.
The first aim of this thesis is to study antibiotic misuse in RTI. Previously mentioned
percentages of antibiotic misuse are based on clinical suspicion with confirmation
by microbiological results or national datasets with general codes. This methodology
can result in a cohort with the more severally ill patients and the use of guidelines for
assessing antibiotic misuse can result in contradictory analyses. Therefore, we aim to get
insight in antibiotic misuse using an expert panel as reference standard. In chapter 2 the
proportion of bacterial co-infections and the burden of antibiotic overuse is studied in
children with RSV infections. As mentioned above, we expected that antibiotic overuse
is a larger problem in children compared to adults. However, exact numbers are missing.
In chapter 3 antibiotic misuse in children and adults with RTI are compared, using an
expert panel to determine the aetiology of the infection (i.e. viral or bacterial).
The second aim is to address the need for better diagnostics to differentiate between
viral and bacterial infections. As mentioned earlier in this general introduction,
currently available diagnostics are often insufficient to differentiate between viral

13
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and bacterial infections. A novel host–response-based diagnostic assay combining
three different proteins showed promising results. However, these results are based
on internal validation performed by the manufactory itself. Chapter 4 reports on the
accuracy of this new diagnostic tool studied in the OPPORTUNITY study. This study
is an international, external validation of the assay to differentiate between bacterial
and viral infections in preschool children. Since clinical signs and symptoms play an
important role in diagnosing febrile children, it is also important to evaluate potential
added value of a new diagnostic test in combination with clinical features. In chapter 5
the above-mentioned combination assay is integrated in an existing clinical prediction
model for febrile children presenting at the hospital. Chapter 6 describes a prospective,
international study (TAILORED study) aiming to generate a multi-parametric model for
distinguishing between bacterial and viral aetiologies in children and adults.
Third, this thesis aims to assess the reproducibility of an expert panel diagnosis as
reference standard in infectious diseases diagnostic studies. It is well known that
single expert diagnoses have poor interrater agreement and lead to an over- or
underestimation of the diagnostic test under evaluation. To overcome these limitations,
expert panel diagnoses have been used. In chapter 7 the results of a validation study of
such an expert panel in an infectious diseases diagnostic study are described (IMPRIND
study).
Using the results of this thesis, an overview of diagnostics for children with lower
respiratory tract infections and suggestions for a future approach are provided in
chapter 8. Finally, an overall discussion of the main findings of this thesis can be found
in chapter 9.

14
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Abstract
Background
Respiratory syncytial virus (RSV) is the most common cause of lower respiratory tract
infections (LRTI) during the first year of life. Antibiotic treatment is recommended
in cases suspected of bacterial coinfection. The aim of this prospective study was to
estimate the incidence of bacterial coinfections and the amount of antibiotic overuse in
children infected with RSV using expert panel diagnosis.

Methods
Children 1 month of age and over with LRTI or fever without source were prospectively
recruited in hospitals in the Netherlands and Israel. Children with confirmed RSV
infection by Polymerase Chain Reaction (PCR) on nasal swabs were evaluated by
an expert panel as reference standard diagnosis. Three experienced paediatricians
distinguished bacterial coinfection from simple viral infection using all available clinical
information, including all microbiologic evaluations and a 28-day follow-up evaluation.

Results
A total of 188 children (24% of all 784 recruited patients) were positive for RSV. From
these, 92 (49%) were treated with antibiotics. All 27 children (29%) with bacterial
coinfection were treated with antibiotics. Fifty-seven patients (62%) were treated with
antibiotics without a diagnosis of bacterial coinfection. In 8 of the 92 (9%), the expert
panel could not distinguish simple viral infection from bacterial coinfection.

Conclusion
This is the first prospective international multicentre RSV study using an expert panel as
reference standard to identify children with and without bacterial coinfection. All cases
of bacterial coinfections are treated, whereas as many as one-third of all children with
RSV LRTI are treated unnecessarily with antibiotics.
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Introduction
Respiratory syncytial virus (RSV) is the most common cause of viral lower respiratory tract
infections (LRTI) during the first year of life. In winter seasons, 20% of hospitalizations
and 18% of emergency department visits for acute respiratory infections of young
children is associated with RSV infection.1 A Cochrane review found insufficient evidence
to support the use of antibiotics for bronchiolitis.2 Accordingly, antibiotics are not
recommended for RSV LRTI unless there is clear evidence of secondary bacterial disease
or respiratory failure.2 There is a large variation in the reported percentages of bacterial
coinfection in RSV patients, though most studies report less than 11%.3–10 Despite
the low incidence of bacterial coinfections in patients infected with RSV, antibiotic
prescriptions range between 29% and 80%.3,4,9–12 Antibiotic overuse is associated with
an expansion in antibiotic resistance. Yearly the numbers of patients dying as a direct
result of infections caused by antibiotic-resistant microorganisms in the United States
and Europe are 23,000 and 25,000, respectively. The total economic burden is estimated
to be $20 billion direct health care costs and $35 billion a year additional costs for lost
productivity in the United States.13,14 The aim of the current prospective, international
multicentre study, was to investigate the frequency of bacterial coinfections, and
antibiotic overuse in children with RSV infections using expert panel diagnosis on
bacterial causes of disease as the reference standard.

2

Methods
Setting and participants
The patient population consisted of 2 similar prospective cohort studies, OPPORTUNITY
and TAILORED. The aim of both studies was to differentiate bacterial from viral infections.
Participants of OPPORTUNITY were described previously.15 Patient recruitment for
both studies took place at the emergency department and ward of 3 secondary and
1 university hospital in the Netherlands and 2 secondary hospitals in Israel. In both
studies, children 1 month of age and older presenting with fever (peak temperature ≥
38.0°C) or symptoms of LRTI were eligible for inclusion. Patients were excluded in case
of a previous episode of fever in the past 3 weeks, psychomotor retardation, moderateto-severe metabolic disorder, primary or secondary immunodeficiency, HIV-, HBV- or
HCV infection and active malignancies. Antibiotic use before inclusion was noted.
Parents gave written informed consent before sampling. The studies are registered on
ClinicalTrials.gov, NCT01931254 and NCT02025699 and were approved by the ethics
committees in the participating countries.
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Data collection
Within 24 hours after presentation, a nasal swab (Universal Transport Medium, Copan)
was collected for multiplex RT-PCR testing of the most common respiratory pathogens,
including RSV and stored at ˗80°C. The swabs were performed for research and were
analysed when patient recruitment was finished; therefore, the attending physician was
not informed about the results of the nasal swab. Samples from the OPPORTUNITY study
were transferred to MeMed Diagnostics (Tirat Carmel, Israel) (RV15 test kit, Seegene,
KR), samples from the TAILORED study were transferred to the laboratory of Utrecht
University Hospital (Magna Pure 96 DNA and Viral NA Large Volume and Magna Pure LC
Total Nucleic Acid Isolation Kit, both Roche). After 28 days, we took a questionnaire for
clinical follow-up. Clinical data were collected from medical records using an electronic
Case Report Form (eCRF). The eCRF consisted of demographics, medical history, physical
examination findings, radiological and laboratory data, microbiological test results
(including study-specific nasal swab data) and follow-up information.

Reference outcome
Currently, no single reference standard test exists to determine the aetiology of an
infection.16 Therefore, we followed the England’s National Health Service’s standard for
evaluating diagnostic tests and composed an expert panel reference standard.17 We
have recently reported on the use of an expert panel as reference standard.15 The panel
comprised paediatricians with at least 10 years of clinical experience. Every recruited
patient was diagnosed by 3 panel members using all available eCRF information,
including the 28-day follow-up, but blinded for the labels of their peers. Each expert
assigned 1 of the following aetiologies to each patient: bacterial infection, viral infection,
bacterial coinfection (i.e., viral and bacterial coinfection) or indeterminate. When at
least 2 panel members assigned the same aetiology, that aetiology was considered
to be present. Patients were assigned an inconclusive outcome if each panel member
assigned a different aetiology or when at least 2 panel members diagnosed the patients
as indeterminate. By design, these patients could not be used for the objectives of this
study.

Statistical analysis
Children were first stratified according to the result of the Polymerase Chain Reaction
(PCR) test for RSV. Thereafter, we stratified the children according to the reference
diagnosis (i.e., simple viral, bacterial coinfection or inconclusive) and studied the use
of antibiotic treatment for every reference standard outcome separately. Sub-cohort
analyses were performed on patients admitted to the paediatric intensive care unit
(PICU), per age group and for the Dutch and Israeli cohort separately. For baseline
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characteristics, univariate comparisons were performing Fisher exact test, t tests and
Mann-Whitney test as appropriate. Statistical analysis was performed by using SPSS
version 21.0 for Windows (IBM Corp., Armonk, NY). A P value <0.05 was considered
statistically significant.

2

Results
Patient characteristics
A total of 784 children were recruited between October 2013 and May 2016 (Figure 1). In
188 (24%) patients, the nasal swab was positive for RSV. The median age of RSV patients
was significantly lower when compared with RSV-negative patients (Supplemental
Table 1). Of these RSV patients, median age was 9 months, and the majority (60%) of
the patients were boys (Table 1). As shown in Supplemental Table 2a, there were some
differences between RSV patients recruited in the different countries. When comparing
patients recruited in secondary care centres only, the cohorts were more similar
(Supplemental Table 2b). In RSV patients with and without antibiotic treatment, many
other viruses were detected, rhinovirus was most common (Supplemental Table 3).

Bacterial co-infection during RSV LRTI
The expert panel assigned reference standard outcomes to all 188 RSV patients (Figure
1) of which 27 (14%) were diagnosed with bacterial coinfection. In 10 (5%) patients,
the reference standard outcome was inconclusive; clinical characteristics are shown in
Table 1. At presentation, patients with bacterial coinfection appeared more ill than RSV
patients without bacterial coinfection (P < 0.001; Table 1). RSV patients with bacterial
coinfection were significantly more often admitted at the PICU compared with patients
diagnosed with viral infection (63% vs. 7%, respectively; P < 0.001). When looking at the
cohort in which all 3 expert panels agree on the diagnosis, (unanimous cohort) 16 (9%)
of the patients was diagnosed with a bacterial coinfection (Supplemental Table 4).

Use of antibiotics
Of all 188 RSV patients, 92 (49%) patients were treated with antibiotics (Figure 1).
Amoxicillin/clavulanate was prescribed most often in the Netherlands; in Israel, most
children received amoxicillin (Supplemental Table 5). All 27 RSV patients with a bacterial
coinfection were treated with antibiotics. The most common bacterial diagnoses are
shown in Table 1. A bacterial pathogen was detected in only 5 (19%) of the patients.
Antibiotics were also administered to 57 (30%) RSV patients with viral infection as
reference standard outcome (Figure 1). Of them, 54 (95%) received antimicrobial
treatment within 72 hours after presentation at the hospital (Figure 1). Even when using
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our more strict unanimous reference standard, 40 patients (21%) without bacterial
coinfection received antibiotics (Supplemental Table 3). Off all RSV patients with a
simple viral LRTI receiving antibiotics, 15 (33%) patients had pneumonia and 29 (63%)
bronchiolitis as clinical syndrome. Eight RSV children with viral upper respiratory tract
infection received also antibiotics (1 case of tonsillitis, 7 cases with non-specified upper
respiratory tract infection). In RSV patients without a bacterial coinfection, patients
treated with antibiotics were more often admitted to the hospital and had more often
pulmonary infiltrates on chest x-ray than patients without antibiotics (Table 2).

Total
recruited
n=784

Nasal
swab
RSV +
n=188

Reference
standard
Simple viral
infection
n=151

AB +
n=57

Primary
(<72 hours)
n=54

AB n=94

Reference
standard
Bacterial
co-infection
n=27

AB +
n=27

AB n=0

Nasal
swab
RSV n=596

Reference
standard
Inconclusive*
n=10

AB +
n=8

AB n=2

Secondary
(>72 hours)
n=3

Figure 1. Recruitment and flow of children presenting at the hospital with fever without
source and acute respiratory tract infections.
*Inconclusive expert panel diagnosis was assigned to patients where each panel member gave a different
diagnosis or where 2 or more members diagnosed the patient as indeterminate. AB: antibiotics.
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Table 1. Baseline characteristics RSV cohort.
Total
n=188

Simple
viral
infection
n=151

Age (months) (median, IQR)

9(4-18)

9(5-19)

5(2-15)

12(4-25)

Gender, male (n,%)

112(60)

90(60)

15(56)

7(70)

Bacterial
co-infection Inconclusive
n=27
n=10
p-value*

At presentation

Site of presentation
Secondary care centre (n,%)

0.06
0.83
<0.001

144(77)

126(83)

8(30)

10(100)

Tertiary care centre (n,%)

16(8)

PICU (n,%)

28(15)

14(9)

2(7)

0(0)

11(7)

17(63)

0(0)

3(1.7)

3(1.8)

3(1.4)

3(1.3)

Cough (n,%)

162(86)

134(89)

19(70)

9(90)

0.42

Ill-appearing (n,%)

67(36)

45(30)

18(67)

4(40)

<0.001

Crepitation by auscultation (n,%)

99(53)

79(52)

13(48)

7(70)

0.35

Accessory muscle use / retractions (n,%)

64(34)

49(32)

14(52)

1(10)

0.06

Respiratory rate (mean, SD)

50(15)

50(15)

50(15)

44(12)

0.96
0.12

Duration of symptoms (days) (mean, SD)

Saturation (%) (mean, SD)

0.33

96(5)

96(5)

94(8)

97(2)

Maximal temperature (°C) (mean, SD)

39.2(0.8)

39.1(0.8)

39.3(0.8)

39.3(0.7)

0.33

CRP (mg/L) (median, IQR)

18(7-43)

15(7-36)

50(8-151)

31(11-96)

0.002

Chest X-ray performed (n,%)

104(55)

75(50)

24(89)

5(50)

<0.001

41(39)

25(33)

13(54)

3(60)

<0.001

121(64)

93(63)

24(89)

4(40)

0.001

5(3-8)

4(3-6)

13(6-19)

4(3-8)

<0.001

23(12)

9(6)

14(52)

0(0)

<0.001

Infiltrate on chest radiography (n,%)

2

At discharge
Hospital admission (n,%)
Hospitalization duration
(days) (median, IQR)
Need of mechanical ventilation (n,%)
Deaths (n,%)

1(0)

0(0)

1(4)

0(0)

NA

24(10-64)

18(8-40)

152(105-212)

31(11-96)

<0.001

LRTI

116(62)

88(58)

21(78)

7(70)

URTI

46(24)

41(27)

2(7)

3(30)

Unknown

CRP max (mg/L) (median, IQR)

0.001

Clinical syndrome (n,%)

18(10)

17(11)

1(4)

0(0)

Other

3(1)

3(2)

0(0)

0(0)

Urinary tract infection

2(1)

0(0)

2(7)

0(0)

Gastro-enteritis

2(1)

2(2)

0(0)

0(0)

Bacteremia

1(1)

0(0)

1(4)

0(0)

Clinical syndrome is based on the diagnosis of the attending physician at discharge from the hospital. LRTI
included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis. *p-value between bacterial and viral reference standard. CRP: C-reactive protein, IQR: interquartile
range, PICU: paediatric intensive care units, LRTI: lower respiratory tract infection, NA: not applicable, URTI:
upper respiratory tract infection.
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Table 2. Baseline characteristics RSV patients with viral reference standard.

Age (months) (median, IQR)
Gender, male (n,%)

Total
n=151

Antibiotic
treatment
n=57

No antibiotic
treatment
n=94

p-value

9(5-19)

10(5-19)

9(4-18)

0.81

90(60)

33(58)

57(61)

0.86

39.1(0.8)

39.2(0.7)

39.1(0.8)

0.28

Duration of symptoms (days) (mean, SD)

3(1.8)

3(1.6)

3(1.9)

0.67

Ill-appearing (n,%)

45(30)

23(40)

22(23)

0.08

Hospital admission (n,%)

93(63)

45(79)

48(51)

<0.001

4(3-6)

5(3-7)

4(2-5)

0.004

15(7-36)

23(8-50)

13(6-26)

0.02

75(50)

40(70)

35(37)

<0.001

25(33)

20(50)

5(14)

0.001

Need of mechanical ventilation (n,%)

9(6)

7(12)

2(2)

0.03

Deaths (n,%)

0(0)

0(0)

0(0)

NA

126(83)

41(72)

85(90)

Tertiary care centre (n,%)

14(9)

8(14)

6(7)

PICU (n,%)

11(7)

8(14)

3(3)

LRTI

88(58)

46(81)

42(45)

URTI

41(27)

8(14)

33(35)

Unknown

17(11)

1(2)

16(17)

Other

3(2)

2(3)

1(1)

Gastro-enteritis

2(2)

0(0)

2(2)

Maximal temperature (°C) (mean, SD)

Hospitalization duration (days) (median, IQR)
CRP (mg/L) at admission (median, IQR)
Chest X-ray performed (n,%)
Infiltrate on chest radiography (n,%)
Disease severity

0.009

Recruiting site
Secondary care centre (n,%)

<0.0001

Clinical syndrome (n,%)

Comparison of simple viral RSV infections with and without antibiotic treatment.
Clinical syndrome is based on the diagnosis of the attending physician at discharge from the hospital. LRTI
included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis. CRP: C-reactive protein, IQR: interquartile range, PICU: paediatric intensive care units, LRTI: lower
respiratory tract infection, NA: not applicable, URTI: upper respiratory tract infection.

Subgroup analysis
Of the 188 RSV patients 28 (47%), children required PICU admission. Of these, 17
(61%) had a bacterial coinfection and were treated with antibiotics. One RSV patient
with a bacterial coinfection died due to respiratory and circulatory insufficiency. Of
the patients with a viral infection admitted to the PICU, 8 (29%) received antibiotics.
In the overall cohort, the percentage of bacterial coinfection was higher in children
under 3 months of age (28.6%) than in children older than 3 months (12.4%), P = 0.034.
Bacterial coinfection and PICU admissions were seen more often in the Dutch cohort
than the Israeli cohort (25% vs. 7%, respectively, P <0.001 and 34% vs. 1%, P <0.001).
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The percentage of antibiotic overuse was similar in the Israeli and Dutch RSV cohort,
32% versus 27%, respectively (P = 0.52). When comparing the non-PICU cohort, the
percentages of bacterial coinfections in the Dutch cohort decreases to 7.5% and 5.5% in
the Israeli cohort (P = 0.74). The percentage of antibiotic overuse in this cohort is similar
to the overall cohort.

2

Discussion
In this study, we prospectively evaluated the frequency of bacterial coinfections in
patients diagnosed with RSV LRTI and antibiotic overuse by using an expert panel as the
reference standard. We showed that bacterial coinfections are rare with 14%, but that
about one-third of all children with RSV LRTI were treated unnecessarily with antibiotics.
In general, viral LRTI is a risk factor for bacterial coinfection, with increasing severity of
respiratory illness.18,19 The percentage of bacterial coinfections of 14% in our study is
higher compared with other studies, most of them report bacterial coinfections up to
10%.3–10 The high proportion of bacterial coinfection is probably related to recruitment at
our PICU. Previous research also showed that infants with severe bronchiolitis requiring
admission on the intensive care unit have higher rates of bacterial coinfection.11,12,20–22
When selecting only the non-PICU cohort, the percentage of bacterial coinfections
decreased to the more common percentage of 6%.
The prescription rate of antibiotics in patients with RSV in our cohort was low when
compared with other studies. Patient recruitment was performed in both Israel and
The Netherlands. Country-specific antibiotic prescription rates of the countries in
which previous studies are performed, are higher in comparison with Israel and The
Netherlands.3,9,23 Especially in The Netherlands, antibiotic consumption per person
is relatively low.24 The percentage of antibiotic use on the PICU is also lower when
compared with previous reported data on other PICU cohorts, but in line with 2 studies
performed on other Dutch PICUs.11,12,20–22
Antibiotic overuse was similar in The Netherlands and Israel. Dutch and Israeli guidelines
for management of pneumonia in children are similar and advise to start amoxicillin in
children with clinical evidence of pneumonia.
A recent study showed that physicians are more likely to use antibiotics in non-RSV–
infected patients compared with RSV.25 In our study, the nasal swabs were performed
for research and were analysed when patient recruitment was finished; therefore, the
attending physician was not informed about the results of the nasal swab.
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Strengths of this study deserve further discussion. First, a strength of the present study
is the thorough nature of the reference standard. To our knowledge, the OPPORTUNITY
and TAILORED studies are the first studies using an expert panel as the preferred
reference standard to distinguish bacterial from viral infection to investigate the
amount of antibiotic overuse in children with RSV LRTI. Clinical suspicion confirmed by
microbiological results is an approach often employed in other studies, but this method
can be hampered by technical issues (e.g., culture contamination and uncertainty due
to colonization) and microbiological investigations were not performed in all patients,
particularly in children with lower disease severity. Therefore, reported numbers of
bacterial pneumonia in infants with RSV infections are mostly from studies performed
on the PICU.11,12,20–22 Using an expert panel has the advantage of capturing a wider
spectrum of illness severities in the resulting cohort, and therefore, is more likely to
be generalizable to clinical practice.26,27 Second, we study the number of correct and
incorrect antibiotic use in children with RSV infections. Other studies report on the
number of bacterial coinfections separately from the antibiotic treatment numbers or
excluded patients positive for bacterial pathogens.9,20,25 Therefore, it is in these studies
not possible to calculate the amount of suspected antibiotic overuse. Limitations of
our study should also be discussed. First, children below the age of 1 month were not
included. Children younger than 30 days are at high risk of occult serious bacterial
infections.28,29 A second limitation of the present study is that due to logistical reasons
not all eligible children participated in this study, which may have introduced bias.
Third, 4 (5%) of the RSV patients with a simple viral infection received antibiotics
more than 72 hours after presentation. The expert panel was instructed to diagnose
the patients at the moment of presentation. Therefore, we cannot exclude that these
4 patients developed a bacterial coinfection later on. Even when considering these
antibiotic treatment as correct, still 28% of the RSV patients is treated unnecessary with
antibiotics. Fourth, the expert panel was not able to diagnose all patients, although we
found a high level of agreement (95%) between experts within the panels. Employing
adjudication of an expert panel diagnosis is an approach commonly used in this area
of research.27,30 Additionally, due to the low antibiotic prescribing rates in Israel and The
Netherlands, the reported amount of antibiotic overuse is not generalizable to all other
countries.23 The results of our study cannot be extrapolated to other viruses, the analysis
of non-RSV patients was beyond the scope of this study. Finally, because of the relatively
small number of patients with a bacterial coinfection, it was not possible to perform
an accurate multivariate regression to define criteria for starting antibiotics in children
infected with RSV. However, as described previously in other studies as well, the number
of bacterial coinfections is low.
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In conclusion, our data show that although bacterial coinfections in children with RSV
infections are relatively rare, high percentages of antibiotic prescriptions are common.
Further research is needed to develop accurate and practical tools to help physicians
recognizing bacterial coinfections in children infected with RSV. In the meantime, a
judicious approach to antimicrobial treatment is warranted for 1 of the most common
diseases during early childhood.

2
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Supplementary material
Supplemental Table 1. Baseline characteristics total cohort.

Age (months) (median, IQR)

Total
n=784

RSV+
n=188

RSVn=596

p-value

15(6-30)

9(4-18)

17(8-35)

<0.001

Gender, male (n,%)

438(56)

112(60)

326(55)

0.27

Maximal temperature (°C) (mean, SD)

39.3(0.8)

39.2(0.8)

39.4(0.8)

0.003

Duration of symptoms (days) (mean, SD)

2.6(1.8)

3(1.7)

2(1.8)

<0.001

Ill-appearing (n,%)

297(38)

67(36)

230(39)

0.72

Hospital admission (n,%)

506(65)

121(64)

385(65)

1.00

3(2-5)

5(3-8)

3(2-5)

<0.001

CRP (mg/L) at admission (median, IQR)

21(7-54)

18(7-43)

23(7-57)

0.20

Chest X-ray performed (n,%)

278(36)

104(55)

174(29)

0.002

100(36)

41(39)

59(34)

0.37

Need of mechanical ventilation (n,%)

43(6)

23(12)

20(3)

<0.001

Deaths (n,%)

1(0)

1(0)

0(0)

NA

333(42)

92(49)

241(40)

Hospitalization duration
(days) (median, IQR)

Infiltrate on chest radiography (n,%)
Disease severity

Use of antibiotics (n,%)
Secondary care centre (n,%)

615(78)

144(77)

471(79)

Tertiary care centre (n,%)

110(14)

16(8)

94(16)

59(8)

28(15)

31(5)

LRTI

224(28)

116(62)

108(18)

URTI

218(28)

46(24)

172(29)

Unknown

194(25)

18(10)

176(30)

Other

60(8)

3(1)

57(10)

UTI

32(4)

2(1)

30(5)

GE

23(3)

2(1)

21(4)

Bacteremia

4(1)

1(1)

3(1)

Viremia

9 (1)

0(0)

9(2)

CNS

20(2)

0(0)

20(3)

PICU (n,%)

0.052
<0.001

Recruiting site

<0.001

Clinical syndrome (n,%)

Clinical syndrome is based on the diagnosis of the attending physician at discharge from the hospital. LRTI
included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis; CNS included cerebellitis, encephalitis, meningitis and epilepsy.
CRP: C-reactive protein, PICU: paediatric intensive care units, CNS: central nervous system, GE: gastro-enteritis,
LRTI: lower respiratory tract infection, URTI: upper respiratory tract infection, UTI: urinary tract infection.
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Supplemental Table 2. Baseline characteristics of RSV patients per country.
a.
Total
n=188

NL
n=80

IL
n=108

p-value

Age (months) (median, IQR)

9(4-18)

6(2-12)

12(6-24)

<0.001

Gender, male (n,%)

112(60)

44(55)

68(63)

0.29

Maximal temperature (°C) (mean, SD)

39.2(0.8)

39.1(0.8)

39.2(0.7)

0.21

Duration of symptoms (days) (mean, SD)

3(1.7)

3(1.8)

3(1.6)

0.17

Ill-appearing (n,%)

67(36)

45(56)

22(20)

<0.001

Hospital admission (n,%)

121(64)

71(89)

51(47)

<0.001

5(3-8)

6(3-13)

4(3-5)

<0.001

CRP (mg/L) at admission (median, IQR)

18(7-43)

24(9-58)

15(7-37)

0.06

Chest X-ray performed (n,%)

104(55)

40(50)

64(59)

0.30

41(39)

16(40)

25(39)

1.00

23(12)

23(29)

0(0)

<0.001

1(0)

1(1)

0(0)

NA

144(77)

37(46)

107(99)

Tertiary care centre (n,%)

16(8)

16(20)

0(0)

PICU (n,%)

28(15)

27(34)

1(1)

Hospitalization duration (days) (median, IQR)

Infiltrate on chest radiography (n,%)

2

Disease severity
Need of mechanical ventilation (n,%)
Deaths (n,%)

<0.001

Recruiting site
Secondary care centre (n,%)

0.03

Clinical syndrome (n,%)
LRTI

116(62)

49(61)

67(62)

URTI

46(24)

27(34)

19(18)

Unknown

18(10)

3(4)

15(14)

Other

3(1)

0(0)

3(3)

UTI

2(1)

1(12)

1(1)

GE

2(1)

0(0)

2(2)

Bacteremia

1(1)

0(0)

1(1)
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Supplemental Table 2. Baseline characteristics of RSV patients per country. (Continued)
b.

Age (months) (median, IQR)
Gender, male (n,%)
Maximal temperature (°C) (mean, SD)

Total
n=144
12(6-22)

NL
n=37
8(5-19)

IL
n=107
12(6-24)

p-value
0.10

86(60)

18(49)

68(63)

0.12

39.2(0.8)

39.1(0.7)

39.2(0.7)

0.64

Duration of symptoms (days) (mean, SD)

3(1.8)

3(1.8)

3(1.6)

0.81

Ill-appearing (n,%)

37(26)

16(43)

22(20)

0.011

Hospital admission (n,%)

78(54)

28(76)

51(47)

0.002

Hospitalization duration (days) (median, IQR)
CRP (mg/L) at admission (median, IQR)
Chest X-ray performed (n,%)

4(3-5)

3(2-5)

4(3-5)

0.45

16(7-38)

23(10-57)

15(7-37)

0.11

73(51)

10(27)

64(59)

0.002

31(42)

7(70)

25(39)

0.09

LRTI

83(58)

16(43)

67(62)

URTI

37(26)

18(49)

19(18)

Unknown

Infiltrate on chest radiography (n,%)

0.007

Clinical syndrome (n,%)

17(12)

2(5)

15(14)

Other

3(2)

0(0)

3(3)

UTI

2(1)

1(3)

1(1)

GE

2(1)

0(0)

2(2)

a. Comparison of all enrolees between the Dutch and Israeli cohort. b. Comparison of participants recruited in
secondary hospitals between the Dutch and Israeli cohort.
Clinical syndrome is based on the diagnosis of the attending physician at discharge from the hospital. LRTI
included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis.
CRP: C-reactive protein, PICU: paediatric intensive care units, GE: gastro-enteritis, LRTI: lower respiratory tract
infection, URTI: upper respiratory tract infection, UTI: urinary tract infection.
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Supplemental Table 3. Microbiology results RSV patients with simple viral reference
standard.
Total
n=151

Antibiotic
treatment
n=57

No antibiotic
treatment
n=94

76(50)

27(47)

50(53)

2

Study nasal swab PCR
1 virus
2 virus

46(31)

16(28)

30(32)

3 virus

27(18)

13(23)

14(15)

4 virus

1(1)

1(2)

0(0)

Viruses
Adenovirus

15(10)

5(9)

10(11)

Bocavirus

16(11)

7(12)

9(10)

Coronavirus 229E/NL63/OC43

14(9)

7(12)

7(7)

Enterovirus*

8(5)

4(7)

4(4)

Influenza A/B

7(5)

5(9)

2(2)

Metapneumovirus*

6(4)

3(5)

3(3)

Parainfluenza

3(2)

1(2)

2(2)

151(100)

57(100)

94(100)

31(21)

13(23)

18(19)

25(17)

12(22)

13(16)

Respiratory syncytial virus A/B
Rhinovirus A/B/C
Routine care
Positive blood tests
Respiratory syncytial virus
Positive nasopharyngeal tests
Metapneumovirus

1(1)

1(2)

0(0)

Respiratory syncytial virus

9(6)

4(7)

3(3)

Adenovirus

2(1)

1(2)

1(1)

1(1)

1(2)

0(0)

Positive sputum culture
Haemophilus influenzae
Group A streptococcus

1(1)

1(2)

0(0)

Respiratory syncytial virus

5(3)

4(7)

1(1)

Moraxella Catarrhalis

2(1)

0(0)

2(2)

Positive urine culture
E.coli

1(1)

1(2)**

0(0)

Klebsiella oxytoca

1(1)

1(2)**

0(0)

4(3)

3(5)

1(1)

Positive eye culture
Haemophilus influenzae

Blood tests including: culture, PCR, serology, antigen test.
*Only tested in patients participating in the OPPORTUNITY study.
** Same patient, CFU 10^4.
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Supplemental Table 4. Expert panel agreement.
Antibiotics +

Antibiotics -

3 out of 3 (n,%)

40(21)

89(47)

2 out of 3 (n,%)

17(9)

5(3)

3 out of 3 (n,%)

16(9)

NA

2 out of 3 (n,%)

11(6)

NA

Inconclusive reference standard (n,%)

8(4)

2(1)

Simple viral reference standard

Bacterial co-infection reference standard

Given numbers are number of patients, in parentheses percentages of the total cohort.

Supplemental Table 5. Prescribed antibiotics.
The
Viral
Bacterial
Overall Netherlands
Israel
infection infection Inconclusive
n=92*
n=43*
n=49*
n=57*
n=27*
n=10
Amoxicillin
40
9
31
29
5
6
Amoxicillin/clavulanate
40
32
8
16
22
2
Cefuroxime
10
0
10
8
1
1
Azithromycin
6
2
4
5
1
0
Ceftriaxone
4
3
1
2
2
0
Gentamicin
3
2
1
0
2
1
Meropenem
3
2
1
0
3
0
Cefazolin
2
1
1
1
1
0
Cefotaxime
1
1
0
1
0
0
Ciprofloxacin
1
1
0
0
1
0
Clarithromycin
1
1
0
1
0
0
Unknown
4
0
4
4
0
0
* Some patients received 2 or 3 different antibiotics, therefore the total number is higher compared to the
number of patients.
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Abstract
Background
Respiratory tract infections (RTI) are more commonly caused by viral pathogens in
children than in adults. Surprisingly little is known about antibiotic use in children as
compared to adults with RTI. This prospective, international study aimed to determine
antibiotic consumption in children and adults with RTI in order to prioritize the target
age population for antibiotic stewardship interventions.

Methods
We recruited children, aged 1 month and older, and adults who presented at the
emergency department or were hospitalized with clinical presentation of RTI. A panel
of three experienced physicians adjudicated a reference standard diagnosis (i.e.,
bacterial or viral infection) for all the patients using all available clinical and laboratory
information, including a 28-day follow-up assessment.

Results
The cohort included 284 children and 232 adults with RTI (median age, 1.3 years and
64.5 years, respectively). The proportion of viral infections was larger in children than
in adults (209 (74%) versus 89 (38%), p<0.001). In case of viral RTI, antibiotics were
prescribed (i.e., overuse) less frequently in children than in adults (77/209 (37%) versus
74/89 (83%), p<0.001). Only 1 (1%) child and 3 (2%) adults with bacterial infection were
not treated with antibiotics (i.e. underuse); all were mild cases.

Conclusion
This international, prospective study confirms major antibiotic overuse in patients
with RTI. Viral infection is more common in children, but antibiotic overuse is more
frequent in adults with viral RTI. Together, these findings support the need for effective
interventions to decrease antibiotic overuse in RTI patients of all ages.
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Introduction
Acute respiratory tract infections (RTIs) are one of the leading causes of emergency
department (ED) visits and are often due to viral pathogens.1-4 Although viral infections
are more common in children, studies based on national datasets show that the
problem of antibiotic overuse in RTI is largest in adults.4-6 Unfortunately, it is often not
possible to differentiate between viral and bacterial diseases on clinical judgment
alone.7 Consequently, antibiotics are prescribed almost twice as often as required
in children with acute RTIs in the US.1 Falsey and colleagues show that 90% of adults
hospitalized with a viral respiratory illness were treated with antibiotics.8 Antibiotic
overuse is associated with an increasing prevalence of antibiotic resistance.9 In Europe,
25,000 patients die annually due to infections with antibiotic-resistant microorganisms,
with estimated costs of €1.5 billion.10-12 Therefore, there are increasing efforts to study
host-biomarkers that could discriminate bacterial from non-bacterial infections.13 A
prospective, international study (The “Tailored-Treatment” (TTT) study, www.tailoredtreatment.eu) was designed to generate a multi-parametric model for distinguishing
between bacterial and viral infections based on new host- or pathogen-related
biomarkers. The current study is the first subgroup analysis of this TTT-study and aimed
to determine antibiotic misuse in children and adults with RTI, using an expert panel to
assign viral and bacterial diagnoses. This study will be instrumental to analyse strategies
for new diagnostics to differentiate between viral and bacterial infections.

3

Methods
Study design
Patient recruitment for this prospective biomarker TTT-study took place in convenience
and consecutive series at the ED and wards of secondary and tertiary hospitals in The
Netherlands and Israel. For this subgroup analyses paediatric patients (aged ≥1 month),
and adult patients, (aged >18 years), with a suspected upper and/or lower RTI and a
maximal disease duration of eight days, were selected. RTI was defined as presence of
two or more of the following signs: tachypnea, cough, nasal flaring, chest retractions,
rales, expiratory wheeze and/or decreased breath sounds. For children WHO agespecific criteria for tachypnea were used.14 Patients were excluded in case of: previous
episode of fever in the past three weeks; nosocomial RTI (>3days after hospitalization);
psychomotor retardation; moderate to severe metabolic disorder; primary or secondary
immunodeficiency; proven or suspected HIV, HBV or HCV infection and active
malignancies. To participate in the study (parenteral) informed consent was required.
The TTT-study is registered on ClinicalTrials.gov, NCT02025699, and was approved by
the ethics committees in the participating countries.
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Data collection
Within 24 hours after presentation a nasal swab (Universal Transport Medium, Copan)
was collected for the establishment of patient reference standard diagnosis. As shown
in the clinical protocol, other samples were also collected for additional research
questions of the TTT-study. All nasal swabs were stored at -80°C until transfer to the
UMCU laboratory (The Netherlands). A multiplex PCR-based assay of the 14 most
common respiratory pathogens (nine viruses, five bacteria) was performed (MagnaPure
LC total nucleic acid kit and MagnaPure 96 DNA, Roche Diagnostics, Mannheim,
Germany).15 The PCR results were not available for the attending physician, since this
assay was performed after completion of the recruitment process. Clinical data sourced
from medical records was recorded in an electronic Case Report Form (eCRF). The eCRF
included details of demographics, medical history, physical examination, radiological
and laboratory data performed for routine care, microbiological results (including results
from routine care and study-specific multiplex PCR on nasal swab), if antimicrobial and/
or antiviral treatment was started and information from a 28-day follow-up assessment.
All available data were uploaded to a study-specific central, secured database, to which
access was granted only to TTT-research partners.

Outcomes
Currently, no single reference standard test exists for determining the aetiology of
an infection.16 Therefore, we followed the UK’s National Health Service standard for
evaluating diagnostic tests and employed an expert panel reference standard.17 We
established expert panels with paediatricians (i.e. general paediatricians and subspecialists) for the paediatric cohort and specialists in internal medicine, pulmonology
and infectious diseases for the adult cohort. All physicians had more than 10 years of
clinical experience. They received a review of paediatric, emergency medicine, and
infectious disease literature, written by the study team as background information,
without any instructions or decision rules. Every recruited patient was diagnosed by
three panel members affiliated to the country of recruitment, using all available eCRF
information, but blinded to the diagnoses of their peers. Each expert assigned one of the
following classifications to each patient: simple viral infection; bacterial infection; mixed
infection (i.e., viral and bacterial co-infection); non-infectious disease; or indeterminate.
A majority consensus was applied for the final diagnosis. Patients assigned as ‘mixed
infection’ were subsequently classified as bacterial because they are clinically managed
similarly. Cases were labelled as ‘inconclusive’ if each panel member assigned a different
aetiology or when at least two panel members diagnosed the case as ‘indeterminate’. A
microbiologically confirmed diagnosis was predefined as an unanimous panel diagnosis
plus the detection of at least one virus for simple viral cases or for bacterial cases a
positive blood culture, excluding the following probable contaminants: Coagulase44
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negative staphylococci; Corynebacterium spp.; Bacillus spp.; Propionibacterium acnes;
Micrococcus spp. and Viridans group streptococci. For the detection of viruses and
bacteria microbiological diagnostics performed for routine care (e.g. blood cultures,
sputum cultures and serology) and study specific nasal swab PCR results were reviewed.

Statistical analysis
Patients from this convenience cohort of the TTT biomarker study were first stratified
according to the reference diagnosis (e.g. viral, bacterial, non-infectious and
inconclusive). For the purpose of this study, we excluded non-infectious and inconclusive
cases. For the primary objective of this study we then calculated and compared the
percentage of antibiotic use per reference diagnosis for children and adults separately.
A sensitivity analysis was performed on the microbiologically confirmed sub-cohort.
Secondary analyses were performed for children and adults separately to compare
patient characteristics between simple viral and bacterial infections, antibiotic use
per virus, patient characteristics of viral cases receiving and not-receiving antibiotics,
and different antibiotic agents per country. Sub-cohort analyses were performed
for the Dutch and Israeli cohorts and for patients admitted to the intensive care unit
(ICU). A post hoc analysis was performed on the timing of antibiotic administration in
patients with bacterial outcomes to see whether there is delayed antibiotic prescribing
(i.e., antibiotics started >72 hours after administration). For baseline characteristics,
univariate comparisons were performed using the Fisher’s exact test, the Students
t-test, and Mann-Whitney test, as appropriate. Statistical analysis was performed using
the SPSS version 22.0 for Windows software. A p-value <0.05 was considered statistically
significant.

3

Results
Patient characteristics
Between April 2014 and September 2016 a total of 616 patients with RTI (302 children
and 314 adults) were recruited (Figure 1). The panel diagnosed 516 patients as having
a bacterial or a viral infection, encompassing 284 children and 232 adults (median
ages, 1.3 years and 64.5 years, respectively) (Table 1). Mixed infection was considered
as bacterial. The expert panel diagnosed 12 adults as having a non-infectious disease
(predominantly, chronic obstructive pulmonary disease or asthma exacerbation). The
reference standard diagnosis was inconclusive for 18 children and 70 adults. In 215
(76%) children and 120 (52%) adults, the study nasal swab (to help the expert panel
establishing the outcome) was positive for one or more microorganisms (Supplemental
Table 1). In most of the patients with a bacterial reference standard, a bacterial pathogen
was not found (Supplemental Table 1).
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Table 1. Baseline of bacterial and viral respiratory tract infections in children and adults.

Age, years

Children
n=284

Adults
n=232

1.3[0.6-3.0]

64.5[52-75]

Male sex

167(59)

131(57)

Presence of comorbidity

125(44)

199(86)

Ill-appearing

113(40)

114(53)

39.2 (0,9)

38.6(1,0)

Maximum temperature, °C
Duration of symptoms, days
Hospital admission
Hospitalization duration, days

3(2)

4(2)

208(75)

217(94)

4[3-8]

5[3-8]

16[4-43]

34[9-136)

95[92-98]

94[91-96]

31(11)

3(1)

1(1)

3(1)

198(70)

173(75)

Tertiary care centre

47(16)

53(23)

ICU

39(14)

6(2)

The Netherlands

136(48)

131(56)

Israel

148(52)

101(44)

4(1)

45(19)

LRTI

150(53)

172(74)

URTI

130(46)

15(7)

CRP (mg/L) at admission
Disease severity
Oxygen saturation, %
Needed mechanical ventilation
Deaths
Admission site
Secondary care centre

Country

Clinical syndrome
COPD/Asthma exacerbation

Data are presented as n(%), mean (SD), or median [IQR]. LRTI included: pneumonia, acute bronchitis and
bronchiolitis, URTI included: laryngitis, pharyngitis, otitis media, sinusitis, epiglottitis and tonsillitis. Illappearing based on attending physician’s impression. CRP: C-reactive protein, ICU: intensive care unit, COPD:
Chronic Obstructive Pulmonary Disease, LRTI: lower respiratory tract infection, URTI: upper respiratory tract
infection.

Patient outcomes
The proportion of simple viral infections was larger in children than in adults (209/284
(74%) versus 89/232 (38%), respectively, p<0.001). Most bacterial co-infections were
observed in children infected with rhinovirus (17/62, 27%) and respiratory syncytial
virus (RSV) (23/98, 23%), whereas influenza was most frequently associated with
bacterial co-infection in adults (17/52, 33%, Table 2). Children and adults with bacterial
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infections were more often hospitalized (p-values respectively <0.0001 and 0.009)
and had higher CRP values (p-value 0.001 and <0.0001 respectively) compared with
patients with a simple viral infection (Table 3). In 172/284 (61%) of the paediatric cohort
and 114/232 (49%) of the adult patients the expert panel diagnosis can be confirmed
microbiologically. This microbiologically confirmed sub-cohort includes in total 286
patients, 145 children and 58 adults with simple viral infection and, 27 children and 56
adults with bacterial infection (Supplemental Figure 1).

3

Table 2. Appropriate and inappropriate antibiotic usage per virus.
a.
Viral
n=209

Paediatric

Bacterial
n=75

Viruses detected* Antibiotic use***

Viruses detected

Antibiotic use

12(43)

2

2(100)

22

7(32)

5

5(100)

30

10(33)

6

6(100)

Adenovirus

28

Bocavirus
Influenza virus
Rhinovirus

45

16(36)

17

16(94)

RSV

75

32(43)

23

22(96)

Other**

26

11(42)

8

8(100)

b.
Viral
n=89

Adult

Viruses detected

Bacterial
n=143

Antibiotic use***

Viruses detected

Antibiotic use

Influenza virus

35

30(86)

17

16(94)

Rhinovirus

16

12(75)

6

6(100)

RSV

14

13(93)

4

4(100)

Other****

11

10(91)

8

8(100)

a. Paediatric cohort. b. Adult cohort. Viral and bacterial diagnoses based on expert panel diagnoses. Mixed
infection was considered as bacterial. Data shown represent the numbers of positive PCR of nasal swabs
performed for the study and n(%) of patients in this group receiving antibiotics. RSV: respiratory syncytial
virus. *As some patients tested positive for more than one virus, the total number of detected viruses is higher
than the number of patients. ** Includes coronavirus, human metapneumovirus, and parainfluenza virus. ***
Numbers of antibiotic usages are given per virus. As some patients tested positive for more than one virus,
the total antibiotic usage is different with respect to the numbers given in Figure 1. **** Includes adenovirus,
bocavirus, coronavirus, human metapneumovirus, and parainfluenza virus.

Antibiotic usage
The overall antibiotic prescription rate for viral and bacterial RTI was 71%, and the
antibiotic overuse rate (i.e., antibiotic prescription for simple viral RTI) was 51%.
Antibiotics were administered less frequently to children than adults with a simple viral
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infection (77/209 (37%) versus 74/89 (83%), p<0.001, (Figure 1). This difference was
similar across different viral pathogens, including influenza and RSV (Table 2). Within the
microbiologically confirmed sub-cohort, similar percentages of antibiotic overuse were
observed (50/145 (34%) children versus 50/58 (86%) adults, (Supplemental Figure 1).
Children receiving antibiotics for simple viral RTI were more often admitted to the ICU
(p-value 0.032) and had more often lower RTI (p-value 0.001), compared with children
not receiving antibiotics (Table 4). Adults with simple viral RTI receiving antibiotics were
more often male (p-value 0.033), had higher temperatures (p-value 0.004) and also had
more often lower RTI (p-value 0.003), compared with adults not receiving antibiotics
(Table 4). Among the patients with bacterial RTI (n=218), only one (1%) child and three
(2%) adults were not treated with antibiotics (Supplemental Table 2). Dutch children
received mostly amoxicillin/clavulanate, whereas Israeli children received mostly
amoxicillin. Among adults the most prescribed antibiotic agents were amoxicillin (The
Netherlands) and roxithromycin (Israel, Supplemental Figure 2). From patients with
bacterial outcome information on antibiotic timing was available for 107 patients (49%).
In eight children (7%) antibiotics were prescribed >72 hours after admission, seven of
these children were admitted on the ICU. All adults received antibiotics within 72 hours
after presentation.
307 patients
with RTI
recruited in
the Netherlands

309 patients
with RTI
recruited in
Israel

616 patients
recruited

218 diagnosed as
bacterial by
expert panel
(reference standard)

12 diagnosed as
non-infectious by
expert panel
(reference standard)

88 diagnosed as
inconclusive by
expert panel
(reference standard)

75
child

0
child

18
child

298 diagnosed as
viral by
expert panel
(reference standard)

209
child

AB +
n=77

89
adult

AB n=132

AB +
n=74

AB n=15

AB +
n=74

AB n=1

143
adult

AB +
n=140

AB n=3

12
adult

AB +
n=8

AB n=4

AB +
n=17

AB n=1

70
adult

AB +
n=69

AB n=1

Figure 1. Flowchart of patients.
AB -: antibiotics not prescribed, AB +: antibiotics prescribed, RTI: respiratory tract infection.
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Subgroup analysis
We analysed the Dutch (n=267) and Israeli (n=249) cohort separately (Supplemental
Table 3). Antibiotic overuse in children with simple viral infections was similar in the
Dutch and Israeli cohort (32/104 (31%) versus 45/105 (43%), p=0.07). In adults with
simple viral infection, the proportion of patients receiving antibiotics was lower in The
Netherlands, when compared with Israel (35/47 (74%) versus 39/42 (93%), p=0.021).
Of all 284 children, 39 (14%) children were admitted to the ICU. Thirty-three (85%) ICU
patients received antibiotics, 11 (33%) had simple viral infection. Six (2%) adults were
admitted to the ICU, all received antibiotics. Five adult ICU patients had simple viral
infections, and one patient had a bacterial infection. Influenza virus was detected in
four of them.

3

Table 3. Comparison of patients with viral and bacterial reference standards.
a
Paediatric cohort
Age, years
Male sex

Viral
n=209
1.2[0.6-2.8]

Bacterial
n=75
1.3[0.5-5.8]

p-value
0.102

119(57)

48(64)

0.122

Presence of comorbidity

86(41)

39(52)

0.104

Ill-appearing

75(36)

38(51)

0.059

39.1(0,9)

39.3(0,9)

0.150

Maximum temperature, °C
Duration of symptoms, days
Hospital admission
Hospitalization duration, days

3(2)

3(2)

0.497

144(70)

64(91)

<0.0001

4[3-6]

4[2-16]

0.050

CRP (mg/L) at admission

13[4-38]

22[6-131]

0.001

Oxygen saturation, %

96[92-98]

95[91-98]

0.523

12(6)

19(25)

<0.0001

Secondary care centre

152(73)

46(61)

Tertiary care centre

40(19)

7(9)

ICU

17(8)

22(29)

Need mechanical ventilation

<0.0001

Admission site

0.291

Country
The Netherlands

104(50)

32(43)

Israel

105(50)

43(57)

4(2)

0(0)

<0.0001

Clinical syndrome
Asthma exacerbation
LRTI

110(53)

55(73)

URTI

95(45)

20(27)
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Table 3. Comparison of patients with viral and bacterial reference standards. (Continued)
b.
Adult cohort
Age, years

Viral
n=89

Bacterial
n=143

p-value

61[46-72]

67[53-75]

0.061

Male sex

46(52)

85(59)

0.247

Presence of comorbidity

79(89)

120(84)

0.304

Ill-appearing

38(43)

76(59)

0.023

38,3(0,9)

38,7(1,0)

0.015

4(2)

4(3)

0.495

79(89)

138(97)

0.009

4[3-6]

6[3-9]

0.010

CRP (mg/L) at admission

14[4-43]

67[16-193]

<0.0001

Oxygen saturation, %

95[91-96]

94[92-97]

0.779

2(2)

1(1)

0.310

Secondary care centre

71(80)

102(71)

Tertiary care centre

13(15)

40(28)

5(5)

1(1)

The Netherlands

47(53)

84(59)

Israel

42(47)

59(41)

Maximum temperature, °C
Duration of symptoms, days
Hospital admission
Hospitalization duration, days

Needed mechanical ventilation

0.007

Admission site

ICU

0.376

Country

0.001

Clinical syndrome
COPD/Asthma exacerbation

23(26)

22(15)

LRTI

55(62)

117(82)

URTI

11(12)

4(3)

a. Paediatric cohort. b. Adult cohort. Viral and bacterial diagnoses based on expert panel diagnoses. Mixed
infection was considered as bacterial. Data are presented as n(%), mean (SD), or median [IQR]. CRP: C-reactive
protein, ICU: intensive care unit, COPD: Chronic Obstructive Pulmonary Disease, LRTI: lower respiratory tract
infection, URTI: upper respiratory tract infection.

Most studies of antibiotic misuse rates are based on national datasets and classify
infections, using general codes, such as the International Classification of Diseases.4-6
Using guidelines for assessing antibiotic misuse can result in contradictory analyses. For
example, Donnelly et al.4 have classified pharyngitis and tonsillitis as diseases for which
antibiotic treatment is appropriate, whereas Barlam et al.5 have proposed that antibiotic
use for these illnesses is inappropriate. Using an expert panel as reference standard has
the advantage of individual outcomes (i.e. bacterial or viral infection) for every patients,
resulting in more accurate percentages of antibiotic misuse. In the present prospective
study, we confirmed that antibiotic overuse in viral RTI is more prevalent among
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adult patients. In our study, children less often had comorbidity, appeared to be less
ill at presentation, and had lower a priori probabilities of having a bacterial infection,
compared with adults. Physicians are more inclined to initiate antibiotic treatment if the
patient appears to be ill upon presentation, even if a viral pathogen was detected, and
do often not adhere to related recommendations.19,20 Therefore, in addition to effective
diagnostics tests, education and prescribing feedback are needed to reduce antibiotic
overuse.21,22

3

Table 4. Baseline of viral respiratory tract infections children and adults, antibiotics versus
no antibiotics.
a.
AB +
n=77

AB n=132

p-value

1.0[0.5-2.7]

1.2[0.6-2.8]

0.945

Male sex

42(55)

77(58)

0.594

Presence of comorbidity

24(31)

62(47)

0.025

Age, years

Ill-appearing
Maximum temperature, °C
Duration of symptoms, days
Hospital admission
Hospitalization duration, days

30(39)

45(35)

0.473

39,2(0,9)

39,1(0,8)

0.479

3(2)

3(2)

0.352

60(79)

84(65)

0.030

5[3-9]

3[2-4]

<0.001

14[3-32]

10[3-26]

0.294

95[88-97]

97[93-99]

0.051

Needed mechanical ventilation

9(12)

3(2)

0.005

Death

0(0)

0(0)

CRP (mg/L) at admission
Disease severity
Oxygen saturation, %

Secondary care centre

50(65)

102(77)

Tertiary care centre

16(21)

24(18)

ICU

11(14)

6(5)
0.070

Country
The Netherlands

32(42)

72(55)

Israel

45(58)

60(45)

0(0)

4(3)

LRTI

48(62)

47(36)

URTI

29(38)

81(61)

0.001

Clinical syndrome
COPD/Asthma exacerbation

NA
0.032

Admission site
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Table 4. Baseline of viral respiratory tract infections children and adults, antibiotics versus
no antibiotics. (Continued)
b.
AB +
n=74
64[47-75]

AB n=15
56[51-60]

p-value
0.086

Male sex

42(57)

4(27)

0.033

Presence of comorbidity

66(89)

13(87)

0.778

Ill-appearing

34(47)

4(27)

0.156

38,5(0,9)

37,8(0,6)

0.004

4(2)

3(2)

0.478

66(89)

13(87)

0.778

4[3-6]

4[2-7]

0.805

15[5-45]

7[3-35]

0.332

Age, years

Maximum temperature, °C
Duration of symptoms, days
Hospital admission
Hospitalization duration, days
CRP (mg/L) at admission
Disease severity

95[91-96]

95[91-98]

0.317

Needed mechanical ventilation

Oxygen saturation, %

2(3)

0(0)

0.520

Death

1(1)

0(0)

0.651

Secondary care centre

60(81)

11(73)

Tertiary care centre

9(12)

4(27)

ICU

5(7)

0(0)

The Netherlands

35(47)

12(80)

Israel

39(53)

3(20)

0.234

Admission site

0.021

Country

0.003

Clinical syndrome
COPD/Asthma exacerbation

14(19)

9(60)

LRTI

51(69)

4(27)

URTI

9(12)

2(13)

a. Paediatric cohort. b. Adult cohort. Data are presented as n(%), mean (SD), or median [IQR]. LRTI included
pneumonia, acute bronchitis and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis. AB +: antibiotics prescribed, AB -: antibiotics not prescribed, CRP: C-reactive protein, ICU: intensive
care unit, COPD: Chronic Obstructive Pulmonary Disease, LRTI: lower respiratory tract infection, URTI: upper
respiratory tract infection.
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Discussion
This convenience cohort of patients from the TTT biomarker study is the first prospective
study comparing the burden of antibiotic misuse in both children and adults diagnosed
with RTI, using an expert panel adjudication as the reference standard.18 We observed
that antibiotic overuse was less common in children than in adults with a simple viral
RTI (37% versus 83%), regardless of viral aetiology. Only 1 (1%) child and 3 (2%) adults
with bacterial infection were not treated with antibiotics (i.e., underuse), all “untreated
patients” were mild cases with full spontaneous recovery.
The percentages of antibiotic underuse in our study were low. In literature, underuse up
to 31% for children with pneumonia has been described.23, 24 Therefore, we performed
a post hoc analysis on a selection of patients for whom information about the timing
of antibiotic administration was available. We found delayed antibiotic prescribing (i.e.,
antibiotics started >72 hours after admission) in only seven children who were admitted
to the ICU and one non-ICU child; there were no delayed antibiotic prescriptions in
adults. The expert panel may have underestimated bacterial infections in patients
recovering without antibiotics.
We did not observe differences in antibiotic overuse for either children or adults with
respect to viral aetiology. In contrast, a recent single-centre, retrospective cohort study
of 1400 children found that physicians were more likely to use antibiotics for non-RSVinfected children.25 It is possible that different methodologies, as well as a lack of power
in our study, may explain the contradictory findings. The current study, aiming to study
differences in antibiotic misuse between children and adults, is a sub-analysis of a
biomarker study. Therefore, no sample size calculation for this objective was made. The
number of recruited patients are sufficient for the primary objective, but we lack power
for statistical analyses regarding antibiotic overuse per virus.
Existing literature shows that antibiotic use is higher in Israel, compared with the
Netherlands.26 Nevertheless, we did not observe significant differences in antibiotic
overuse between Dutch and Israeli children. A relatively high rate of antibiotic overuse
in the Netherlands may be related to the high proportion of severely ill children in the
Dutch cohort.
A strength of our study is that the cohort comprised both children and adults,
enabling a direct comparison of findings without any confounding issues related to
the methodology. A second strength is the thorough nature of our reference standard
to distinguish viral from bacterial infections.16,27 Clinical suspicion confirmed by
microbiological results is an approach often employed in other studies as a reference
standard, although this method can restrict the analysis to the easy-to-diagnose
patients, and is not always technically applicable to RTIs. Using an expert panel has the
advantage of capturing a wider spectrum of illness severities and, therefore, is more

3
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likely to be generalizable to clinical practice.16,28 The expert panel was provided with all
available clinical information, including information about the course of the disease,
all microbiological results (including study-specific multiplex PCR on nasal swabs), and
information from a 28-day follow-up assessment. This information was not available to
the attending physicians when deciding to start antibiotics or not.
A limitation of this study is that not all eligible patients participated in this study for
practical reasons (e.g., attending physician didn’t have time to recruit the patient at
the ED, parents or patients didn’t want phlebotomy only for study proposes), which
may have introduced a selection bias in favour of more severely ill patients and could
lead to an overestimation of antibiotic overuse. A second limitation is that, by design,
patients with an inconclusive panel diagnosis were excluded. Although it is notable
that 98% of whom were receiving antibiotics. Therefore, including these patients
would probably not change the results. Third, we collected a nasal swab for every
patient for the establishment of patient diagnosis, other microbiological diagnostics
(e.g., sputum and blood cultures) were only performed if indicated for routine care.
Standardizing more microbiological diagnostics might have led to fewer inconclusive
panel diagnoses. A fourth limitation is that we don’t have information on the use of
influenza and pneumococcal vaccines available. As a consequence, we cannot exclude
that information on vaccine history of participants would have allowed for a more
accurate panel diagnosis. Fifth, we cannot exclude that some possible confounders
(e.g. comorbidity, hospital admission and site specific protocols) might drive some of
the difference in prescribing practices between children and adults. Finally, defined
daily antibiotic dosages per 1000 patient days in France, Greece, the UK and the USA is
1.5–3.3-times higher than in The Netherlands.29 Due to the low antibiotic prescription
rates in The Netherlands, it is plausible that antibiotic overuse will be even higher in
other countries.
In the present prospective study, we confirmed that antibiotic overuse in viral RTI is
more prevalent among adult patients. In our study, children had less often comorbidity,
appeared to be less ill at presentation, and had lower a priori probabilities of having
a bacterial infection, compared with adults. Physicians are more inclined to initiate
antibiotic treatment if the patient appears to be ill upon presentation, even if a viral
pathogen was detected, and do often not adhere to related recommendations.19,20
Therefore, in addition to effective diagnostics tests, education and prescribing feedback
are needed to reduce antibiotic overuse in RTI patients.21,22
In conclusion, viral RTI is more common in children, whereas antibiotic overuse is more
common in adult patients with RTI, supporting the need for better diagnostics to
differentiate between viral and bacterial infection across all ages.
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Supplementary material
Supplemental Table 1. Microbiology results.
a.
Total
n=284

Viral infection
n=209

Bacterial infection
n=75

Study nasal swab PCR
(performed on all patients)
0 microorganism

69(24)

44(21)

25(33)

1 microorganism

151(53)

114(55)

37(50)

2 microorganisms

48(17)

38(18)

10(13)

3 microorganisms

16(6)

13(6)

3(4)

Adenovirus

30(11)

28(13)

2(3)

Bocavirus

27(10)

22(11)

5(7)

3

Microorganism

Coronavirus

13(5)

8(4)

5(7)

Influenza virus A/B

36(13)

30(14)

6(8)

Metapneumovirus

11(4)

9(4)

2(3)

Parainfluenza virus

10(4)

9(4)

1(1)

Respiratory syncytial virus A/B

98(35)

75(36)

23(31)

Rhinovirus A/B/C

62(22)

45(22)

17(23)

3(1)

1(0.5)

2(5)

Mycoplasma pneumonia
Bordetella pertussis
Bordetella parapertussis

3(1)

0(0)

3(7)

1(0.5)

0(0)

1(2)

Routine care
Positive blood culture
Staphylococcus, coagulase-negative
Streptococcus pneumoniae

2(1)

1(0.5)

1(1)

1(0.5)

0(0)

1(1)

2(1)

0(0)

2(3)

1(0.5)

0(0)

1(1)

3(1)

2(1)

1(1)

Respiratory syncytial virus A/B

12(4)

6(3)

6(8)

Haemophilus influenzae
Fusobacterium necrophorum
Positive serology
Respiratory syncytial virus A/B
Positive sputum culture/PCR
Moraxella catarrhalis

11(4)

1(0.5)

10(13)

Haemophilus influenzae

9(3)

2(1)

7(9)

Streptococcus pneumoniae

5(2)

0(0)

5(7)

4(1)

1(0.5)

3(4)

Group A streptococcus

1(0.5)

1(0.5)

0(0)

Pseudomonas aeruginosa

1(0.5)

0(0)

1(1)

Enterobacter cloacae
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Supplemental Table 1. Microbiology results. (Continued)
a.
Total
n=284

Viral infection
n=209

Bacterial infection
n=75

5(2)

1(0.5)

4(5)

Streptococcus pneumoniae

1(0.5)

1(0.5)

0(0)

Haemophilus influenzae

1(0.5)

1(0.5)

0(0)

Mycoplasma pneumoniae

1(0.5)

0(0)

1(1)

Bordetella pertussis

1(0.5)

0(0)

1(1)

Respiratory syncytial virus A/B

19(7)

13(6)

6(8)

Adenovirus

5(2)

3(1)

2(5)

Influenza virus

5(2)

4(2)

1(1)

Rhinovirus

3(1)

1(0.5)

2(5)

Metapneumovirus

3(1)

3(1)

0(0)

Coronavirus

1(0.5)

1(0.5)

0(0)

Parainfluenza virus

1(0.5)

1(0.5)

0(0)

Total
n=232

Viral infection
n=89

Bacterial infection
n=143

Positive nasopharyngeal culture/PCR
Group A streptococcus

b.

Study nasal swab PCR
(performed on all patients)
0 microorganism

112(48)

17(19)

95(66)

1 microorganism

115(50)

68(76)

47(33)

2 microorganisms

5(2)

4(5)

1(1)

3(1)

2(2)

1(1)

1(0.5)

0(0)

1(1)

4(2)

1(1)

3(2)

Influenza virus A/B

52(22)

35(39)

17(12)

Metapneumovirus

6(3)

4(5)

2(1)

Parainfluenza virus

5(2)

4(5)

1(1)

Respiratory syncytial virus A/B

18(8)

14(16)

4(3)

Rhinovirus A/B/C

22(10)

16(18)

6(4)

Mycoplasma pneumoniae

11(5)

0(0)

11(8)

Bordetella pertussis

3(1)

0(0)

3(2)

5(2)

0(0)

5(3)

Moraxella osloensis

1(0.5)

0(0)

1(1)

Chlamydophila pneumoniae

1(0.5)

0(0)

1(1)

Microorganism
Adenovirus
Bocavirus
Coronavirus

Routine care
Positive blood culture/PCR
Streptococcus pneumoniae
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Supplemental Table 1. Microbiology results. (Continued)
b.
Total
n=232

Viral infection
n=89

Bacterial infection
n=143

Bordetella pertussis

1(0.5)

0(0)

1(1)

Mycoplasma pneumoniae

1(0.5)

0(0)

1(1)

CMV

1(0.5)

1(1)

0(0)

EBV

1(0.5)

1(1)

0(0)

Mycobacterium tuberculosis

1(0.5)

0(0)

1(1)

Haemophilus influenzae

15(6)

1(1)

14(10)

Moraxella catarrhalis

3(1)

0(0)

3(2)

1(0.5)

0(0)

1(1)

5(2)

1(1)

4(3)

Streptococcus pneumoniae

4(1.5)

0(0)

4(3)

Positive serology

3

Positive sputum culture

Serratia ureilytica
Staphylococcus aureus
Acinetobacter baumannii

3(1)

0(0)

3(2)

Candida albicans

5(2)

0(0)

5(3)

Candida tropicalis

3(1)

1(1)

2(1)

Candida glabrata

2(1)

0(0)

2(1)

Klebsiella oxytoca

1(0.5)

0(0)

1(1)

5(2)

1(1)

4(3)

Group A streptococcus

1(0.5)

0(0)

1(1)

Staphylococcus aureus

1(0.5)

0(0)

1(1)

7(3)

0(0)

7(5)

Pseudomonas aeruginosa
Positive nasopharyngeal culture/PCR

Mycoplasma pneumoniae

2(1)

1(1)

1(1)

Metapneumovirus

4(1.5)

3(3)

1(1)

Respiratory syncytial virus A/B

Candida albicans

4(1.5)

3(3)

1(1)

Adenovirus

3(1)

2(2)

1(1)

Rhinovirus

3(1)

3(3)

0(0)

Influenza virus

26(11)

18(20)

8(6)

Parainfluenza virus

1(0.5)

1(1)

0(0)

a. Paediatric cohort. b. Adult cohort. Microbiology results from study specific nasal swab PCR (performed
on all patients) and positive results from microbiology diagnostics performed for routine care. Reference
standard outcomes are based on the majority consensus of the expert panel. Mixed infection was considered
as ‘bacterial’. Data are presented as n(%).
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0.25

1

COPD
66
Exacerbation

F

M

NL

IL

Sex Country

36.8

37.4

Maximal
temperature
(°C)

5

21

9

3

Nasal swab: Bordetella
parapertussis, RSV and
rhinovirus.

Microbiology

DM2,
Sputum culture:
COPD, TIA,
Haemophilus influenzae
schizophrenic,
fibromyalgia

Pulmonary
valve stenosis

Hospitalization
CRP duration (d)
Comorbidity
Presented with cough
and dyspnea since 5 days.
Clinical examination: bilateral
lymphadenopathy cervical,
crepitation, wheeze and
systolic murmur. Chest X-ray:
normal.

Clinical details

Presented with cough and
dyspnea since 7 days. Clinical
examination: wheeze and
prolonged expiration. Chest
X-ray: normal. Required
oxygen even after discharge.
2
COPD
40
M
NL
38.8
6
7
COPD, asthma, Sputum culture:
Presented with dyspnea,
Exacerbation
dust allergy,
Streptococcus pneumonia, dry cough, headache and
addiction to
Citrobacter koseri, Candida myalgia since 4 days. Clinical
cigarettes,
albicans, Influenza virus.
examination: wheeze only.
heroin and
Blood culture: negative
Chest X-ray: normal (twice).
cocaine
Required oxygen for 3 days.
3
COPD
47
M
IL
36.5
1
1
None
Bronchoalveolar lavage:
Presented with dyspnea
Exacerbation
Staphylococcus aureus
and cough since 14 days.
CT-chest: Infiltrative
inflammation and
consolidation.
During admission, COPD was
diagnosed.
CRP: C-reactive protein, F: female, M:male, NL: The Netherlands, IL: Israel, COPD: Chronic Obstructive Pulmonary Disease, DM2: Diabetes Mellitus Type 2, TIA: Transient
Ischemic Attack.

1

Adults

Bronchiolitis

Age
(y)

Clinical
Pt. syndrome
Children

Supplemental Table 2. Cases with a reference standard diagnosis of bacterial infection not treated with antibiotics.
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Supplemental Table 3. Baseline of bacterial and viral RTI children and adults, The
Netherlands versus Israel.
Children

Adults

NL
n=136
0.9[0.2-3.1]

IL
n=148
1.7[0.9-3.0]

Male sex

81(60)

86(58)

71(54)

60(59)

Presence of comorbidity

74(54)

51(35)

122(93)

77(76)

Age, years

Ill-appearing
Maximal temperature, °C
Duration of symptoms, days
Hospital admission
Hospitalization duration, days
CRP (mg/L) at admission

NL
n=131
66[56-74]

IL
n=101
61[40-76]

77(58)

36(24)

50(42)

64(66)

39,1(0,8)

39,3(0,9)

38,7(0,9)

38,4(1,1)

3(2)

3(2)

3(2)

4(3)

125(92)

83(59)

124(95)

93(93)

5[3-14]

3[2-4]

6[4-9]

3[2-6]

22[7-53]

11[3-34]

92[35-203]

11[4-24]

31(23)

0(0)

3(2)

0(0)

1(1)

0(0)

1(1)

2(2)

50(37)

148(100)

74(57)

99(98)

3

Disease severity
Oxygen saturation, %
Needed mechanical ventilation
Death
Admission site
Secondary care centre
Tertiary care centre

47(34)

0(0)

53(40)

0(0)

ICU

39(29)

0(0)

4(3)

2(2)

Clinical syndrome
COPD/Asthma exacerbation
LRTI
URTI
Antibiotic treatment

0(0)

4(3)

39(30)

6(6)

80(59)

70(47)

87(66)

85(84)

56(41)

74(50)

5(4)

10(10)

64(47)

87(59)

117(89)

97(96)

Study nasal swab PCR
0 microorganism

16(12)

55(37)

67(51)

58(57)

1 microorganism

90(66)

63(43)

63(48)

40(40)

2 microorganisms

21(15)

24(16)

1(1)

3(3)

3 microorganisms

9(7)

6(4)

0(0)

0(0)

Microorganism
8(6)

22(15)

0(0)

3(3)

Bocavirus

Adenovirus

16(12)

11(7)

1(1)

0(0)

Influenza virus

21(15)

15(10)

33(25)

19(19)

Rhinovirus

34(25)

28(19)

12(9)

10(10)

RSV

65(48)

33(22)

9(7)

9(9)

Other*

14(10)

20(14)

10(8)

5(5)
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Supplemental Table 3. Baseline of bacterial and viral RTI children and adults, The
Netherlands versus Israel. (Continued)
Children
NL
n=136

Adults
IL
n=148

NL
n=131

IL
n=101

Expert panel diagnosis
Bacterial infection

32(24)

43(29)

84(64)

59(58)

Viral infection

104(76)

105(71)

47(46)

42(42)

32(31)

45(43)

35(74)

39(93)

Antibiotic overuse

Data are presented as n(%), mean (SD), or median [IQR]. LRTI included pneumonia, acute bronchitis and
bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and tonsillitis. NL: The Netherlands,
IL: Israel, CRP: C-reactive protein, ICU: intensive care unit, COPD: Chronic Obstructive Pulmonary Disease,
LRTI: lower respiratory tract infection, URTI: upper respiratory tract infection, RSV: respiratory syncytial virus.
*Includes coronavirus, human metapneumovirus, and parainfluenza virus.

307 patients
with RTI
recruited in
the Netherlands

309 patients
with RTI
recruited in
Israel

616 patients
recruited

516 unanimous
diagnosis by
expert panel
(reference standard)

203 microbiologically
confirmed viral
diagnosis

145
child

AB +
n=50

83 microbiologically
confirmed bacterial
diagnosis

58
adult

AB n=95

AB +
n=50

27
child

AB n=8

AB +
n=27

AB n=0

56
adult

AB +
n=54

AB n=2

Supplemental Figure 1. Flowchart of microbiologically confirmed patients.
AB - : antibiotics not prescribed, AB +: antibiotics prescribed, RTI: respiratory tract infection.
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Number of agent prescriptions

50
40
30
Children NL

20

Children IL
Adults NL

10

3

Adults IL

0

Antibiotic agent

Supplemental Figure 2. Number of antibiotic agents used per country for children and
adults with RTIs.
NL: The Netherlands, IL; Israel.
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Abstract
Background
A physician is frequently unable to distinguish bacterial from viral infections.
ImmunoXpert is a novel assay combining three proteins: tumour necrosis factor-related
apoptosis-inducing ligand (TRAIL), interferon gamma induced protein-10 (IP-10), and
C-reactive protein (CRP). We aimed to externally validate the diagnostic accuracy of this
assay in differentiating between bacterial and viral infections and to compare this test
with commonly used biomarkers.

Methods
In this prospective, double-blind, international, multicentre study, we recruited children
aged 2–60 months with lower respiratory tract infection or clinical presentation of fever
without source at four hospitals in the Netherlands and two hospitals in Israel. A panel
of three experienced paediatricians adjudicated a reference standard diagnosis for
all patients (i.e., bacterial or viral infection) using all available clinical and laboratory
information, including a 28-day follow-up assessment. The panel was masked to the
assay results. We identified majority diagnosis when two of three panel members agreed
on a diagnosis and unanimous diagnosis when all three panel members agreed on the
diagnosis. We calculated the diagnostic performance (i.e., sensitivity, specificity, positive
predictive value, and negative predictive value) of the index test in differentiating
between bacterial (index test positive) and viral (index test negative) infection by
comparing the test classification with the reference standard outcome.

Results
Between Oct 16, 2013 and March 1, 2015, we recruited 777 children, of whom 577 (mean
age 21 months, 56% male) were assessed. The majority of the panel diagnosed 71 cases
as bacterial infections and 435 as viral infections. In another 71 patients there was an
inconclusive panel diagnosis. The assay distinguished bacterial from viral infections
with a sensitivity of 86.7% (95% CI 75.8–93.1), a specificity of 91.1% (87.9–93.6), a
positive predictive value of 60.5% (49.9–70.1), and a negative predictive value of 97.8%
(95.6–98.9). In the more clear cases with unanimous panel diagnosis (n=354), sensitivity
was 87.8% (74.5–94.7), specificity 93.0% (89.6–95.3), positive predictive value 62.1%
(49.2–73.4), and negative predictive value 98.3% (96.1–99.3).

Conclusion
This external validation study shows the diagnostic value of a three-host protein-based
assay to differentiate between bacterial and viral infections in children with lower
respiratory tract infection or fever without source. This diagnostic based on CRP, TRAIL,
and IP-10 has the potential to reduce antibiotic misuse in young children.
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Introduction
The proportion of bacterial infections is low in children presenting at the hospital
emergency department with fever without source (range, 0.02–0.7%) and acute
respiratory tract infections (26.5–28.3%).1,2 Unfortunately, it is often not possible to
differentiate between bacterial and non-bacterial disease on the basis of clinical
judgment alone. Consequentially, antibiotics are prescribed almost twice as often
as required in children with acute respiratory tract infections in the USA.1 Antibiotic
overuse is associated with antibiotic resistance expansion, causing 25 000 deaths in
Europe annually.3,4 Conversely, it is estimated that 22–47% of all patients with a bacterial
infection fail to get antibiotic treatment within the recommended timeframe due to
delayed or missed diagnosis, leading to medical complications and increased mortality
(odds ratio [OR] 1.15).5–7 These data create an incentive to introduce diagnostic tools
that can aid in distinguishing between bacterial and non-bacterial causes of infection.
A study by Oved and colleagues8 showed that a novel host–response-based diagnostic
assay, ImmunoXpert, distinguishes bacterial infection from viral infection with high
accuracy. This assay integrates the concentrations of three biomarkers: tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL), interferon gamma induced protein-10
(IP-10), and C-reactive protein (CRP). The diagnostic value of TRAIL is noteworthy since
its dynamics are complementary to traditionally studied bacteria-induced proteins such
as CRP and procalcitonin; TRAIL concentrations increase in viral infection and decrease
during bacterial infection. A systematic review9 by Kapasi and colleagues showed that
the study8 from Oved and colleagues describing our index test was of high quality. In
the present investigator-initiated study, named the OPPORTUNITY study, we aimed
to externally validate the diagnostic importance of this assay for discrimination of
bacterial versus viral disease in children aged between 2 and 60 months presenting
at the hospital with fever without source or lower respiratory tract infection, and we
compared its diagnostic accuracy with the commonly applied CRP and procalcitonin.

4

Methods
Study design and participants
Patient recruitment for this prospective, double-blind study took place in convenience
series at the emergency departments and paediatric wards of three secondary and one
university hospital in the Netherlands, and two secondary hospitals in Israel. Patients
aged between 2 and 60 months presenting with fever (peak temperature ≥38.0°C
measured by axillary, rectal, or ear thermometer) and symptoms of lower respiratory
tract infection or fever without source existing for a maximum of 6 days were eligible for
inclusion. Children were recruited consecutively; if a child was eligible for recruitment, a
member of the study team would ask parents for permission to participate in the study
67
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until the predefined number of patients was achieved. Children between 1 and 2 months
of age were recruited for secondary analyses because the assay had not previously been
assessed in this age group. Patients were excluded in case of a previous episode of fever
in the past 3 weeks; psychomotor retardation; moderate to severe metabolic disorder;
primary or secondary immunodeficiency; HIV, infection by hepatitis B or hepatitis C
viruses; and active malignancies. Patients who received antibiotics at any time before
the beginning of the study were not excluded. To obtain reference values of this novel
diagnostic, a non-infectious control population was recruited before elective procedures
(e.g., cardiothoracic surgery, hernia correction). The index test was done at the same
time as the reference test. Parents gave written informed consent before sampling.
The OPPORTUNITY study was approved by the ethics committees in the participating
countries. The report of this study is written following the STARD reporting guidelines.
The full study protocol is with the investigators and can be requested.

Procedures
24 h after presentation, a venous blood sample and a nasal swab (universal transport
medium, Copan, Brescia, Italy) were collected. Within 2 h after collection, blood was
fractionated into serum and−together with the nasal swab−stored at -80°C until transfer
to MeMed Diagnostics (Tirat Carmel, Israel). Staff at MeMed Diagnostics did the assay
and measured additional procalcitonin concentrations on the serum sample by ELISA
using LIASON BRAHMS PCT (DiaSorin, Saluggia, Italy), and Elecsys BRAHMS PCT (Roche
Diagnostics, Indianopolis, IN, USA). They also used multiplex PCR testing for 15 common
respiratory viruses (Seeplex RV15, Seegene, Seoul, South Korea) on the nasal swab.
The index test combines the concentrations of TRAIL, IP-10, and CRP using a
predetermined logistic regression formula to compute the likelihood score for a
bacterial or viral infection as described previously.8 On the basis of the likelihood score
of the index test, each patient was classified as having a bacterial or a viral immune
response. According to the current Conformité
Européenne−In Vitro Diagnostic (CE-IVD) label, patients with an index test score below
0.35 were classified as viral, between 0.35 and 0.65 as equivocal, and above 0.65 as
bacterial (Supplemental Figure 1).8 An equivocal or intermediate score is used more
often in diagnostic tests.10 To provide a classification for all patients, thus without
equivocal test results, we additionally analysed test results using a single cut-off value
of 0.5, whereby the test predicts 50% chance of bacterial infection and 50% chance of
viral infection.
We did a 28-day post recruitment phone call for clinical follow-up. Clinical data were
collected from medical records by use of an electronic case report form (eCRF). The eCRF
consisted of demographics, medical history, physical examination findings, all available
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radiological and laboratory data collected for routine care (including procalcitonin,
white blood cell, and absolute neutrophil count), microbiological investigation results
(including study-specific nasal swab data), and follow-up information.
Currently, no single reference standard test exists for identifying the cause of an
infection.11 Therefore, we followed England’s National Health Service’s standard for
assessing diagnostic tests and compiled an expert panel reference standard.12 The panel
comprised paediatricians with more than 10 years of clinical experience. They received
a review of paediatric, emergency medicine, and infectious disease literature written
by the study team as background information without any instructions or decision
rules. Every recruited patient was diagnosed by three panel members affiliated to the
country of recruitment using all available eCRF information, but masked for the index
test results (which were done simultaneously) and for the decisions of their peers. Each
expert assigned one of the following causes to each patient: bacterial infection, viral
infection, mixed infection (i.e., bacterial and viral co-infection), non-infectious disease,
or indeterminate. Patients assigned as mixed infection were later classified as bacterial
because they are clinically managed similarly. The expert panel was instructed to give
their diagnosis in relation to the moment of sampling.
We distinguished two types of bacterial infection diagnosis: bacterial infection by
majority agreement and bacterial infection by unanimous agreement. Majority
agreement was established when at least two panel members classified disease cause
as bacterial, which was considered the preferred primary outcome (Supplemental
Figure 1). This approach was predicted to be conservative, and it could be argued the
estimation of diagnostic assessment would be more accurate if obtained using cases
for which all panel members assign the same cause. We therefore established bacterial
infection by unanimous agreement when all three panel members classified disease
cause as bacterial, which was a more stringent primary outcome. The subset of patients
with a microbiologically confirmed infection (Supplemental Figure 2) was analysed
separately. Microbiologically confirmed bacterial diagnosis was predefined in the
statistical analysis plan as unanimous panel diagnosis plus a bacteraemia with positive
blood culture, bacterial meningitis with positive CSF culture, urinary tract infection
with positive urine culture, or tonsillitis with throat culture positive for streptococci.
Microbiologically confirmed viral diagnosis was defined as detection of at least one
virus plus unanimous panel diagnosis.
Cases were assigned an inconclusive outcome if each panel member assigned a
different cause for infection and when at least two panel members diagnosed the
case as indeterminate. By design, these cases could not be used to assess diagnostic
performance.

4
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Blinding was a critical component of the OPPORTUNITY study. The index test was done
on anonymous serum samples in the absence of any clinical or other patient related
information. Final expert panel diagnosis was made using all available eCRF information,
but blinded for the decisions of their peers and for the results of the index test. Only
after all data were obtained and the definite database was locked, were the index test
results unblinded, enabling the pre-specified analyses to be done.
The primary outcome was the diagnostic performance of the index test in differentiating
between bacterial and viral causes in patients aged 2–60 months. The diagnostic
performance of the index test compared with CRP, and with procalcitonin was assessed
as well. The secondary outcome according to the protocol would have been the
performance of the index test in discriminating infectious and non-infectious causes of
disease, but these data are not reported.

Statistical analysis
For the primary outcome, we calculated the diagnostic performance (i.e., sensitivity,
specificity, positive predictive value and negative predictive value, positive and negative
likelihood ratios, diagnostic odds ratio, and the area under the receiver operating curves
[AUC]) of the index test in differentiating between bacterial (index test positive) and
viral (index test negative) causes in patients aged 2–60 months by comparing the test
classification with the reference standard outcome. These test outcomes were completed
for two cohorts, the majority consensus cohort and the unanimous consensus cohort,
which were decided by the expert panel. For these analyses, patients with an index test
score below 0.35 were classified as viral, between 0.35 and 0.65 as equivocal, and above
0.65 as bacterial (Supplemental Figure 1). Accuracy measures were calculated from
outcomes from the CE-IVD cut-offs, excluding equivocal results.
For the comparison between the index test and CRP, and with procalcitonin, we
compared the cut-off independent discriminative outcome of the index test by
calculating the AUC. To examine the clinical effect of the index test, we assessed
improvement in classification, by identifying the number of patients correctly and
incorrectly reclassified using the index test instead of CRP or procalcitonin tests.13 PWe
used predefined cut-off values (CRP 40 μg/mL, procalcitonin 0.5 ng/mL) as commonly
used by others.14–18 Additionally, we analysed the accuracy of the index test when an
alternative cut-off of 0.5 was used, such that the test predicts 50% chance of bacterial
infection and 50% chance of viral infection. Finally, we did specific subgroup analyses of
patients in the microbiologically confirmed sub-cohort, patients admitted to hospital,
non-admitted patients, children aged between 1 and 2 months, and patients admitted
to the paediatric intensive-care unit per clinical syndrome, and patients treated with
and without antibiotics at the moment of recruitment. To prevent overestimations we
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did the secondary analyses on only the majority cohort. A p value of less than 0.05 was
considered significant. We used SPSS version 21.0 for Windows and R version 3.2.2 to
analyse the statistical data. The OPPORTUNITY study is registered with ClinicalTrials.gov,
number NCT01931254.

Role of the funding source
The funder of the OPPORTUNITY study had no role in the study design, data collection,
data analysis, data interpretation, or the writing of the report. The corresponding author
had full access to all the data in the study and had final responsibility for the decision to
submit for publication.

4

Results
A total of 777 children in Dutch and Israeli hospitals were recruited between Oct 16,
2013, and Jan 28, 2015, with final follow-up done on March 1, 2015. Children aged
between 1 and 2 months (n=34) and non-infectious patients (n=103) were excluded
from primary analysis. In 63 children the index test was not measured, either because
the children did not fulfil inclusion criteria, did not have an available blood sample, or
consent was withdrawn (Figure 1). Baseline characteristics of these patients are shown
in Supplemental Table 1a. Eventually, 577 patients were available for primary analysis
(Table 1), and had a mean age of 21 months, with boys making up 56% of the participants.
In most patients one or two microorganisms were found in the study nasal swab. In
these swabs rhinovirus and respiratory syncytial virus were the most commonly found
pathogens. In routine care 21 children had a positive urine culture and 13 children had
a positive blood culture (Supplemental Table 2). There were some differences between
the patients recruited in the different countries (Supplemental Table 1b). Overall, the
Dutch cohort included children with more severe disease presentation than did the
Israeli cohort with longer duration of hospital stay and higher need for admission to
intensive-care units.
The expert panel assigned reference standard outcomes to all 577 cases included in the
primary analysis (Figure 1). Of 506 cases with a conclusive outcome, 406 had unanimous
agreement, and 100 a majority agreement from the expert panel. The panel diagnosed
71 patients as having a bacterial infection and 435 as having a viral infection. In another
71 cases the reference standard outcome was inconclusive; in 16 cases each panel
member assigned a different diagnosis and in 55 cases the majority assigned the case
as indeterminate (Supplemental Table 3). Cases with inconclusive panel diagnosis were
excluded from the primary analysis (Table 1).
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202 patients recruited in the Netherlands

575 patients recruited in Israel

777 recruited

137 excluded from primary analyses*
34 aged 1-2 months
103 non-infectious patients

640 in primary study population

63 excluded before unblinding
41 did not fulfil inclusion criteria
20 did not have blood sample
2 other

577 in primary analysis

71 diagnosed as bacterial
by expert panel
(reference standard)

435 diagnosed as viral
by expert panel
(reference standard)

71 diagnosed as inconclusive
by expert panel†
(reference standard)

71 index test
52 bacterial infections
8 viral infections
11 equivocal infections

435 index test
34 bacterial infections
349 viral infections
52 equivocal infections

71 index test
27 bacterial infections
37 viral infections
7 equivocal infections

Figure 1. Trial design.
Recruitment and flow of children presenting at the hospital with fever without source and acute respiratory
tract infections to differentiate between bacterial and viral origin. Expert panel diagnoses can be divided into
majority, unanimous, and microbiologically confirmed groups. *Children between 1 and 2 months of age
and non-infectious patients were recruited for sub-analyses to study the test outcomes in these populations.
†Inconclusive expert panel diagnosis was assigned to cases in which each panel member gave a different
diagnosis or in which two or more members diagnosed the case as indeterminate. These inconclusive
diagnoses were excluded from the analysis.
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Table 1. Baseline characteristics of patients included in primary analysis.
Total
n=577
21(16)

Viral
infection
n=435
20(16)

Bacterial
infection
n=71
24(17)

324(56)

246(57)

36(51)

42(59)

0.370

39.4(0.8)

39.3(0.8)

39.7(0.8)

39.4(0.9)

<0.0001

2.8(1.7)

2.7(1.7)

3.0(1.8)

2.7(1.8)

0.277

316(55)

219(50)

59(83)

38(53)

<0.0001

3(2-4)

3(2-4)

4(3-5)

3(3-5)

<0.0001

224(39)

100(23)

71(100)

53(75)

<0.0001

21
(7-52)

14.4
(6-32)

123
(52-226)

50.4
(18-80)

<0.0001

8(1)

4(1)

3(4)

1(1)

0.062

0(0)

0(0)

0(0)

0(0)

NA

528(92)

400(92)

63(89)

65(92)

Tertiary care centre (n,%)

35(6)

27(6)

3(4)

5(7)

PICU (n,%)

14(2)

8(2)

5(7)

1(1)

Age (months)
(mean, SD)
Gender, male (n,%)
Maximal temperature (°C)
(mean, SD)
Duration of symptoms (days)
(mean, SD)
Hospital admission (n,%)
Hospitalization duration
(days) (median, IQR)
Antibiotic treatment prescribed (n,%)
CRP (mg/L) at admission
(median, IQR)
Disease severity
Need of mechanical
ventilation (n,%)
Deaths (n,%)

Inconclusive
n=71
p-value*
25(17)
0.044

0.032

Recruiting site
Secondary care centre (n,%)

<0.0001

Clinical syndrome
Bacteraemia /viraemia

7(1)

3(1)

3(4)

1(1)

CNS

11(2)

10(2)

1(1)

0(0)

FWS

173(30)

153(35)

4(6)

16(23)

18(3)

17(4)

0(0)

1(1)

GE

4

LRTI

141(24)

100(23)

24(34)

17(24)

URTI

155(27)

120(28)

13(18)

22(31)

UTI

18(3)

0(0)

16(23)

2(4)

Other

54(9)

32(7)

10(14)

12(17)

Reference standard outcomes were based on majority agreement of the expert panel. Mixed infection was
considered as bacterial. Clinical syndrome was based on the diagnosis of the attending physician at discharge
from the hospital. LRTI included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis
media, sinusitis and tonsillitis. Baseline characteristics of excluded patients are shown in the appendix.
*p-values of differences between bacterial and viral infections.
CRP: C-reactive protein, PICU: paediatric intensive care units, CNS: central nervous system, FWS: fever without
source, GE: gastro-enteritis, LRTI: lower respiratory tract infection, URTI: upper respiratory tract infection, UTI:
urinary tract infection. NA = not applicable.
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Table 2 shows the results of the index test for different cohorts, which occurred at the
same time as the reference test. When using the majority cohort (n=443) for the primary
outcome, the sensitivity and specificity of the index test for diagnosing bacterial
infections was 86.7% (95% CI 75.8–93.1) and 91.1% (87.9–93.6; Table 3). The positive
predictive value was 60.5% (49.9–70.1) and the negative predictive value 97.8% (95.6–
98.9). The accuracy of the index test for the second primary outcome, the unanimous
cohort (n=354), was slightly better than for the majority cohort (Table 3). The receiver
operating characteristics curve of the majority cohort showed good discriminative
ability of the index test with an AUC of 0.90 (0.86–0.95), and 0.92 (0.87–0.97) with the
unanimous cohort (Figure 2).
Table 2. Results of the index test per used reference standard cohort using the CE-IVD label.
Number of
cases classified
as bacterial by
reference test

Number of
cases classified
as viral by
reference test

8(1.8%)

349(78.8%)

Equivocal (>0.35-<0.65)

11(2.5%)

52(11.7%)

Bacterial (>0.65)

52(11.7%)

34(7.7%)

5(1.4%)

291(82.2%)

CE-IVD classification cut-off
Reference test: majority cohort (n=506)
Viral (<0.35)

Reference test: unanimous cohort (n=406)
Viral (<0.35)
Equivocal (>0.35-<0.65)

8(2.3%)

44(12.4%)

36(10.2%)

22(6.2%)

Viral (<0.35)

2(0.7%)

257(87.1%)

Equivocal (>0.35-<0.65)

1(0.3%)

39(13.2%)

Bacterial (>0.65)

16(5.4%)

20(6.8%)

Viral (<0.5)

11(2.2%)

379(74.9%)

Bacterial (>0.5)

60(11.9%)

56(11.1%)

Bacterial (>0.65)
Reference test: microbiologically confirmed cohort (n=335)

Alternative cut-off of 0.5
Reference test: majority cohort (n=506)

According to the current CE-IVD label, patients with an index test score below 0.35 were classified as viral,
between 0.35 and 0.65 as equivocal, and above 0.65 as bacterial. An alternative cut-off of 0.5 was also used for
the index test classification, such that the test predicted a 50% chance of bacterial infection and 50% chance
of viral infection using the majority cohort.
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0.0

Index test AUC = 0.90 (95% CI 0.86 − 0.95 )
CRP AUC = 0.89 (95% CI 0.84 − 0.94 )
PCT AUC = 0.84 (95% CI 0.79 − 0.90 )
1.0

0.8

0.6

0.4
Specificity

0.2

0.0

Index test AUC = 0.90 (95% CI 0.86 − 0.95 )
CRP AUC = 0.89 (95% CI 0.84 − 0.94 )
PCT AUC = 0.84 (95% CI 0.79 − 0.90 )

0.0

0.2

0.2

0.4

0.4

Sensitivity

Sensitivity

0.6

0.6

0.8

0.8

1.0

b.

1.0

a.

1.0

0.8

0.6

0.4

0.2

4

0.0

Specificity

Figure 2. Receiver operating characteristics (ROC) curve of sensitivity versus specificity for
the index test, CRP and PCT.
a. Area under the receiving operating curve (AUC) for the index test, CRP and PCT for all patients that are part
of the majority cohort and had CRP and PCT values available (n=479). The AUC difference between the index
test and PCT is 0.06 (p=0.02). b. Area under the receiving operating curve (AUC) for the index test, CRP and
PCT for all patients that are part of the unanimous cohort and had CRP and PCT values available (n=387). The
AUC difference between the index test and PCT is 0.08 (p=0.01). CRP: C-reactive protein, PCT: procalcitonin

We compared the AUC of CRP and procalcitonin to diagnose bacterial infection with the
index test. We found that the AUC from the index test was not different from the AUC for
CRP, but significantly higher compared with the AUC for procalcitonin (p=0.02 majority
cohort, p=0.01 unanimous cohort; Figure 2). The index test showed similar performance
results in the microbiologically confirmed (n=295) sub-cohort (Table 3). Test performance
was also similar when using a cut-off of 0.5 of the index test (Table 3). In children with
bacterial infections, mean CRP con centration was higher (p<0.0001) and TRAIL con
centration lower (p<0.0001) than in children with viral infections (Supplemental Figure
3). In non-infectious control patients, CRP and IP-10 concentrations were lower than in
infectious patients, TRAIL concentrations were lower in non-infectious control patients
than in children with viral infections, but higher than in those with bacterial infections.
We closely examined the clinical characteristics of the patients in which the index test
results and the panel diagnosis were discordant (i.e., false-negative and false positive
index test results). Details of all eight cases (2%) that were incorrectly classified as viral
by the index test are described in table 4. One patient had blood culture positive for
Kingella kingae, one patient had Bordetella pertussis infection. In 34 cases (7%) in which
the index test was false positive for bacterial infection, we did not identify a clear clinical
pattern. In these 34 cases, 24 (71%) patients recovered without antibiotic treatment,
mean hospitalisation duration was 2 days, and two children needed mechanical
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ventilation (not shown). Five (15%) of these patients received antibiotic treatment
before recruitment.
Table 3. Diagnostic test accuracy measures of the index test per used reference standard.
Majority
cohort

Unanimous
cohort

Microbiologically
confirmed cohort

CE-IVD cut-off
443

354

295

Sensitivity

Number of patients in subgroup

86.7(75.8-93.1)

87.8(74.5-94.7)

88.9(67.2-96.9)

Specificity

91.1(87.9-93.6)

93.0(89.6-95.3)

92.8(89.1-95.3)

Positive predictive value

60.5(49.9-70.1)

62.1(49.2-73.4)

44.4(29.5-60.4)

Negative predictive value

97.8(95.6-98.9)

98.3(96.1-99.3)

99.2(97.2-99.8)

9.8(7.0-13.7)

12.5(8.2-19.0)

12.3(7.8-19.4)

Positive likelihood ratio
Negative likelihood ratio

0.1(0.1-0.3)

0.1(0.1-0.3)

0.1(0.0-0.4)

66.7(29.3-152.0)

95.2(34.0-267.0)

102.8(22.1-478.9)

506

-

-

Sensitivity

84.5(74.3-91.1)

-

-

Specificity

87.1(83.7-90.0)

-

-

Positive predictive value

51.7(42.7-60.6)

-

-

Negative predictive value

97.2(95.0-98.4)

-

-

6.6(5.0-8.5)

-

-

0.2(0.1-0.3)

-

-

36.9(18.3-74.4)

-

-

Diagnostic odds ratio
CE-IVD cut-off
Number of patients in subgroup

Positive likelihood ratio
Negative likelihood ratio
Diagnostic odds ratio

Data are accuracy measures (95% CI), calculated according to the CE-IVD label for the majority cohort, the
unanimous cohort, and the microbiologically confirmed cohort to diagnose bacterial infection. Also shown
are the data calculated according to the alternative cut-off of 0.5 for the majority cohort. Accuracy measures
were calculated from table 2, excluding equivocal results.

To assess the potential added value of the index test in correctly classifying bacterial
and viral infections, we did a head-to-head comparison of the index test and CRP (cutoff 40 mg/mL) in a reclassification table stratified by the majority reference standard
outcomes (Table 5). The index test significantly improved classification of patients
with viral infection (8.6%; p<0.0001) but did not significantly improve in patients with
bacterial infection (5%, p=0.321) compared with CRP. Similarly, the index test improved
diagnostic classification for viral (6.3%, p=0.002) but not bacterial infection (5.4%,
p=0.364) compared with procalcitonin (Table 5). The index test reduced the number
of false positives from 67 to 34 (51%) compared with CRP and from 55 to 32 (58%)
compared with procalcitonin (both p<0.0001). For comparison, diagnostic accuracy
for different CRP and procalcitonin cut-offs are provided in Supplemental Table 4.
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0.03

0.05

0.07

Pt.
1*

2

3

4

Pneumonia

Bordetella
pertussis

Respiratory
tract
infection

Index
test
Clinical
score syndrome
0.002 Bacteraemia

6

2

20

M

M

F

IL

NL

NL

39.8

39.0

39.8

Maximal
Age Sex
Country temperature
(m) (F/M) (IL/NL)
(C)
12
M
IL
39.0

35

32

19.2 6

8

18

Hospitalization
CRP duration (d)
2.7 0

Yes Hyperreactive
airway
and given
salbutamol
and
fluticasone

Yes None

Yes Lung
agenesis,
treacheabronchomalacie,
ventricular
septal defect

AB Comorbidity
Yes None

Nasopharyngeal
swab: Bordetella
pertussis; Nasal
swab: influenza
virus and
rhinovirus
Nasal swab: RSV;
blood culture
negative

Microbiology
Blood culture:
Kingella Kingae.;
Nasal swab:
enterovirus and
bocavirus
Nasal swab: RSV;
blood culture
negative

Presentation with cough,
rhinorrhoea, dyspnoea
and vomiting; crepitation
and prolonged expiration
during clinical examination;
consolidation on the chest
x-ray

Clinical details
Presentation with rhinorrhoea,
fatigue, anorexia and fever;
by clinical examination well
appearing, rash and stomatitis;
not hospitalized
Admitted on the PICU under
antibiotic prophylaxes with
co-trimoxazole; presentation
with dyspnoea and cough;
no recent surgery; ill
appearing, rales and cervical
lymphadenopathy; CRP
maximal 94; chest x-ray:
consolidation parahilar;
prolonged hospitalization due
to a bacterial super-infection
Presentation with cough,
sputum, diarrhoea and
vomiting; ill appearing, rales,
use of accessory muscles; no
chest x-ray

Table 4. Cases with a reference standard outcome of bacterial that were classified by the index test as viral (false negative).
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0.10

0.22

0.23

Pt.
5

6*

7

8

40

6

M

M

IL

NL

IL

38.5

40.8

40.0

8.8

61

3

2

60.8 3

Hospitalization
CRP duration (d)
13
3

Yes None

Yes None

Yes None

AB Comorbidity
Yes Episodic
dyspnoea
and given
salbutamol

Nasal swab:
rhinovirus

Urine culture:
Escherichia coli
>10^5 colony
forming units
per mL

Microbiology
Nasal swab: parainfluenza and
rhinovirus

Clinical details
Presentation with dyspnoea,
cough and fever. Ill appearing,
rales, wheezing, decreased
breath sounds, use of
accessory muscles, nonexudate tonsillitis. Maximal
CRP 82. No chest X-ray.
Presentation with fever
and decreased solid intake;
normal clinical examination;
ultrasound of the kidney
showed hydronephrosis;
sediment: high concentration
of leukocytes; absence of
nitrite
Fever, cough and decreased
intake. Ill appearing, nonexudate tonsillitis, normal
otoscopy.
Presentation with febrile
convulsions; maculopapular
rash and pharyngitis; CRP
maximal 17.9

Nasopharyngeal
culture: group A
Streptococcus;
nasal swab:
influenza virus
and rhinovirus
All of these patients received antibiotics. CRP=C-reactive protein. IL=Israel. NL=Netherlands. PICU=paediatric intensive care unit. RSV=respiratory syncytial virus.
*Patients with a microbiologically confirmed diagnosis.

Pharyngitis

Otitis media

F

Maximal
Age Sex
Country temperature
(m) (F/M) (IL/NL)
(C)
52
M
NL
39.9

Urinary tract 10
infection

Index
test
Clinical
score syndrome
0.08
Pneumonia

Table 4. Cases with a reference standard outcome of bacterial that were classified by the index test as viral (false negative). (Continued)
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Head-to-head comparison of the index test and CRP and procalcitonin in the unanimous
cohort (Supplemental Table 5) showed even larger reclassification improvement for
children with bacterial infection and similar results for children with viral infection
compared with the majority cohort.
Table 5. Diagnostic reclassification by the index test compared with CRP or procalcitonin.
Index test outcome
Viral

Bacterial

Total

Bacterial infection outcome from reference standard

4

CRP (<40 μg/mL; n=60)
Viral

6

5

11

Bacterial

2

47

49

Total

8

52

60

p value of improved classification*

p=0.321

Procalcitonin (<0.5 ng/mL; n=56)
Viral

5

6

11

Bacterial

3

42

45

Total

8

48

56

p value of improved classification*

p=0.364

Viral infection outcome from reference standard
CRP (<40 μg/mL; n=383)
Viral

305

11

Bacterial

44

23

67

Total

349

34

383

p value of improved classification*

316

p<0.0001

Procalcitonin (<0.5 ng/mL; n=363)
Viral

293

15

Bacterial

38

17

308
55

Total

331

32

363

p value of improved classification*
p=0.002
The index test classification was compared to the majority reference standard outcome. Patients with an index
test score below 0.35 were classified as viral, between 0.35 and 0.65 as equivocal (n=63), and above 0.65 as
bacterial. Head-to-head comparison of CRP or procalcitonin and the index test results. As a cut-off for CRP
we used <40 μg/mL and for PCT we used <0.5 ng/mL. A PCT value could not be measured for all patients,
therefore the total numbers of patients is lower when compared with the CRP reclassification table. *In
patients with a bacterial infection as agreed by the majority of the expert panel, five patients were correctly
reclassified from viral to bacterial infections using the index test instead of CRP and two patients were
incorrectly reclassified from bacterial to viral infections. In patients with a viral infection this reclassification
from bacterial to viral infections was 44 patients and 11 patients for the incorrect reclassification from viral
to bacterial. Reclassification improvement was 5% for patients with bacterial infection (5 minus 2 of 60) and
8.6% for patients with a viral infection (44 minus 11 of 383). In patients with a bacterial infection as agreed
by the majority of the expert panel, six patients were correctly reclassified from viral to bacterial infections
using the index test instead of procalcitonin and three patients were incorrectly reclassified from bacterial to
viral infections. In patients with a viral infection this reclassification from bacterial to viral infections was 38
patients and 15 patients for the incorrect reclassification from viral to bacterial, respectively. Reclassification
improvement was 5.4% for patients with bacterial infection (6 minus 3 of 56) and 6.3% for patients with a viral
infection (38 minus 15 of 363).
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We analysed data from children aged between 1 and 2 months (n=34) as a predefined
secondary analysis (Figure 1). Six children were excluded because of unsuccessful blood
sampling (four) or inconclusive panel diagnosis (two). All 28 children (22 viral infections,
six bacterial infections) were classified correctly by the index test. For patients admitted
to the intensive care unit (ten, 30% bacterial infection), the test accuracy to diagnose
bacterial infection was lower when compared with overall study population (AUC 0.67,
95% CI 0.13–1.00), although no meaningful statistical comparison was possible. Five
paediatric intensive-care unit patients (50%) needed mechanical ventilation. There
were no significant differences in age (24 months vs 20 months), previous antibiotic use
(n=4 [40%] vs n=77 [19%]), and mean duration of pre-existent symptoms (1.4 days vs 2.8
days) between patients admitted to the paediatric intensive-care unit and other patients.
The diagnostic accuracy of the assay was similar in patients with antibiotic treatment
compared with patients without antibiotic treatment at the moment of recruitment and
for patients admitted to hospital compared with non-admitted patients (Supplemental
Table 6). Subgroup analyses per clinical syndrome showed no major differences in index
test performance (Supplemental Table 7).

Discussion
In this double-blind, prospective study we validated a host-protein based assay,
combining three blood circulating proteins: CRP, TRAIL, and IP-10. We showed that the
assay significantly improved diagnosis of bacterial infection in children aged 2 to 60
months presenting with lower respiratory tract infection or fever without source at the
hospital compared with CRP and procalcitonin. In an exploratory analysis in children
between 1 and 2 months of age, the assay also showed promising diagnostic accuracy.
Biomarkers such as CRP and procalcitonin are used in routine practice to help
physicians distinguish between bacterial and viral infections, but cannot be used as a
solitary predictor.14,18 Clinical prediction models have often shown accurate diagnostic
performance but most of them have not been validated or have a large number of
variables, limiting their usefulness.5,14,19 Nijman and colleagues19 validated a model
combining clinical variables and CRP to predict serious bacterial infection in febrile
children on the hospital emergency department. They reported that CRP substantially
improved risk estimates compared with estimates based on clinical signs and symptoms
only.19 A review of various studies9 has assessed additional markers in the search for
diagnostic tools that offer better discrimination. Engelmann and colleagues20 reported
that myxovirus resistance protein A (MxA), a specific viral marker, discriminates bacterial
and viral infections with an AUC of 0.89. Furthermore, when combining CRP with MxA
the AUC increased to 0.94.20 Our study confirms the diagnostic value of combining CRP
with a viral marker (in this case TRAIL).
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To compare the accuracy of the assay in diagnosing bacterial infections compared with
CRP and procalcitonin we used the most commonly applied cut-offs (CRP 40 μg/mL
and procalcitonin 0.5 ng/mL) for the reclassification, but also compared the results of
the index test with other cut-off values (CRP, 20, 60, and 80 μg/mL, procalcitonin, 0.25
and 1.0 ng/mL). We showed that the diagnostic assay also outperformed both CRP and
procalcitonin using these cut-offs. We did the power analysis for the validation of the
assay and not to detect differences in AUC between the assay and CRP or procalcitonin
as this was a secondary outcome.
The high diagnostic value of the index test is founded on the distinct dynamics of
TRAIL, CRP, and IP-10 during viral and bacterial infections. TRAIL is the first bloodborne protein to be identified as increasing in concentration during viral infection and
decreasing during bacterial infection. The increase of TRAIL in viral patients could be
related to TRAIL’s role in programmed cell death associated with viral infections.21,22 The
mechanism for the reduction of TRAIL in bacterial infections warrants further study. The
protein IP-10 is secreted by several cell types in response to interferon-γ23 and has a
function in chemo attraction of monocytes and T cells.24 It also has a role in the response
to chronic viral infections including hepatitis C viruses,25 HIV,26 and a broad range of
acute viral infections.8,27

4

A strength of the present study is the double-blind design. To our knowledge, this is
the first prospective validation study for a diagnostic assay differentiating between
bacterial and viral infection that was double blinded. A second strength is the thorough
nature of the reference standard: the expert panel approach described by Oved and
colleagues8 was modified; we included 1 month follow-up data and expert panel
membership was restricted to non-attending physicians.8 Another strength of this
study is the heterogeneous population. The Dutch cohort included children with more
severe disease than the Israeli cohort. We showed that the assay did well in these quite
different populations.
Limitations of our study should also be discussed. First, the reference standard used
in the present study has limitations as no gold standard is available. There are various
approaches to assigning reference bacterial versus viral outcomes described in the
literature.18–20,28,29 Clinical suspicion confirmed by microbiological results is an approach
often used, but this method can be hampered by technical issues (e.g., culture
contamination and uncertainty because of colonisation) and the resulting cohort tends
to include more severely ill patients. In our study, this approach reduces the subgroup
with bacterial infection for performance analysis and tends to increase the proportion
of patients who are more easy to diagnose. The use of an expert panel diagnosis is an
approach commonly applied in this area of research.8,10 It has the advantage of capturing
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a wider spectrum of illness severities in the resulting cohort—including difficult-todiagnose cases—therefore, is more likely to be generalizable to clinical practice.30 We
found a high level of agreement between experts within the panels (88% agreement).
A second limitation of the present study is that we excluded children with severe
comorbidity, with viral chronic infections (e.g., HIV and hepatitis B virus) and with
immunodeficiency. Diez-Padrisa and colleagues31 showed that procalcitonin and CRP
cannot differentiate viral from invasive bacterial pneumonia in children admitted to
hospital with malaria parasites. Further validation studies in high-risk populations are
required. We have already started a separate validation study in children with cancer.
The low number of patients with distinct clinical syndromes is another limitation, and
means that we are underpowered to establish the accuracy of the index test in these
subgroups. The same holds for ten patients admitted to the intensive care unit, for
which we noted lower diagnostic performance of the index test. Not all eligible children
participated in this study because of logistical reasons, which could have introduced
bias. Additionally, we did not record the exact time interval between presentation at
the hospital and study recruitment. Therefore, we are unclear of the influence of this
variable in test accuracy. We did not identify a clear association between the duration of
symptoms and the accuracy of the assay.
An additional limitation was that the expert panel was blinded to the index test score,
but was provided with CRP values when tested for routine care, as this parameter is
routinely used to help identify the cause of the infection.32 Although the assay was
shown to be superior to CRP in both specificity and sensitivity, we cannot exclude that
incorporation bias—in which part of the test being assessed is included in the reference
standard and thus can lead to overestimating test accuracy -has resulted in some degree
of overestimation of the test outcome.
Finally, there were 71 patients for whom the expert panel could not assign a final
diagnosis and accordingly were excluded from the analysis. Such inconclusive cases
are inherent to studies without a gold standard and this was taken into account when
calculating the sample size. Implementation studies are needed to investigate the
clinical use of the assay in these cases. Although the test shows clinical promise, followup studies should also examine cost-effectiveness considerations since these would
affect the test’s potential adoption.
Timely identification of bacterial infections in children remains challenging, leading to
antibiotic overuse and underuse with its profound health and economic consequences.
To address the need for better diagnostics, we have validated, in a double-blind,
prospective, multicentre study, a host-based assay that combines novel and traditional
blood-borne proteins for differentiating
between bacterial and viral infections. Our findings of the OPPORTUNITY study are
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promising, supporting the need for implementation research to examine the added
clinical utility of ImmunoXpert to diagnose bacterial infection in clinical care for
children with lower respiratory tract infection and fever without source presenting at
the hospital.

4
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Supplementary material
Supplemental Table 1. Baseline characteristics of excluded cases and comparison between
NL and IL.
a.
Excluded cases
n=63
27(24)

Primary analysis
cohort n=577
21(16)

p-value
0.094

26(55)

324(56)

0.127

Maximal temperature (°C) (mean, SD)

39.4(0.8)

39.4(0.8)

0.918

Duration of symptoms (days) (mean, SD)

4.1(4.0)

2.8(1.7)

0.057

Hospital admission (n,%)

28(56)

316(55)

1.000

4(3-5)

3(2-4)

0.153

Age (months) (mean, SD)
Gender, male (n,%)

Hospitalization duration (days) (median, IQR)
Antibiotic treatment prescribed (n,%)

25(50)

224(39)

0.135

CRP (mg/L) at admission (median, IQR)

19.2( 7-59)

21( 7-52)

0.860

Need of mechanical ventilation (n,%)

0(0)

8(1)

1.000

Deaths (n,%)

0(0)

0(0)

NA

Secondary care centre (n,%)

56(89)

528(92)

Tertiary care centre (n,%)

7(11)

35(6)

PICU (n,%)

0(0)

14(2)

Disease severity

0.151

Recruiting site

Clinical syndrome
Bacteraemia/viraemia

0.964

n=51
0(0)

7(1)

CNS

1(2)

11(2)

FWS

13(25)

173(30)

GE

2(4)

18(3)

LRTI

11(22)

141(24)

URTI

16(31)

155(27)

UTI

2(4)

18(3)

Other

6(12)

54(9)
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Supplemental Table 1. Baseline characteristics of excluded cases and comparison between
NL and IL. (Continued)
b.

Age (months) (mean, SD)
Gender, male (n,%)
Maximal temperature (°C) (mean, SD)
Duration of symptoms (days) (mean, SD)
Hospital admission (n,%)

The Netherlands
n=134
19(16)

Israel
n=443
22(17)

p-value
0.065

80(60)

244(55)

0.372

39.4(0.8)

39.4(0.8)

0.689

2 (1.6)

3 (1.7)

<0.0001

110(82)

206(47)

<0.0001

Hospitalization duration (days) (median, IQR)

3(2-5)

3(2-4)

0.921

Antibiotic treatment prescribed (n,%)

70(52)

154(35)

0.0004

CRP (mg/L) at admission (median, IQR)

22.5(6-63)

20.3(7-49)

0.295

Need of mechanical ventilation (n,%)

8(6)

1(0)

<0.0001

Deaths (n,%)

0(0)

0(0)

4

Disease severity

Secondary care centre (n,%)

86(64)

442(100)

Tertiary care centre (n,%)

35(26)

0(0)

PICU (n,%)

13(10)

1(0)
<0.0001

Clinical syndrome
Bacteraemia/viraemia

4(3)

3(1)

CNS

5(4)

6(1)

FWS

32(24)

141(32)

GE

NA
<0.0001

Recruiting site

6(4)

12(3)

LRTI

14(10)

127(29)

URTI

50(37)

105(24)

UTI

11(8)

7(2)

Other

12(9)

42(9)

Clinical syndrome was based on the diagnosis of the attending physician at discharge from the hospital.
LRTI included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis. a. Excluded cases. Some baseline characteristics are not available for all patients. Given data are
percentages of the available numbers. b. Comparison between the patients recruited in the Netherlands and
Israel.
CRP: C-reactive protein, PICU: paediatric intensive care units, CNS: central nervous system, FWS: fever without
source, GE: gastro-enteritis, LRTI: lower respiratory tract infection, URTI: upper respiratory tract infection, UTI:
urinary tract infection. NA = not applicable.
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Supplemental Table 2. Microbiology results.
Total
n=577

Viral
infection
n=435

Bacterial
infection
n=71

Inconclusive
n=71

Study nasal swab PCR
(performed on all patients*)
0 microorganism

104(18)

63(15)

22(31)

19(27)

1 microorganism

268(46)

204(47)

32(45)

32(45)

2 microorganisms

145(25)

115(26)

15(21)

15(21)

3 microorganisms

51(9)

45(10)

1(1)

5(7)

4 microorganisms

7(1)

6(1)

1(1)

0(0)

5 microorganisms

1(0)

1(0)

0(0)

0(0)

Adenovirus

91(16)

72(17)

5(7)

14(20)

Bocavirus

64(11)

48(11)

7(10)

9(13)

Microorganism

Coronavirus229E/NL63/OC43

50(9)

36(8)

7(10)

7(10)

Enterovirus

78(13)

69(16)

4(6)

5(7)

Influenza virus A/B

65(11)

55(13)

3(4)

7(10)

Metapneumovirus

58(10)

49(11)

3(4)

6(8)

Parainfluenza virus

42(7)

36(8)

6(8)

1(1)

Respiratory syncytial virus A/B

120(21)

101(23)

10(14)

9(13)

Rhinovirus A/B/C

169(29)

127(29)

23(32)

19(27)

13(3)

4(1)

6(8)

3(4)

8(1)

4(1)

1(1.4)

3(4)

Routine care
Positive blood culture
Staphylococcus coagulase negative
Streptococcus pneumonia

1(0.2)

0(0)

1(1.4)

0(0)

Haemophilus influenza

1(0.2)

0(0)

1(1.4)

0(0)

Kingella kingae

1(0.2)

0(0)

1(1.4)

0(0)

Group A streptococcus

1(0.2)

0(0)

1(1.4)

0(0)

Enterococcus faecalis

1(0.2)

0(0)

1(1.4)

0(0)

4(0.8)

4(1)

0(0)

0(0)

Enterovirus

3(0.6)

3(0.7)

0(0)

0(0)

Parechovirus

1(0.2)

1(0.3)

0(0)

0(0)

4(1)

3(0.7)

0(0)

1(1)

5(1)

4(1)

1(1.4)

0(0)

Positive blood PCR

Positive serology
Respiratory syncytial virus A/B
Positive CSF culture/PCR
Neisseria meningitides

1(0.2)

0(0)

1(1.4)

0(0)

Enterovirus

2(0.4)

2(0.5)

0(0)

0(0)

Human herpes virus type 6

1(0.2)

1(0.2)

0(0)

0(0)

Varicella zoster virus

1(0.2)

1(0.2)

0(0)

0(0)
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Supplemental Table 2. Microbiology results. (Continued)

Positive nasopharyngeal culture/PCR
Group A streptococcus

Total
n=577

Viral
infection
n=435

Bacterial
infection
n=71

Inconclusive
n=71

41(7)

24(6)

8(11)

9(13)

9(2)

1(0.2)

4(6)

4(6)

Streptococcus anginosus

1(0.2)

0(0)

0(0)

1(1)

Streptococcus dysgalactiae

1(0.2)

0(0)

0(0)

1(1)

Staphyloccocus aureus

1(0.2)

0(0)

0(0)

1(1)

Bordetella pertussis

2(0.4)

0(0)

1(1.4)

1(1)

Metapneumovirus

10(2)

7(2)

2(3)

1(1)

Respiratory syncytial virus A/B

5(1)

4(1)

1(1.4)

0(0)

Adenovirus

5(1)

5(1)

0(0)

0(0)

Enterovirus

3(0.5)

3(0.7)

0(0)

0(0)

Rhinovirus

1(0.2)

1(0.2)

0(0)

0(0)

Bocavirus

1(0.2)

1(0.2)

0(0)

0(0)

Influenza B virus

1(0.2)

1(0.2)

0(0)

0(0)

Parainfluenza virus

1(0.2)

1(0.2)

0(0)

0(0)

Positive antigen

32(6)

24(6)

5(7)

3(4)

Respiratory syncytial virus A/B

28(5)

23(5)

2(3)

3(4)

Influenza virus

2(0.4)

0(0)

2(3)

0(0)

Group A streptococcus

2(0.4)

1(0.2)

1(1.4)

0(0)

5(1)

3(0.6)

2(3)

0(0)

1(0.2)

1(0.2)

0(0)

0(0)

Positive sputum culture
Candida albicans
Haemophilus influenza

1(0.2)

0(0)

1(1.4)

0(0)

Streptococcus dysgalactiae

1(0.2)

1(0.2)

0(0)

0(0)

Staphyloccocus aureus

1(0.2)

1(0.2)

0(0)

0(0)

Rhinovirus

1(0.2)

0(0)

1(1.4)

0(0)

Positive stool culture/PCR

11(2)

8(1.6)

1(1.4)

2(3)

Enterovirus

4(1)

4(0.8)

0(0)

0(0)

Adenovirus

2(0.4)

1(0.2)

1(1.4)

0(0)

Parechovirus

1(0.2)

1(0.2)

0(0)

0(0)

Norovirus

1(0.2)

1(0.2)

0(0)

0(0)

Clostridium difficile

1(0.2)

1(0.2)

0(0)

0(0)

E. coli

1(0.2)

0(0)

0(0)

1(1)

Campylobacter

1(0.2)

0(0)

0(0)

1(1)

21(4)

1(0.2)

17(24)

3(4)

E.coli

17(3)

1(0.2)**

15(21)

1(1)

Enterococcus faecalis

2(0.4)

0(0)

2(3)

0(0)

Positive urine culture

4
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Supplemental Table 2. Microbiology results. (Continued)
Total
n=577

Viral
infection
n=435

Bacterial
infection
n=71

Inconclusive
n=71

Candida albicans

1(0.2)

0(0)

0(0)

1(1)

Pseudomonas A

1(0.2)

0(0)

0(0)

1(1)

4(1)

2(0.4)

2(3)

0(0)

Positive wound culture/PCR
Staphyloccocus aureus

1(0.2)

0(0)

1(1.4)

0(0)

Group A streptococcus

1(0.2)

0(0)

1(1.4)

0(0)

Staphylococcus coagulase negative

1(0.2)

1(0.2)

0(0)

0(0)

Enterovirus

1(0.2)

1(0.2)

0(0)

0(0)

1(0.2)

0(0)

1(1.4)

0(0)

1(0.2)

0(0)

1(1.4)

0(0)

7(1)

6(1.2)

0(0)

1(1)

Positive tympanocentesis culture
Haemophilus influenza
Positive perineum culture
Streptococcus pneumoniae
Positive eye culture
Haemophilus influenza

Table includes all patients eligible for primary analysis. Reference standard outcomes were based on majority
agreement of the expert panel. Mixed infection was considered as bacterial.
*For one patient (viral reference standard outcome) a study nasal swab was not available.
**CRP=1, recovered without antibiotic treatment, clinical diagnosis was a gastro-enteritis, during admission
interpreted as contamination.

Supplemental Table 3. Expert panel agreement and reference standard outcomes per
country.

Expert panel agreement

Total
n=577

Netherlands
n=134

Israel
n=443

506(88)

114(85)

392(89)

3 out of 3

406(71)

89(66)

317(72)

2 out of 3

100(17)

25(19)

75(17)

71(12)

20(15)

51(11)

Inconclusive outcome
No agreement

16(3)

6(5)

10(2)

Indeterminate*

55(9)

14(10)

41(9)

Outcome

n=506

n=114

n=392

Bacterial

71(14)

26(23)

45(11)

Viral

435(86)

88(77)

347(89)

Table includes all patients eligible for primary analysis.
*The majority of the expert panel diagnosed these cases as indeterminate.
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Supplemental Table 4. Diagnostic performance of the index test compared to CRP and PCT.
a.
Accuracy
measure
Sensitivity

Index test
n=443
86.7( 75.8-93.1)

CRP 20
n=443
88.3( 77.8-94.2)

CRP 40
n=443
81.7( 70.1-89.4)

CRP 60
n=443
75.0( 62.8-84.2)

CRP 80
n=443
68.3( 55.8-78.7)

Specificity

91.1( 87.9-93.6)

62.7( 57.7-67.4)

82.5( 78.4-86.0)

93.2( 90.2-95.3)

96.9( 94.6-98.2)

PPV

60.5( 49.9-70.1)

27.0( 21.3-33.7)

42.2( 33.6-51.3)

63.4( 51.8-73.6)

77.4( 64.5-86.5)

NPV

97.8( 95.6-98.9)

97.2( 94.3-98.6)

96.6( 94.1-98.1)

96.0( 93.5-97.5)

95.1( 92.5-96.9)

LR +

9.8( 7.0-13.7)

2.4( 2.0-2.8)

4.7( 3.6-6.0)

11.0( 7.4-16.5)

21.8( 12.2-39.1)

LR -

0.1( 0.1-0.3)

0.2( 0.1-0.4)

0.2( 0.1-0.4)

0.3( 0.2-0.4)

0.3( 0.2-0.5)

DOR

66.7(29.3-152.0)

12.7( 5.6-28.7)

21.0( 10.4-42.5)

41.2( 20.3-83.5)

66.7(30.2-147.2)

4

b.
Accuracy
measure

Index test
n=419

PCT 0.25
n=419

PCT 0.5
n=419

PCT 1.0
n=419

Sensitivity

85.7(74.3-92.6)

100(93.6-100)

80.4(68.2-88.7)

71.4(58.5-81.6)

Specificity

91.2(87.8-93.7)

2.2(1.1-4.3)

84.8(80.8-88.2)

90.1(86.6-92.8)

PPV

60.0(49.0-70.0)

13.6(10.6-17.3)

45.0(35.6-54.8)

52.6(41.6-63.5)

NPV

97.6(95.4-98.8)

100(67.6-100)

96.6(93.9-98.1)

95.3(92.6-97.1)

LR +

9.7(6.9-13.8)

1.0(1.0-1.0)

5.3(4.0-7.0)

7.2(5.1-10.2)

LR -

0.2(0.1-0.3)

0.0(0-NA)

0.2(0.1-0.4)

0.3(0.2-0.5)

DOR

62.1(27.0-142.6)

NA

22.9(11.2-47.0)

22.7(11.6-44.6)

Diagnostic performance measures were calculated by comparing majority reference standard outcome to
the index test classification (left column) and classification derived using different CRP cut-offs (a) or different
PCT cut-offs, in the subset of patients where both the index test and PCT were measured (b). According to the
current CE-IVD label, patients with an index test score below 0.35 were classified as viral, between 0.35 and
0.65 as equivocal, and above 0.65 as bacterial.
Accuracy measures are given with 95% CI.
CRP: C-reactive protein, PCT: procalcitonin, PPV: positive predicted value, NPV: negative predicted value, LR+:
positive likelihood ratio, LR-: negative likelihood ratio, DOR: diagnostic odds ratio. NA = not applicable.
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Supplemental Table 5. Diagnostic reclassification by the index test compared to CRP and
PCT in patients according to unanimous reference standard outcomes.
The final diagnosis was based on the unanimous agreement of the expert panel. The index test classification
was compared to the unanimous reference standard outcome. Patients with an index score below 0∙35
were classified as viral, between 0∙35 and 0∙65 as equivocal (n=52), and above 0∙65 as bacterial. a. Head-tohead comparison of CRP and the index test results. As a cut-off for CRP we used <40µg/ml. b. Head-to-head
comparison of PCT and the index test results. As a cut-off for PCT we used <0∙5ng/ml. A PCT value could not
be calculated for all patients, therefore the total numbers of patients is lower than in the CRP reclassification
table.

a.
Reference standard outcome:
Bacterial infection (n=41)
Index test result
Viral
Bacterial
Total
CRP result
(<40µg/ml)

Reference standard outcome :
Viral infection (n=313)
Index test result
Viral
Bacterial
Total

Viral

4

5

9

261

8

269

Bacterial

1

31

32

30

14

44

Total

5

36

41

291

22

313

* Among patients with a bacterial infection as determined by an unanimous expert panel, 5 patients were
correctly reclassified from viral to bacterial using the index test instead of CRP and 1 patient was incorrectly
reclassified from bacterial to viral. For patients with a viral infection this was 30 and 8, respectively.
Reclassification improvement was 9.8% for patients with bacterial infection (5-1 of 41; p=0.142) and 7.0% for
patients with a viral infection (30-8 of 313; p<0.0001).

b.
Reference standard outcome:
Bacterial infection (n=41)
Index test result
Viral
Bacterial
Total
PCT result
Viral
(<0.50g/ml)
Bacterial
Total

4

4

8

Reference standard outcome:
Viral infection (n=296)
Index test result
Viral
Bacterial
Total
245

11

256

1

32

33

30

10

40

5

36

41

275

21

296

* Among patients with a bacterial infection as determined by an unanimous expert panel, 4 patients were
correctly reclassified from viral to bacterial using the index test instead of PCT and 1 patient was incorrectly
reclassified from bacterial to viral. For patients with a viral infection this was 30 and 11, respectively.
Reclassification improvement was 7.3% for patients with bacterial infection (4-1 of 41; p=0.251) and 6∙4% for
patients with a viral infection (30-11 of 296; p=0.004).
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Supplemental Table 6. Diagnostic performance of the index test in patients treated with
and without antibiotic treatment at the moment of recruitment and admitted and nonadmitted patients.

Accuracy
measure

Antibiotic
No antibiotic
treatment at the
treatment at the
moment of recruitment moment of recruitment
n=81
n=341

Admitted
patients
n=237

Non admitted
patients
n=205

Sensitivity

93.3(70.2-99.7)

83.3(69.4-91.7)

85.7(73.3-92.9)

90.9(62.3-99.5)

Specificity

92.4(83.5-96.7)

90.6(86.8-93.4)

88.3(82.9-92.1)

94.3(90.1-96.8)

PPV

73.7(51.2-88.2)

55.6(43.3-67.2)

65.6(53.4-76.1)

47.6(28.3-67.6)

NPV

98.4(91.4-99.9)

97.5(94.9-98.8)

96.0(91.9-98.0)

99.5(97.0-100)

LR +

12.3( 5.2-28.9)

8.9( 6.1-13.0)

7.3( 4.9-11.0)

16.0( 8.8-29.3)

LR -

0.1( 0.0-0.5)

0.2( 0.1-0.4)

0.2( 0.1-0.3)

0.1( 0-0.6)

DOR

170.8(18.5-1579.2)

48.4(19.7-119.0)

45.3(18.1-113.1)

166.4(19.5-1419.4)

4

Diagnostic performance measures were calculated by comparing majority reference standard outcome to the
index test classification. According to the current CE-IVD label, patients with an index test score below 0.35
were classified as viral, between 0.35 and 0.65 as equivocal, and above 0.65 as bacterial. Accuracy measures
are given with 95% CI.
PPV: positive predicted value, NPV: negative predicted value.
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33.3(1.7-79.2)

75(30.1-98.7)

NA

0.3(0.1-1.7)

LR +

LR -

0.0(0-NA)

13.6(7.5-24.7)

100(97.0-100)

23.1(8.2-50.3)

92.6(87.0-96.0)

100(43.9-100)

3

FWS
n=139

NA

NA

NA

NA

100(79.6-100)

NA

0

GE
n= 15

0.1(0.0-0.4)

11.2(5.5-23.2)

97.6(91.5-99.3)

73.1(53.9-86.3)

92.0(84.3-96.0)

90.5(71.1-97.3)

21

LRTI
n=108

0.6(0.3-1.1)

4.4(1.8-10.6)

95.9(90.0-98.4)

25.0(10.2-49.5)

88.7(81.2-93.4)

50.0 (21.5-78.5)

8

URTI
n= 114

NA

NA

NA

NA

NA

93.3(70.2-99.7)

15

UTI
n=15

0.0(0-NA)

9.3(3.2-27.2)

100(86.7-100)

75.0(46.8-91.1)

89.3(72.8-96.3)

100(70.1-100)

9

Other
n=37

DOR

NA

NA

NA

NA

108.6 (20.97.8 (1.7-35.5)
NA
NA
564.9)
Diagnostic performance was evaluated by comparing the index test classification to the majority reference standard outcome. Patients with an index test score
below 0.35 were classified as viral, between 0.35 and 0.65 as equivocal, and above 0.65 as bacterial. Clinical syndrome was based on the diagnosis of the attending
physician at discharge from the hospital. LRTI included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and tonsillitis.
Accuracy measures are given with 95% CI.
PPV: positive predicted value, NPV: negative predicted value, LR+: positive likelihood ratio, LR-: negative likelihood ratio, DOR: diagnostic odds ratio. CNS: central
nervous system, FWS: fever without source, GE: gastro-enteritis, LRTI: lower respiratory tract infection, URTI: upper respiratory tract infection, UTI: urinary tract
infection. NA = not applicable.

0.0(0-NA)

4.0(1.2-13.3)

100(61.0-100)

100(34.2-100)

PPV

NPV

100(5.1-100)
75.0(40.9-92.9)

100(43.9-100)

1

66.7(20.8-98.3)

Bacterial cases (n)

CNS
n=9

Sensitivity

3

Accuracy measure

Specificity

Bacteraemia
/viraemia
n=6

Supplemental Table 7. Diagnostic performance of the index test per clinical syndrome.
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Equivocal
Bacterial

Viral/Other
0

10

20

35

65

80

90

100

Supplemental Figure 1. The index test score.
Classification based on the index test score. According to the current CE-IVD label, patients with an index
test score below 0.35 were classified as viral, between 0.35 and 0.65 as equivocal, and above 0.65 as bacterial.

4

Entire cohort
Majority cohort (>=2/3)
Unanimous cohort (3/3)
Microbiologically
confirmed cohort
Supplemental Figure 2. Types of diagnostic reference standards.
Patients with majority agreement of the expert panel (majority cohort) are used as the predefined preferred
reference standard. The accuracy of the index test is also calculated for patients with unanimous agreement
(unanimous cohort) and for a sub-cohort of patients within the unanimous cohort with a microbiologically
confirmed diagnosis.
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Supplemental Figure 3. Expression of CRP, TRAIL and IP-10.
Box plots for CRP (a), TRAIL (b) and IP-10 (c) concentrations measured among patients with bacterial infections
(n=71), patients with viral infections (n=435) and non-infectious controls (n=103). The analysis was performed
on patients with a reference standard outcome based on majority agreement of the expert panel. The red bar
corresponds to the group mean with standard deviation. TRAIL: TNF-related apoptosis inducing ligand, IP-10:
interferon gamma induced protein-10, CRP: C-reactive protein.
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Unanimous agreement bacterial/viral: all panel members diagnosed these patients as bacterial or viral.
Majority agreement bacterial/viral: at least two out of three panel members diagnosed these patients as bacterial or viral.
Inconclusive: cases with indeterminate panel diagnosis and cases without panel agreement.
The red bar corresponds to the group mean with standard deviation.

Supplemental Figure 4. Index test score distribution per reference standard outcome.
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Abstract
Background
To determine whether updating a diagnostic prediction model by adding a combination
assay (tumour necrosis factor-related apoptosis-inducing ligand (TRAIL), interferon
gamma induced protein-10 (IP-10), and C-reactive protein (CRP)) can accurately identify
children with pneumonia or other serious bacterial infection (SBI).

Methods
Observational double-blind diagnostic study in hospitals in Israel and the Netherlands.
A total of 591 children, aged 1 to 60 months, presenting with lower respiratory tract
infections or fever without source were recruited. Ninety-two of them had SBI. The
original Feverkidstool, a polytomous logistic regression model including clinical
variables and CRP, was recalibrated and thereafter updated by using the assay. Main
outcome measures were pneumonia, other SBI or no SBI.

Results
The recalibrated original Feverkidstool discriminated well between SBI and viral
infections, with a c-statistic for pneumonia of 0.84 (95% CI: 0.77 to 0.92) and 0.82
(95% CI: 0.77 to 0.86) for other SBI. The discriminatory ability increased when CRP was
replaced by the combination assay; c-statistic for pneumonia increased to 0.89 (95% CI:
0.82 to 0.96) and for other SBI to 0.91 (95% CI: 0.87 to 0.94). This updated Feverkidstool
improved diagnosis of SBI mainly in children with low-moderate risk estimates of SBI.

Conclusion
We improved the diagnostic accuracy of the Feverkidstool by replacing CRP with a
combination assay to predict pneumonia or other SBI in febrile children. The updated
Feverkidstool has the largest potential to rule out bacterial causes and thus to decrease
unnecessary antibiotic prescription in children with low to moderate predicted risk of
SBI.
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Introduction
Suspicion of infectious disease is one of the most common cause of paediatric
emergency department (ED) visits.1 The proportion of bacterial infections in children
with fever without source (FWS) and acute respiratory tract infections (RTI) is however
low (respectively 0.02–13% and 26–28%).2-4 Next, identifying patients benefitting from
antibiotic treatment remains a major diagnostic challenge. Consequentially, children
with acute RTI receive antibiotics almost twice as often as the estimated prevalence.2,
5, 6
Antibiotic overuse is associated with increased antibiotic resistance, causing 25.000
deaths in Europe annually.7, 8 This underlines the need for new diagnostics to better
differentiate between viral and bacterial infections. Therefore, several prediction models
have been developed.9, 10 The Feverkidstool, a clinical prediction model including
both clinical parameters and C-reactive protein (CRP), is considered a validated tool
for supporting clinical decision-making on e.g. whether or not to start antibiotics.11-13
However, further improvement of this diagnostic tool is warranted as it does not provide
an accurate diagnosis for all patients.
We recently showed that a novel blood assay, combining concentrations of CRP with
tumour necrosis factor-related apoptosis-inducing ligand (TRAIL) and interferon
gamma induced protein-10 (IP-10), could diagnose bacterial infections more accurate
compared to CRP alone.14-16 The aim of this study is to investigate whether updating the
Feverkidstool by replacing CRP with the combination assay can improve the diagnosis
of SBI in preschool children.

5

Methods
The current study builds on the analysis from the prospective observational Opportunity
study at hospitals in the Netherlands and Israel.14 In short, this study included clinical
data, a host-protein based assay, nasal swab PCR and 28-day follow-up data from
children aged 1 to 60 months with lower RTI or FWS. A total of 777 children were
recruited. Because the Feverkidstool was developed for febrile patients presenting at
the ED, patients from the intensive care unit (n=16) and non-infectious control patients
(n=103) were excluded.14 In 67 children the assay was not measured for various reasons
(Supplemental Figure 1). The Opportunity study was approved by the ethics committees
in the participating countries. This manuscript follows the TRIPOD reporting guidelines.

Prediction model
The Feverkidstool is a polytomous prediction model that predicts the risk of pneumonia
or other SBI, based on the following variables: age, body temperature, heart rate,
respiratory rate, oxygen saturation, ill-appearance, peripheral capillary refill, chest wall
retractions and CRP (definitions presented in the Statistical Analysis Plan). Peripheral
103
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capillary refill was not recorded in the Opportunity study, therefore these systematic
missing values were replaced by the mean prevalence of prolonged capillary refill in the
initial Feverkidstool cohort (=0.039).

Combined host-protein based assay
The assay is currently ELISA based (a point of care test is being developed) and combines
the concentrations of TRAIL, IP-10 and CRP using a predetermined logistic regression
formula to compute the likelihood score for a bacterial infection.14, 15 The assay was
performed on anonymous serum samples in absence of any patient-related information.

Reference standard diagnosis
As part of the Opportunity study, an expert panel assigned one of the following
aetiologies to each patient: bacterial infection, viral infection, mixed infection (i.e.,
bacterial and viral co-infection) or indeterminate.14 The panel based their diagnosis on all
available clinical and laboratory information, including a 28-day follow-up assessment.
Panel members were blinded for the decisions of their peers and for the assay and
Feverkidstool results. Patients with a bacterial or mixed reference standard diagnosis
were divided into pneumonia or other SBI (e.g. meningitis, urinary tract infections,
bacteraemia) based on the diagnosis at hospital discharge.

Statistical analysis
General approach
To find out whether the prediction of SBI would improve when the original Feverkidstool
was updated with the assay, we compared the diagnostic accuracy of both models
(hereafter called original and updated Feverkidstool). Because one element of the assay,
CRP, was already a predictor in the original Feverkidstool, we essentially removed CRP
from the updated Feverkidstool by assigning the median CRP value for all participants.
P<0.05 was considered statistically significant. Statistical analyses were performed in
SPSS version 21.0 for Windows and R version 3.2.2.

Model development and performance
First, we recalibrated the original Feverkidstool on our data using logistic regression.
Then, we updated the Feverkidstool by replacing CRP with the combination assay. The
discriminative ability of the recalibrated original and updated model was expressed
using pairwise c-statistics.17

104

15873_CvHouten_BNW_v2.indd 104

26-11-18 12:43

Optimizing prediction of bacterial infections

Predicted risk thresholds
A decision curve analysis (DCA) was performed to assess the relative harm of false
positives and false negatives per probability threshold and helped to interpret the
differences between the models along the wide range of predicted probabilities.18
For a set of predefined risk thresholds we calculated sensitivity, specificity, positive
and negative predictive value, positive and negative likelihood ratio (LR+, LR-) for the
original and updated models.

Reclassification
To assess the potential added value of the updated Feverkidstool in correctly classifying
SBI and viral infections using defined thresholds, we did a head-to-head comparison for
the updated Feverkidstool and the recalibrated original Feverkidstool in a reclassification
table.19

5

Missing values
Multiple imputation techniques enabled analysing all available data. Missing
Feverkidstool variables were therefore imputed 10 times using the MICE algorithm,
R statistical software.20 Variables used in the imputation model are presented in the
Statistical Analyses Plan. Inconclusive diagnoses (n=71), were also imputed, using the
variables selected by the MICE algorithm. Analyses were performed separately in the
10 imputed data sets and combined using Rubin’s rules.21 A sensitivity analysis was
performed by leaving out patients with an inconclusive diagnosis.

Results
Population characteristics
A total of 591 patients were available for analyses; 30 pneumonia, 66 other SBI and 495
viral infections (Supplemental Figure 1). Children with pneumonia were older (median
age 2 years) than children with other SBI or with viral infections (median age 1.3 years)
and children with pneumonia or other SBI were hospitalized more often than children
with viral infections, respectively 73% and 77% versus 52% (Table 1). Children with
an inconclusive reference standard diagnosis differed from children with a conclusive
diagnosis on age, biomarker values and antibiotic prescription (Supplemental Table 1).

Model performance
The recalibrated original Feverkidstool discriminate well between pneumonia and
other infections (c-statistic 0.84, 95% CI: 0.77-0.92), and between other SBI and other
infections (c-statistic 0.82, 95% CI 0.77-0.86) (Supplemental Figure 2). This performance
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Table 1. Characteristics of patients included in the primary analysis.
Pneumonia
(n=30)

Other SBI
(n=66)

Viral
(n=495)

2.0[1.1-3.4]

1.3[0.7-2.8]

1.3[0.6-2.3]

19(63%)

32(49%)

280(57%)

3[2-5]

2[1-4]

2[1-4]

38.6[38.2-39.8]

38.7[37.8-39.4]

38.5[37.6-39.2]

n=30(100%)

n=66(100%)

n=493(99%)

Predictor variables
Age (years)
Gender, male
Duration of fever (days)
Temperature (°C)
Respiratory rate
Tachypnea
Heart rate

50[34-70]

40[31-52]

38[30-52]

n=15(50%)

n=31(47%)

n=252(51%)

12(80%)

17(55%)

130(52%)

160(24)

152(27)

151(24)

n=29(97%)

n=57(86%)

n=453(92%)

Tachycardia

21(72%)

29(51%)

232(51%)

Oxygen saturation (%O2)

98[97-99]

99[97-100]

98[96-100]
n=417(84%)

n=28(93%)

n=48(73%)

Desaturation (<94%O2)

1(4%)

0(0%)

24(6%)

Chest wall retractions

6(20%)

4(6%)

60(12%)

n=30(100%)

n=63(95%)

n=484(98%)

Ill appearance

13(43%)

25(38%)

141(29%)

C-reactive protein (mg/l)

176[72-224]

102[55-151]

15[5-36]

Assay score

98[76-100]

88[68-98]

4[1-26]
255(52%)

Other variables
Hospital admission

22(73%)

51(77%)

Hospitalization duration (days)

4[3-6]

4[3-5]

3[2-4]

Antibiotic treatment prescribed

30(100%)

63(96%)

140(29%)

Secondary care centre

27(90%)

63(96%)

463(94%)

Tertiary care centre

3(10%)

3(4%)

32(6%)

0(0%)

0(0%)

9(2%)
19(4%)

Recruiting site

Focus of infection
Central nervous system
Gastrointestinal tract

0(0%)

1(2%)

Other

3(10%)

11(17%)

39(8%)

Respiratory tract

26(87%)

18(27%)

250(50%)

Systemic

0(0%)

2(3%)

9(2%)

Unknown

1(3%)

10(15%)

169(34%)

Urinary tract
0(0%)
24(36%)
0(0%)
Data are presented as n (%), median [IQR] or mean (SD). This table includes imputed reference standard
diagnoses, data are based on 1 of the 10 imputed datasets. If data were not available for all patients, the
total number of available data are noted. Clinical syndrome was based on the diagnosis of the attending
physician at discharge from the hospital. LRTI included pneumonia and bronchiolitis; URTI included laryngitis,
pharyngitis, otitis media, sinusitis and tonsillitis.
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is similar to numbers observed in previous Feverkidstool validations.11, 12 After updating
the Feverkidstool by replacing CRP with the assay, discrimination between bacterial and
other infections improved, reflected by an improved c-statistic for pneumonia to 0.89
(95% CI: 0.82 to 0.96), and for other SBI to 0.91 (95% CI: 0.87 to 0.94) (Supplemental
Figure 2). A sensitivity analysis of the cohort without imputed reference standard
diagnoses showed similar results, with improved prediction of pneumonia (increased
c-statistic from 0.87 (95% CI: 0.79 to 0.95) to 0.91 (95% CI: 0.83 to 0.98)) and an improved
prediction of other SBI (from 0.82 (95% CI: 0.76 to 0.88) to 0.91 (95% CI: 0.86 to 0.95)).

Predicted risk thresholds
The decision curve analysis shows the net benefit of starting antibiotics using predictions
of the updated Feverkidstool instead of the original Feverkidstool, depending on the
choice of probability threshold. Children with low-moderate predicted risks ≤40% for
pneumonia or other SBI had most benefit from the updated Feverkidstool (Figure 1).
Table 2 gives more detailed insight on effects of the updated model in diagnostic value
using several thresholds. Using a rule of thumb of LR+ of 5 and LR- of 0.217, thresholds
of 10% and 2.5% using the updated model seem better applicable for ruling in and out
of both pneumonia and other SBI.

1.0
Standardized Net Benefit

0.6

0.8

FKT
Updated FKT
All
None

0.4

0.8
0.6
0.4

−0.2

0.0

0.2
−0.2

0.0

Standardized Net Benefit

Other Serious Bacterial Infection
Original FKT
Updated FKT
All
None

0.2

1.0

Pneumonia

5

0.0

0.2

0.4

0.6

Predicted Risk Threshold

0.8

1.0

0.0

0.2

0.4

0.6

0.8

1.0

Predicted Risk Threshold

Figure 1. Decision curve analysis.
Decision curve analysis with the net benefit of starting antibiotics to none of the patients (black line),
to all patients (grey line), the original Feverkidstool (red line), and the updated Feverkidstool (blue line),
depending on the choice of probability threshold for starting antibiotics for pneumonia (a) and other SBI
(b). FKT; Feverkidstool.
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0.54(0.42-0.66)

0.38(0.26-0.50)

0.25(0.13-0.36)

Risk of ≥ 15%

Risk of ≥ 20%

Risk of ≥ 30%

0.94(0.92-0.95)

0.89(0.86-0.91)

0.82(0.79-0.85)

0.70(0.67-0.74)

0.41(0.37-0.46)

0.96(0.94-0.99)

0.85(0.78-0.92)

Risk of ≥ 5%

Risk of ≥ 10%

Risk of ≥ 2.5%

0.99(0.98-1.00)
0.19(0.15-0.22)

0.27(0.10-0.45)

Risk of ≥ 30%

0.95(0.94-0.97)

0.93(0.91-0.95)

0.98(0.97-1.00)

0.40(0.23-0.58)

Risk of ≥ 20%

Other SBI

0.48(0.31-0.65)

Risk of ≥ 15%

0.89(0.87-0.92)

0.76(0.73-0.79)

0.81(0.71-0.91)

0.62(0.47-0.78)

Risk of ≥ 5%

0.58(0.54-0.63)

Specificity (95% CI)

0.85(0.77-0.94)

Risk of ≥ 10%

Risk of ≥ 2.5%

Pneumonia

Original Feverkidstool

Sensitivity (95% CI)

0.32(0.18-0.46)

0.30(0.19-0.40)

0.27(0.19-0.36)

0.26(0.20-0.33)

0.17(0.13-0.21)

0.13(0.10-0.16)

0.60(0.39-0.81)

0.31(0.16-0.47)

0.27(0.14-0.40)

0.24(0.13-0.34)

0.15(0.09-0.22)

0.10(0.06-0.14)

PPV (95% CI)

0.91(0.89-0.93)

0.92(0.90-0.94)

0.94(0.92-0.95)

0.98(0.96-0.99)

0.99(0.98-1.00)

0.99(0.98-1.00)

0.96(0.95-0.98)

0.97(0.96-0.98)

0.97(0.96-0.98)

0.98(0.97-0.99)

0.99(0.98-0.99)

0.99(0.98-0.99)

NPV (95% CI)

3.82(2.15-6.77)

3.37(2.23-5.09)

3.03(2.24-(4.12)

2.87(2.37-3.48)

1.64(1.48-1.83)

1.21(1.13-1.30)

28.09(8.16-96.67)

8.52(4.57-15.90)

6.80(3.87-11.97)

5.83(3.90-8.71)

3.41(2.23-5.20)

2.06(1.39-3.07)

LR+ (95% CI)

0.81(0.69-0.93)

0.70(0.57-0.86)

0.56(0.41-0.76)

0.21(0.10-0.42)

0.08(0.02-0.43)

0.09(0.01-0.65)

0.73(0.57-0.94)

0.63(0.45-0.87)

0.56(0.37-0.84)

0.42(0.25-0.69)

0.24(0.10-0.62)

0.25(0.08-0.76)

LR- (95% CI)

Table 2. Diagnostic performance of prediction models including clinical signs and symptoms and either C-reactive protein or the assay.
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0.66(0.52-0.80)

0.50(0.34-0.67)

Risk of ≥ 20%

Risk of ≥ 30%

0.67(0.57-0.77)

Risk of ≥ 30%

0.91(0.89-0.93)

0.89(0.86-0.91)

0.86(0.84-0.89)

0.83(0.80-0.86)

0.49(0.39-0.59)

0.46(0.37-0.56)

0.43(0.35-0.52)

0.39(0.31-0.47)

0.32(0.25-0.39)

0.24(0.19-0.30)

0.48(0.31-0.65)

0.39(0.25-0.53)

0.33(0.21-0.45)

0.27(0.17-0.37)

0.21(0.13-0.29)

0.16(0.09-0.22)

PPV (95% CI)

0.96(0.94-0.97)

0.97(0.96-0.98)

0.98)0.97-0.99)

0.98(0.97-0.99)

0.99(0.98-1.00)

0.99(0.99-1.00)

0.97(0.96-0.98)

0.98(0.97-0.99)

0.98(0.98-0.99)

0.99(0.98-0.99)

0.99(0.99-1.00)

0.99(0.99-1.00)

NPV (95% CI)

0.36(0.25-0.52)

0.18(0.10-0.34)
0.22(0.14-0.37)

6.16(4.78-7.93)
6.95(5.27-9.17)
7.70(5.49-10.82)

0.10(0.04-0.26)
0.15(0.07-0.30)

3.71(3.04-4.51)
5.05(4.04-6.32)

0.05(0.01-0.26)

2.57(2.22-2.99)

0.30(0.15-0.58)

9.27(5.47-15.72)

0.36(0.20-0.63)

0.27(0.14-0.53)

6.84(4.49-10.41)

0.50(0.31-0.82)

0.18(0.07-0.49)

4.93(3.55-6.84)

11.88(7.07-19.97)

0.16(0.05-0.49)

3.48(2.39-5.07)

17.45(8.88-34.27)

LR- (95% CI)

LR+ (95% CI)

CI: confidence interval, PPV: positive predictive value, NPV: negative predictive value, LR+: positive likelihood ratio, LR-: negative likelihood ratio.

0.84(0.77-0.91)

0.80(0.72-0.88)

Risk of ≥ 15%

Risk of ≥ 20%

0.92(0.88-0.97)

0.88(0.82-0.94)

Risk of ≥ 5%

Risk of ≥ 10%

Risk of ≥ 2.5%

0.97(0.96-0.98)

0.94(0.93-0.96)

0.92(0.90-0.94)

0.89(0.86-0.91)

0.75(0.72-0.79)

0.72(0.60-0.85)

Risk of ≥ 15%

0.62(0.58-0.66)

0.76(0.64-0.88)

Risk of ≥ 10%

0.83(0.80-0.86)

0.75(0.71-0.78)

Specificity (95% CI)

0.97(0.94-0.99)

0.85(0.76-0.94)

Risk of ≥ 5%

Other SBI

0.88(0.80-0.95)

Risk of ≥ 2.5%

Pneumonia

Updated Feverkidstool

Sensitivity (95% CI)

Table 2. Diagnostic performance of prediction models including clinical signs and symptoms and either C-reactive protein or the assay.
(Continued)
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Table 3. Diagnostic reclassification by the updated Feverkidstool compared to the original
Feverkidstool.
The Feverkidstool classification was compared to the majority reference standard for the prediction of
pneumonia (a) and other SBI (b). Head-to-head comparison of the original Feverkidstool and the updated
Feverkidstool. Predicted risks of pneumonia (a) and other SBI (b) were low if the predicted risk was below
2.5%, intermediate between 2.5% and 10%, and high above 10%.

a.

Original
Feverkidstool
predicted risk
for pneumonia

Reference standard diagnosis:
Pneumonia (n=30)

Reference standard diagnosis:
No pneumonia (n=561)**

Updated Feverkidstool
predicted risk for pneumonia

Updated Feverkidstool
predicted risk for pneumonia

Low

Intermediate

High

Low

Intermediate

Low

3

1

1

304

20

3

Intermediate

1

2

4

100

46

27

High

0

0

18

14

14

33

High

* Among the patients with a pneumonia as determined by the majority of the expert panel, 6 patients were
correctly reclassified as being at higher risk using the updated Feverkidstool instead of the original Feverkidstool
and 1 patient was incorrectly reclassified. For patients in whom pneumonia was absent, these numbers are
respectively 128 and 50. Reclassification improvement was 17% for patients with pneumonia (6 minus 1 of 30)
and 14% for patients without pneumonia (128 minus 50 of 561).** As the comparison in this table is between
the presence or absence of pneumonia, it should be noted that ‘no pneumonia’ includes viral and other SBI.

b.
Reference standard diagnosis:
Other SBI (n=66)
Updated Feverkidstool
predicted risk for other SBI

Reference standard diagnosis:
No other SBI (n=525)**
Updated Feverkidstool
predicted risk for other SBI

Low

Intermediate

High

Low

Intermediate

1

0

0

98

0

0

1

2

6

190

55

25

0

4

52

40

51

66

Original
Low
Feverkidstool
Intermediate
predicted risk
High
for other SBI
* Among the patients with other SBI

High

as determined by the majority of the expert panel, 6 patients were

correctly reclassified using the updated Feverkidstool instead of the original Feverkidstool and 5 patients were
incorrectly reclassified. For patients in who other SBI is absent, these numbers are respectively 281 and 25.
Reclassification improvement was 2% for patients with other SBI (6 minus 5 of total 66) and 49% for patients
without other SBI (281 minus 25 of 525). ** As the comparison in this table is between the presence or absence
of other SBI, it should be noted that ‘no other SBI’ includes viral and pneumonia.

Reclassification
Table 3 shows the clinical consequences if the updated Feverkidstool was used instead
of the original Feverkidstool. In total, the updated Feverkidstool for pneumonia
reduced the number children with a falsely predicted high or intermediate risk from
234 to 143 (39%) compared to the original Feverkidstool, and from 427 to 197 (54%) for
children with other SBI.
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Discussion
In this study we showed that when a clinical prediction model including CRP was
updated with a combined host-protein based assay, serious bacterial infections were
predicted more accurately in children presenting with a lower RTI or FWS at the hospital.
We showed that children with a low to moderate predicted risk benefit most from this
updated model.

Strengths and weaknesses of the study
A strength of the present study is the used combination of variables. To our knowledge,
this is the first study combining clinical parameters with both bacterial and viral
biomarkers. A second strength is the use of an expert panel reference standard, which
has the advantage of capturing a wide spectrum of illness severities, including difficult to
diagnose cases, therefore likely to be generalizable to clinical practice.18 Another strength
is the prospective patient recruitment, leading to assay results for all febrile children
and not only for those with blood sampling indicated by routine care, representing the
heterogeneous paediatric population presenting at the hospital. In addition, a strength
of the Feverkidstool is its polytomous character. This enables the discrimination between
different diseases: pneumonia and other SBI versus no SBI.19 Finally, in clinical practice
different thresholds are needed depending on the setting. Therefore we performed a
decision curve analysis to help interpret the differences between the models along the
wide range of predicted probabilities.20
Limitations of our study should also be addressed. First, the number of bacterial cases
was relatively low. Therefore it was not possible to refit the individual coefficients for all
Feverkidstool variables, but, the aim of the study was not to build an optimal diagnostic
model, but to see whether the new assay had additional value to the original well
validated Feverkidstool. Second, one of the Feverkidstool variables, capillary refill, was
not available for any of the participants. However, this dichotomous variable capillary
refill has little diagnostic value within the Feverkidstool (regression coefficient 0.18 and
0.30 for the prediction of pneumonia and other SBI respectively), therefore the effect
on the accuracy will be limited. Third, the reclassification is based on arbitrarily chosen
thresholds (2.5% and 10%). These thresholds, however, mostly corresponds with LR that
have been reported to be meaningful in decisions for febrile children: LR+ >5.0 for rulingin SBI and LR- <0.2 for ruling-out SBI.17 Fourth, the Feverkidstool includes important
clinical variables that are used by every physician when deciding to start antibiotics or
not. Following clinical care, the expert panel was provided with a wide range of clinical
information, including the clinical Feverkidstool variables. The panel, however was not
informed about the algorithm. We, however, cannot exclude that incorporation bias—in
which part of the test being assessed is included in the reference standard—has resulted
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in some degree of overestimation of the outcome. Finally, there were 71 patients for whom
the expert panel could not assign a final diagnosis. Such inconclusive cases are inherent to
studies using outcomes lacking a gold standard. To make optimal use of the data from all
recruited patients, we have imputed these reference standard diagnoses. As the imputed
diagnoses are used for both the original and the updated Feverkidstool, we do not expect
this influenced the results of updating the Feverkidstool. In addition, a sensitivity analysis
in which all cases with imputed diagnoses were excluded showed comparable results.

Comparison with existing literature
The study in which the Feverkidstool was developed and the Opportunity study had
comparable inclusion criteria, most important, both studies included children suspected
of infection based on increased temperature.12, 14 Differences in inclusion criteria should
also be discussed. The Feverkidstool derivation cohort included Dutch children aged 1
month to 15 years, whereas the Opportunity study included Dutch and Israeli children
aged 1 month to 5 years. In addition, for the Feverkidstool development study children
who received antibiotics before the ED visit were excluded, for the Opportunity study
antibiotic use wasn’t an exclusion criteria.12, 14
We recently confirmed the external validity of the Feverkidstool, but when procalcitonin
(PCT) was added to the prediction model or when CRP was replaced by PCT the accuracy
for predicting SBI in febrile children did not improve.11 Another study also evaluated
updating strategies for the Feverkidstool by adding PCT and resistin.13 They found
that changes in positive and negative likelihood ratios for different risk thresholds
are minimal. The Opportunity study showed that the combination assay significantly
improved the diagnosis of bacterial infection compared to CRP and PCT.14 In contrast
with the two above mentioned Feverkidstool updates, our current study has shown that
updating the Feverkidstool with the assay does meaningfully improve the accuracy of
the model. This further confirms our previous observation that the combination of CRP,
TRAIL and IP-10 had higher diagnostic value in differentiating between bacterial and viral
infections compared to CRP alone.14 The diagnostic value of TRAIL is noteworthy since
its dynamics are complementary to traditionally studied bacteria-induced proteins such
as CRP and PCT; TRAIL concentrations increase in viral infection and decrease during
bacterial infection.

Implications for clinical practice
Clinical signs and symptoms play an important role when physicians diagnose febrile
children, but do not sufficiently differentiate between viral and bacterial infections.
Therefore, the use of diagnostic prediction models that include both clinical parameters
and biomarkers is intuitive and helpful. We showed that the updated Feverkidstool has
most added value for patients in the low-moderate risk group, with predicted risk for SBI
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below 40%. At thresholds of 2.5% and 10%, the reclassification table showed substantial
improvement in diagnosis. The cases with predicted risks between low to moderate
(2.5 vs 40%) may be characterized by having intermediate values of CRP with higher
diagnostic uncertainty. Adding two viral biomarkers to the prediction rule will provide
an extra dimension to the model and therefore improves diagnosis for especially those
cases. As a point of care test is under development, the manufacturer has not given an
indication to the eventual cost yet. To optimize cost-effective use of the combination
test, our results suggest that the added value of the assay is the highest in children with
a predicted risk <40% as predicted by the original Feverkidstool.

Implications for future research
Since we have proven the accuracy of the updated Feverkidstool, the next step is to
perform a prospective and external validation el, and to evaluate its impact on resource
use and antibiotic treatment. An important aspect is to define risk cut-offs for different
settings in clinical practice, e.g. young children and children with co-morbidities. In
addition, in order to optimize resource use, new biomarkers may benefit selected patient
subgroups in particular (e.g. selected on a set of clinical characteristics/predicted risk)
rather than in all febrile children. This targeted risk approach may also be applied to
position the role of e.g. Myxovirus resistance protein A (MxA) and CRP.21

5

Conclusion
In conclusion, a new blood assay including viral and bacterial biomarkers, combined
with a clinical prediction model, is in this study cohort superior to the model with CRP
only for predicting serious bacterial infection in preschool children. In children with
low to moderate predicted risk of SBI in particular, the updated Feverkidstool with
the assay has the potential to optimize targeted antibiotic prescription and to prevent
unnecessary use of antibiotics.
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Supplementary material
202 patients
recruited in the
Netherlands

575 patients
recruited in
Israel

777 patients
recruited
186 excluded
103 non-infectious
41 did not fulfill
inclusion criteria
24 no blood sample
16 ICU admission
2 other

591 in primary
study population

448 diagnosed as
viral by
expert panel
(reference standard)

71 diagnosed as
inconclusive by
expert panel
(reference standard)

72 diagnosed as
bacterial by
expert panel
(reference standard)

Majority diagnosis
10 times imputation

51
viral

20
bacterial

499
viral reference
standard

92
bacterial reference
standard

26
Pneumonia

66
Other SBI

Supplemental Figure 1. Flowchart of included patients.
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0.6

0.8

1.0
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0.2

5
Original FKT for pneumonia, c-statistic= 0.84 (95% CI 0.77-0.92)
Updated FKT for pneumonia, c-statistic= 0.89 (95% CI 0.82-0.96)
Original FKT for other SBI, c-statistic= 0.82 (95% CI 0.77-0.86)

0.0

Updated FKT for other SBI, c-statistic= 0.91 (95% CI 0.87-0.94)

1.0

0.8

0.6

0.4

0.2

0.0

Specificity

Supplemental Figure 2. Receiver operating characteristics (ROC) curve of sensitivity versus
specificity for the original and updated Feverkidstool.
Area under the receiving operating curve (c-statistic) for the original and for the updated Feverkidstool for
pneumonia and other SBI are shown in the figure. The c-statistic difference for pneumonia is 0.09 and 0.05 for
other SBI. FKT: Feverkidstool, SBI: serious bacterial infection.
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Supplemental Table 1. Characteristics of patients with and without reference standard.
Viral and bacterial
reference standard
diagnosis
(n=520)

Inconclusive
reference standard
diagnosis
(n=71)

p-value

1.2(0.6-2.4)

1.7(1.0-3.0)

0.01

289(56%)

42(59%)

0.61

2(1-4)

2(1-4)

0.80

38.5(37.7-39.2)

38.6(37.8-39.3)

0.49

42(16)

39(12)

0.35

140(27%)

19(27%)

0.74

Predictor variables
Age (years) (median, IQR)
Gender (male) (n,%)
Duration of fever (days) (median, IQR)
Temperature (°C) (median, IQR)
Respiratory rate (mean, SD)
Tachypnea (n,%)
Heart rate (mean, SD)

152(24)

151(25)

0.92

Tachycardia (n,%)

248(48%)

34(48%)

0.77

Oxygen saturation (%O2) (median, IQR)

0.41

98(97-100)

98(96-100)

Desaturation (<94%O2) (n,%)

25(5%)

0(0%)

0.10

Chest wall retractions (n,%)

67(13%)

3(4%)

0.045

Ill appearanc (n, %)

153(29%)

26(37%)

0.22

C-reactive protein (mg/l) (median, IQR)

18(7-46)

53(18-83)

<0.001

Assay score (median, IQR)

7(1-40)

35(5-88)

<0.001

290(56%)

38(54%)

0.70

3(2-4)

3(2-5)

0.08

180(35%)

53(75%)

<0.001

Other variables
Hospital admission (n,%)
Hospitalization duration (days)
(median, IQR)
Antibiotic treatment prescribed (n,%)
Recruiting site
Secondary care centre (n,%)

0.80
487(94%)

66(93%)

33(6%)

5(7%)

Central nervous system

9(2%)

0(0%)

Gastrointestinal tract

19(4%)

1(1%)

Other

42(8%)

11(16%)

254(48%)

40(56%)

Tertiary care centre (n,%)
Focus of infection

Respiratory tract

0.21

Systemic

10(2%)

1(1%)

Unknown

164(32%)

16(23%)

22(4%)

2(3%)

Urinary tract

Clinical syndrome was based on the diagnosis of the attending physician at discharge from the hospital.
LRTI included pneumonia and bronchiolitis; URTI included laryngitis, pharyngitis, otitis media, sinusitis and
tonsillitis. Baseline characteristics of excluded patients are shown in the appendix. *p-values of differences
between bacterial and viral infections.
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Supplemental Table 2. Description of recalibration of the Feverkidstool and the updated
model.
Linear predictors for pneumonia and other SBI Feverkidstool are calculated as defined previously
[1]:
LP (pneumonia Feverkidstool) = -17.9 (Intercept) + 1.02 * Age (max 1 year, in years) + 0.01 * Age (if >1
year: age in years - 1)+ 0.13 * Sex (female) + 0.29 * Temperature (ºC) + 0.21 * Duration of fever (days)
+ 0.44 * Presence of tachypnoea - 0.04 * Presence of tachycardia + 1.59 * Oxygen saturation <94%
- 0.18 * Capillary refill time (>3s) + 0.47 * Presence of chest wall retractions + 0.16* ill appearance +
0.64 * Ln(CRP) (mg/l)
LP (other SBI Feverkidstool) = -4.7 (Intercept) -1.73 * Age (max 1 year, in years) + 0.11 * Age (if >1 year:
age in years − 1)+ 0.70 * Sex (female) - 0.02 * Temperature (ºC) - 0.03 * Duration of fever (days) - 0.11
* Presence of tachypnoea - 0.02 * Presence of tachycardia - 3.29 * Oxygen saturation <94% + 0.30 *
Capillary refill time (>3s) - 3.78 * Presence of chest wall retractions + 0.27 * ill appearance + 1.14 *
Ln(CRP) (mg/l)

5

where LP refers to the linear predictor in a (polytomous) logistic regression model.
We used the fixed intercept and coefficients within the original Feverkidstool, but used the
outcome as a linear predictor in our logistic recalibration model and in the updated model. This
resulted in the following (polytomous) logistic regression models:
Recalibration of original Feverkidstool:
LP1 = -0.58 + 1.28 (LP pneumonia Feverkidstool)
LP2 = -0.02 + 0.54 (LP other SBI Feverkidstool)
Updated Feverkidstool, including combination assay:
LP3 = -4.19 + 0.59 (LP pneumonia Feverkidstool, with median CRP for all patients)+ 0.05 (score
Assay)
LP4 = -3.57 + 0.24 (LP other SBI Feverkidstool, with median CRP for all patients)+ 0.05 (score
Assay)
Probabilities of the outcomes are calculated with:
Original Feverkidstool Risk (pneumonia) = eLP1/ (1 + eLP1 + eLP2)
Original Feverkidstool Risk (other SBI) = eLP2 / (1 + eLP1 + eLP2),
Updated Feverkidstool Risk (pneumonia) = eLP3 / (1 + eLP3 + eLP4)
Updated Feverkidstool Risk (other SBI) = eLP4 / (1 + eLP3 + eLP4), [2, 3]
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Abstract
Background
The emergence and spread of antibiotic resistant micro-organisms is a global concern,
which is largely attributable to inaccurate prescribing of antibiotics to patients
presenting with non-bacterial infections. The use of ‘omics’ technologies for discovery
of novel infection related biomarkers combined with novel treatment algorithms
offers possibilities for rapidly distinguishing between bacterial and viral infections. This
distinction can be particularly important for patients suffering from lower respiratory
tract infections (LRTI) and/or sepsis as they represent a significant burden to healthcare
systems. Here we present the study details of the TAILORED-Treatment study, an
observational, prospective, multi-centre study aiming to generate a multi-parametric
model, combining host and pathogen data, for distinguishing between bacterial and
viral aetiologies in children and adults with LRTI and/or sepsis.

Methods
A total number of 1200 paediatric and adult patients aged 1 month and older with LRTI
and/or sepsis or a non-infectious disease are recruited from Emergency Departments and
hospital wards of seven Dutch and Israeli medical centres. A panel of three experienced
physicians adjudicate a reference standard diagnosis for all patients (i.e., bacterial or
viral infection) using all available clinical and laboratory information, including a 28day follow-up assessment. Nasal swabs and blood samples are collected for multi-omics
investigations including host RNA and protein biomarkers, nasal microbiota profiling,
host genomic profiling and bacterial proteomics. Simplified data is entered into a
custom-built database in order to develop a multi-parametric model and diagnostic
tools for differentiating between bacterial and viral infections. The predictions from
the model will be compared with the consensus diagnosis in order to determine its
accuracy.

Discussion
The TAILORED-Treatment study will provide new insights into the interplay between
the host and micro-organisms. New host- or pathogen-related biomarkers will be
used to generate a multi-parametric model for distinguishing between bacterial and
viral infections. This model will be helpful to better guide antimicrobial therapy for
patients with LRTI and sepsis. This study has the potential to improve patient care,
reduce unnecessary antibiotic prescribing and will contribute positively to institutional,
national and international healthcare economics.
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Introduction
The burden of antibiotic misuse
Antibiotics are the most prescribed class of drugs world-wide.1 However, 30–50% of
antibiotics are estimated to be prescribed inappropriately, making antibiotics also
the most misused drug class.1-5 Antibiotic overuse, i.e. prescribing antibiotics to treat
a non-bacterial disease, is a serious problem. For example, in the US over 80 million
antibiotic prescriptions are given annually for viral infections in the outpatient setting.6
This may cause the emergence of adverse events (AEs) such as allergic reactions and
antibiotic-associated diarrhoea.7 Importantly, antibiotic overuse has been linked to the
emergence of resistant strains of bacteria, by the Center for Disease Control considered
as “one of the world’s most pressing health problems in the 21st century”.8,9 Annually,
23,000 deaths due to resistant bacteria are expected in the US alone.8,10 Resistant
bacteria are projected to cause over 10 M annual deaths worldwide by 2050, surpassing
cancer as the leading cause of death.8,11 A second type of antibiotic misuse is underuse,
i.e. delayed or no antibiotic treatment in case of a bacterial disease, from which a patient
could have benefited.12–17 Although reducing the risk of antibiotic-related AEs18,19,
underuse of antibiotics may lead to a prolonged disease duration and an increased rate
of complications that could have been avoided with early antimicrobial treatment.19–21
For example, up to 15–40% of adult patients hospitalized for bacterial pneumonia
in the US receive delayed or no antibiotic treatment.14,15 Finally, applying the wrong
antibiotic spectrum to treat a bacterial disease is the third type of antibiotic misuse. For
example, administering third generation cephalosporins instead of macrolides to treat
a respiratory infection caused by atypical bacteria.

6

Health economics consequences
Antibiotic overuse has also several health economics consequences. For instance, the
annual cost of unnecessary antibiotic prescriptions for adult respiratory infections in the
US is estimated to be $1.1 billion.22 In addition, there are also indirect costs, including the
costs of treating preventable antibiotic-related AEs and the costs of prolonged hospital
stay as a result of AEs. Lastly, are the costs related to the emergence of antibioticresistant bacterial strains. The cost of treating patients with antibiotic-resistant bacteria
is estimated at $16-26 billion annually in the US23-25 and over €1.5 billion in the EU.26 The
health economics consequences of underuse of antibiotics include the costs of treating
preventable complications and a prolonged disease duration resulting from a delayed
or no antibiotic treatment.19-21
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Antibiotics in respiratory tract infections and sepsis
Respiratory tract infections are one of the most common causes of hospital and outpatient
visits in the EU, comprising 1 out of 3 admissions annually.9 In patients with mild
respiratory tract infections, over prescription of antibiotics in general and prescription
of broad spectrum antibiotics are large problems. Broad spectrum antibiotics account
for approximately half of all antibiotic prescribing for children with acute RTI27, with the
above mentioned consequences.8 Sepsis-related hospital admissions are less frequent
but represent a significant burden to healthcare systems in terms of adverse patient
outcomes and the need for rapid, but effective, intervention strategies.28 In septic
patients the key clinical challenge is to ensure that the correct antimicrobial treatment
is administered, and that this therapy is administered as soon as possible.29

Limitations of current diagnostic tools
Although the current diagnostic tools for facilitating appropriate use of antibiotics (such
as culture-, PCR-, and immunoassay-based) may be valuable in some clinical situations,
they have major limitations (Figure 1). First, existing diagnostic tools often require hours
to days to provide information, whereas physicians need to decide whether to prescribe
antibiotics within shorter time periods. Second, available diagnostic technologies
usually require direct sampling of the pathogen. Such sampling is often not feasible if
the infection site is inaccessible (e.g., pneumonia, sinusitis, middle-ear infection, etc.). A
third limitation is that available technologies usually search for the presence of specific
bacteria or viruses. However, many types of bacteria and viruses could be present as part
of the natural flora without causing an infection. For example, the important respiratory
tract pathogenic bacteria S. pneumoniae is also part of the upper respiratory tract natural
flora in up to 68% and 15% of healthy children and adults, respectively30 and respiratory
viruses were detected in 35.4% of a-symptomatic children.31 Finally, diagnostic solutions
that were developed for detection of a specific pathogenic strain, often fail to detect the
constantly evolving and emerging strains of the same family of pathogens, for example
rapid Influenza tests showed low sensitivity, 45%, during the 2009 H1N1 influenza A
viral outbreak.32 These limitations lead to a ‘diagnostic gap’, which in turn often leads
physicians to either over-prescribe (e.g., ‘just-in-case’ approach) or under-prescribe (e.g.,
‘watchful waiting’ approach) antibiotics18-20, both of which adversely influence patient
care and health economics.
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6

Figure 1. Limitations of current diagnostic tools.

The TAILORED-Treatment project
The health and health economics consequences of antibiotic misuse highlight the
need for a diagnostic tool that would help physicians to use antibiotics appropriately.
Ideally, this diagnostic tool should provide a diagnosis that can accurately and rapidly
differentiate between bacterial and viral infections. However, as previously described,
current diagnostic tools are often inadequate (Figure 1). Therefore, the TAILOREDTreatment consortium was established to develop new tools aimed at increasing the
effectiveness of antibiotic therapy, reduce adverse events, and limit the emergence of
antimicrobial resistance in children and adults. In reality, targeted antimicrobial therapy
can most effectively be achieved by utilizing personalized data to facilitate a tailored
and optimized approach to individual patient treatment. This can best be achieved by
utilizing knowledge gained from both host-centred and pathogen-centred parameters
during health and disease. Unfortunately, these parameters have traditionally, tended
to be measured independently, and used on an ad hoc basis without careful integration
for the best treatment of the patient. However, recent advances in the development
1
of high-throughput and sensitive molecular-based technologies, improved databases,
and bioinformatics analysis tools, rapidly enabling that the goal of personalized
medicine and treatment can be reached. Unfortunately, however, there currently exists
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a ‘technological gap’ between recent state-of-the-art methodologies (for example
with respect to gaining new insights into novel host-pathogen interactions) and
laboratory-to-bedside results to benefit patients, physicians and society as a whole.33
The observational TAILORED-Treatment project is designed to bridge this technological
gap in order to generate novel insights and innovations that are readily exploitable in
the field of personalized medicine and infectious diseases.

Study Objectives
Primary Objective
To develop a novel multi-parametric diagnostic model for the management of patients
with LRTI and/or sepsis that is based on novel pathogen- and host-related factors.

Secondary Objectives
1. Identify individual as well as sets of blood host biomarkers for differentiating
between bacterial, and viral aetiologies and determine the sensitivity and specificity
of these biomarkers in distinguishing between the different infection types;
2. Identify individual as well as sets of blood host biomarkers for differentiating between
bacterial subtypes, namely Gram positive, Gram negative and atypical bacteria;
3. Characterize the temporal dynamics of the host-pathogen interactions based on
multiple sampling before and during antimicrobial treatment;
4. Characterize the respiratory microbiome in patients presenting with LRTI and/or
sepsis;
5. Develop a mass spectrometry based, rapid detection technique for identification of
microbial pathogens and antimicrobial resistances in clinical samples;
6. Develop a personalized treatment algorithm for tailored antimicrobial therapy that
integrates clinical, molecular and biochemical data;
7. Define genetic mechanisms underlying the differential host response between
patients with viral versus bacterial infection.

Methods
General study design
In this prospective, multi-centre, observational study, an expected total number of
1200 paediatric and adult patients aged 1 month and older with suspected LRTI and/or
sepsis or a non-infectious disease are recruited, in order to develop a diagnostic model
to differentiate between bacterial and viral infections. The study will generate a model
for patients with LRTI and a separate model for patients with sepsis. The prediction of
the model obtained from each patient will be compared with a consensus diagnosis by
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a panel of three experts in order to determine its accuracy (Figure 2). The study is a noninterventional study, and therefore, the diagnostic prediction of the model will not be
used for any clinical or diagnostics decision making. Local data monitor plans were used
and executed by local, independent monitors.

Study participants
Patients aged 1 month and older that attend the Emergency Department (ED) and
hospital wards of seven Dutch and Israel medical centres (secondary and tertiary) due
to a suspected LRTI and/or sepsis that agree (or their legal guardians agrees) to sign
an informed consent and meet the inclusion criteria and none of the exclusion criteria
(Table 1), are eligible to participate in the study. Informed consent is asked by the study
team (i.e. research nurses or medical doctor). Sepsis criteria are defined according to
published criteria.34 Patients receive care as usual. The non-infectious disease group
include patients with clinical signs of a non-infectious disease.

6

Table 1. Eligible criteria for The TAILORED Treatment study.
Inclusion criteria

Exclusion criteria

Age ≥ 1 month

Proven or suspected HIV, HBV, or HCV infection

Symptoms ≤ 8 days

Post-transplant

LRTI; ≥ 2 signs

Congenital immune deficiency

Respiratory rate > 20/min*

Obvious alternative causes of respiratory distress

Chest cough

Nosocomial LRTI (> 3days after hospitalization)

Nasal flaring

Other febrile infection during the past 3 weeks

Retractions

Active (haematological) malignancy

Rales

Immune-suppressive or immune-modulating therapies

Expiratory wheeze

Moderate to severe psychomotor retardation

Decreased breath sounds

Moderate to severe congenital metabolic disorder

Sepsis**; ≥ 2 signs***
Heartrate > 90/min
Respiratory rate > 20/min
Core body temperature >38°C or <36°C
White blood cell count >12,000 cells/ μl
or <4,000/ μl
* WHO age-specific criteria for tachypnea will be used for children.41
** Age-specific criteria for sepsis criteria according to the guidelines of the International Paediatric Sepsis
Consensus Conference 2005 will be used for children.42
*** One of which must be abnormal temperature or white blood cell count.
HIV: human immunodeficiency virus, HBV: hepatitis B virus, HCV: hepatitis C virus
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Identify potential participants

Enrollment (informed consent)

Clinical evaluation
(care as usual)

Blood samples

Stool sample
(in case of diarrhea)

Nasal swabs

Repeated sampling 3-5 days
from inclusion in subgroup

Medical
records

Follow-up phone call 28 days
from inclusion

PCR results

Electronic Case
Record Form (eCRF)

Physician #1

Physician #2

Physician #3

Diagnosis #1

Diagnosis #2

Diagnosis #3

eCRF

Consensus decision

Marjority decision

3 ouf of 3

2 ouf of 3

Decision will be
used to determine
model accuracy

Decision will be
analyzed as a
seprate sub-group

No decision

Data cannot be
used to determine
model accuracy

Figure 2. Schematic diagram of the study workflow.
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Data/sample collection
Clinical data
Clinical evaluation and management is performed according to standard institutional
procedures (Figure 2). Collected clinical data, includes demographics, medical history,
clinical symptoms, physical examination, disease course, laboratory measurements, as
well as more advanced diagnostic information including microbiological (including an
additional multiplex PCR), and serological investigations. A follow-up phone call 28-day
after recruitment, defines the end of follow-up and generates data to be used by the
expert panel (e.g. maximum disease severity, total use of antibiotics).

Sample collection
For study purposes two blood samples, two nasal swabs and (in case of diarrhoea) a stool
sample are collected (Figure 2). Blood and nasal swabs sampling at two sampling points
(at inclusion and after 3-5 days) is performed in hospitalized Dutch children in order
to monitor the temporal dynamics of the host-pathogen interactions. One nasal swab
sample (Universal Transport Medium, Copan, USA) is used for PCR based microbiological
investigations performed for the establishment of patient diagnosis (only at inclusion).
The PCR results are included in the eCRF and are available to the TAILORED-Treatment
expert panel while determining the diagnosis of the patient (Figure 2). The second nasal
swab is collected in Transport Medium suitable for bacterial culturing (e-swab, Liquid
Amies Medium, Copan), this sample is used for respiratory microbiome investigations
and to develop a rapid detection technique for identification of microbial pathogens and
antimicrobial resistances, based on mass spectrometry and proteomics for discovery of
peptide biomarkers. Serum samples are used for different proteomic measurements,
leukocytes are isolated for discovery of RNA-based biomarkers. Following RNA isolation,
remaining DNA is used for GWAS studies. GWAS analyses is performed in the Netherlands,
as Institutional review board (IRB) approval for genetic testing is not obtained in Israel.
DNA collection is mentioned explicitly in the patient information. Blood samples are
collected from children with a non-infectious disease only if blood sampling is required
as part of their routine care. In cases of diarrhoea on enrolment, stool samples are
collected. These samples will be evaluated to identify Clostridium difficile infections.

6

‘Proteotyping’
Shotgun proteomic detection and identification of microorganisms, or ‘proteotyping’,
relies on recognition of species-unique peptides by tandem mass spectrometry (MS),
allowing discrimination of species facilitated at amino acid level resolution. The recent
evolution of mass spectrometers, having high sensitivity, accuracy and resolution,
enables detection of almost the complete proteome of a microorganism. With such
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analytical means, it is feasible to determine directly, within a clinical sample, the
species identity, the sub-species strain type and the factors expressing virulence and
antimicrobial resistance.35 Clinical samples are processed by first removing human
biomass and subsequently collecting bacteria. The proteins of the collected bacteria
were processed by the LPITM FlowCell or in-solution digestion protocols followed
by liquid chromatography tandem MS (LC-MS/MS) analysis. The recently developed
technology called Lipid-based Protein Immobilization (LPI™) is based on immobilization
of biological material within a flow cell, followed by digestion of exposed proteins by an
enzyme, such as trypsin.36-38 The MS-based proteomics methodology has been applied
successfully, without prior cultivations to the analyses of clinical nasal swab samples
from the Sahlgrenska University Hospital that have been confirmed positive for a
respiratory infectious bacterial species, i.e., S. pneumoniae, H. influenza, M. catarrhalis
and S. aureus (unpublished data).

Central Database
All clinical data (eCRFs) and research data (host biomarkers, host microbiome, pathogen
identity and resistance) is coded and uploaded to a central, secured database (HoPOIT
database) to which access is granted only to research partners (Figure 3). The centralized
clinical, microbiological, molecular and biochemical data is used to develop a multiparametric model and diagnostic tools for differentiating between bacterial and viral
infections.

Medical records

Nasal swabs

Electronic Case
Record Form
(eCRF)

Multiplexed PCR
Respiratory
pathogens

Expert panel
diagnosis

Microbiome
analysis
Pathogen
proteomics

Blood samples

Protein- and
RNA-based
biomarker
screen
GWAS

Central database
Developing and validating multi-parametric model for differentiating
between bacterial and viral aetiologies.

Figure 3. Development of the multi-parametric model.

132

15873_CvHouten_BNW_v2.indd 132

26-11-18 12:43

The “TAILORED-Treatment” study

Aetiology determination
Currently, no single reference standard exists for differentiating between bacterial
and viral aetiology in an acute infectious disease. Therefore, we follow the Standards
for Reporting of Diagnostic Accuracy (STARD) recommendation39, and create a highly
rigorous reference standard based on expert panel adjudication (Figure 2). The eCRF of
each patient is available to a panel of three independent physicians that are affiliated
to the country of recruitment. Based on the information included in the eCRF, each
member of the panel assigns one of the following diagnostic labels to each one of
the patients: (i) bacterial infection; (ii) viral infection; (iii) mixed infection (i.e., bacterial
and viral co-infection); (iv) non-infectious disease; or (v) undetermined. Of note, each
expert is blinded to the research results and to the labels of his peers on the expert
panel. For this purpose, mixed infection (bacterial and viral co-infection) is considered
as bacterial infections, as they often elicit similar patient management. A final diagnosis
is determined based on consensus agreement between all three experts (Figure 2).
The final diagnosis is used for the purpose of calculating the accuracy of the newly
developed diagnostic tools. Cases with only majority agreement (2 out of 3 experts) are
analysed as a separate sub-group. The remaining cases are labelled as undetermined.
Specifically, this label is assigned in cases where each of the experts assigns a different
diagnosis or in cases where 2 or more of the experts assign an “undetermined” diagnosis.
These patients are used for data analysis and are expected to comprise roughly 10% of
all patients.

6

Study Stages
The study is conducted in two consecutive stages. Stage A is used to collect molecular,
biochemical, microbiological and clinical data on a group of approximately 900 patients.
Collected data is used to develop unique diagnostic signatures able to distinguish
between bacterial and viral aetiologies, a mass spectrometry based rapid detection
technique for identification of microbial pathogens and antimicrobial resistances and
a personalized treatment algorithm for tailored antimicrobial therapy that integrates
clinical, molecular and biochemical data. In stage B, a second, independent cohort of
approximately 300 patients is recruited for the purpose of testing and validating the
performances of the multi-parametric model.

Outcomes
Primary Endpoint
Sensitivity and specificity for a multi-parametric diagnostic model, incorporating
different pathogen- and host-related factors, in differentiating between bacterial and
viral aetiology in patients with LRTI and/or sepsis.

133

15873_CvHouten_BNW_v2.indd 133

26-11-18 12:43

Chapter 6

Secondary Endpoints
1. Sensitivity and specificity for host-related individual blood biomarkers, in
differentiating between bacterial and viral aetiology from other aetiologist in
patients with LRTI and/or sepsis;
2. Sensitivity and specificity for host-related sets of blood biomarkers, in differentiating
Gram positive or Gram negative or atypical aetiology from other disease aetiologist
in patients with LRTI and/or sepsis;
3. Monitoring the temporal dynamics of host-related blood biomarkers levels during
the course of disease in patients with LRTI and/or sepsis;
4. A list of significant bacterial microbiome components that are associated with poor
or favourable clinical outcome in patients with LRTI and/or sepsis;
5. Sensitivity and specificity for liquid chromatography-mass spectrometry (LC-MS/
MS) and lipid-based Protein Immobilization (LPI) proteomics-based rapid detection
technique in identifying pathogens in clinical samples of patients with LRTI and/or
sepsis;
6. A web-based application that recommends physicians with a preferred antimicrobial
treatment based on patients clinical, molecular and biochemical data;
7. To define genetic mechanisms underlying the different host response between
patients with viral versus bacterial infection.

Sample size calculation
The following power analysis aims to achieve the primary study objective of developing
a new diagnostic model for classifying patients with viral and bacterial aetiologist and
treatment algorithms to guide antimicrobial prescribing.

Paediatric population analysis
First, we estimate the sample size required to reject the null hypothesis that the
sensitivity over the entire population, P, is lower than P0=70% (H0: P ≤ P0, H1: P > P0)
with significance level of 1% (α = 0.01), power of 80% (=1-β) for a true sensitivity P1 of
90% (P1 - P0 ≥ 0.2). For sufficiently large sample sizes (n >~30) the sample distribution
of the sensitivity, is approximately normally distributed, (p ̂ ~ N{P, P(1-P)/n}). Thus, the
number of bacterial patients that are required is:
𝑛𝑛 =

2

(𝑍𝑍1−𝛼𝛼 √𝑃𝑃0 (1 − 𝑃𝑃0 ) + 𝑍𝑍1−𝛽𝛽 √𝑃𝑃1 (1 − 𝑃𝑃1 ))
(𝑃𝑃1 − 𝑃𝑃0 )2

≤ 76

We estimate that the ratio between bacterial and viral paediatric patients is 1:3 and that
expert consensus is achieved in 65% of the cases. Thus, the number of patients with an
acute infection required in order to reach 76 bacterial patients is 468 = (76 / 25% / 65%).
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Using similar considerations for computing specificity the sample size for viral patients
is also 76. Of note, we anticipate that the above mentioned 468 patients will include 229
(= 468 x 75% x 65%) viral patients, and thus there is no need for additional patients. To
assess the host-response based diagnostics accuracy in differentiating patients with an
acute infection (both viral and bacterial) and non-infectious patients, assuming P0=70%
(H0: P ≤ P0, H1: P > P0) with significance level of 1% (α = 0.01), power of 80% (=1-β) for
a true sensitivity P1 of 90% (P1 - P0 ≥ 0.2) requires 76 non-infectious patients. Overall,
the paediatric cohort should include at least 468 patients with a suspected infectious
disease and 76 patients with non-infectious.

Adult population analysis
Using the same model as for the paediatric populations (assuming α = 0.01, 1-β=0.2,
P1=90%, P0=70% and a consensus rate of 65%) and assuming a viral to bacterial rate
of 3:7 yields 390 patients with an infectious disease. Additionally, 76 non-infectious
patients will be enrolled (based on similar calculations as for the paediatric population).

6

Methods for computing the accuracy of a multi-parametric model
The multi-parametric model integrates various host-related and pathogen-related
parameters into a single score that determines the likelihood of bacterial and viral
aetiology (Figure 3). The score is computed using a multinomial logistic regression
formula that is developed during Stage A of the study. Using predetermined cutoffs, each of the patients is classified as bacterial, viral, or inconclusive (i.e., a marginal
immune response that is neither clearly bacterial nor viral). The model diagnosis will
be compared with the consensus diagnosis in order to determine its accuracy. The
diagnostic accuracy is quantified by computing the following measures: sensitivity,
specificity, positive predictive value, negative predictive value, total accuracy, positive
likelihood ratio, negative likelihood ratio and diagnostic odds ratio. The area under the
receiver operation curve is computed to perform cut-off independent comparisons of
different diagnostic methods.

Discussion
The inappropriate use of antibiotics has severe global health and economic
consequences, including the emergence of antibiotic-resistant bacteria.33 A major
driver of antibiotic misuse is the inability to accurately distinguish between bacterial
and viral infections based on currently available diagnostic solutions.33 Many different
biomarkers have been investigated in previous studies, none of them being accurate
enough to establish or rule out bacterial infections.40 The TAILORED-Treatment study
is a novel collaboration between (university) hospitals, academic institutions and
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(diagnostic) industry, aimed to collect and analyse ‘multi-omics’ data from patients
suffering from LRTI and/or sepsis. Univariate and multivariate analysis of the data will
generate new biomarkers to distinguish between bacterial, viral, and non-infectious
disease. The multi-omics approach to generate infectious disease algorithms utilised by
this study is currently unique within this area of medicine and provides a template for
follow-up combined infectious disease data studies in the future.
Some challenges remain for this type of study. First of all, as described previously,
in a subset of patients, sampling of blood and nasal swabs at two sampling points
(at presentation and after 3-5 days) should allow to measure data on the temporal
dynamics of the host-pathogen interaction. However, if patients are not admitted to the
hospital or are already discharged after one or two days, it is hard to collect a second
sample. However, consecutive samples are not necessarily needed in order to achieve
the primary objective. A second challenge is how to best interpret and efficiently act
on the wealth of data available. Therefore, dedicated bioinformatics professionals are
part of the TAILORED-Treatment consortium, for building the unique (HoPOIT) database
and to develop the treatment algorithms. Finally, the study is a non-interventional
study, and therefore, the diagnostic prediction of the model is not used for any clinical,
diagnostic or prognostic decision making. After completing the study, utility studies
will be needed to establish the clinical impact of any TAILORED-Treatment algorithms
developed.
In summary, the aim of this prospective international (TAILORED-Treatment) study is to
develop algorithms to differentiate between bacterial and viral infections in children
and adults with LRTI and/or sepsis. The study has the potential to improve patient care,
reduce unnecessary antibiotic prescribing (thereby reducing the spread of antibiotic
resistances) and will contribute positively to institutional, regional and national
healthcare economics.
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Abstract
Background
If a gold standard is lacking in a diagnostic test accuracy study, expert diagnosis is
frequently used as reference standard. However, inter- and intra-observer agreements
are imperfect. The aim of this study was to quantify the reproducibility of a panel
diagnosis for paediatric infectious diseases.

Methods
Paediatricians from six countries adjudicated a diagnosis (i.e. bacterial infection, viral
infection or undetermined) for febrile children. Diagnosis was reached when the
majority of panel members came to the same diagnosis, leaving others inconclusive.
We evaluated intra-observer and intra-panel agreement with six weeks and three years’
time intervals. We calculated the proportion of inconclusive diagnosis for a three-, fiveand seven-expert panel.

Results
For both time intervals (i.e. six weeks and three years) intra-panel agreement was
higher (kappa 0.88, 95%CI: 0.81-0.94 and 0.80, 95%CI: NA) compared to intra-observer
agreement (kappa 0.77, 95%CI: 0.71-0.83 and 0.65, 95%CI: 0.52-0.78). After expanding
the three-expert panel to five or seven experts, the proportion of inconclusive diagnoses
(11%) remained the same.

Conclusion
A panel consisting of three experts provides more reproducible diagnoses than an
individual expert in children with lower respiratory tract infection or fever without
source. Increasing the size of a panel beyond three experts has no major advantage.
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Introduction
Introduction of novel diagnostics into routine care is usually based on clinical validation
studies. Evidence on the diagnostic accuracy is produced by comparing results of the
test under evaluation (the index test, e.g. a newly developed blood test) with the actual
presence or absence of a target condition. Ideally, a gold standard to determine the
presence of this target condition is available, which is an error-free classification in all
patients, blinded from the index test result, and performed within a short interval of
time.1 There are, however, many conditions, such as certain infectious diseases2, for
which such a gold standard does not exist. Using expert diagnosis as reference standard
is therefore commonly applied in validation studies. The experts identify those with the
target condition among the persons being tested, based on the available information.1,3
Several studies have assessed agreement between different experts and found a poor
to moderate inter-observer agreement.4-10 Due to imperfect reproducibility of the
expert diagnosis, the estimated accuracy of the diagnostic test under evaluation may
be an over- or underestimation.11,12 Based on these results regulators and clinicians will
decide to use novel diagnostics in clinical practice or not. To overcome these limitations,
expert panels have been employed. However, to our knowledge, the reproducibility of
such panel diagnoses in infectious diseases has not been examined. The current study
was designed to quantify the reproducibility of an expert panel diagnosis for infectious
diseases during childhood.

7

Methods
This study had two primary objectives to assess reproducibility of an expert panel
diagnosis. The first objective was to evaluate the reproducibility of an expert panel
diagnosis in comparison to a single expert diagnosis. For this objective we calculated
intra-observer and intra-panel agreement, comparing the diagnoses changed after
six weeks and three years’ time intervals. The second objective was to evaluate the
proportion of children in whom diagnosis changed after expanding the panel size
(i.e. three, five or seven experts). We included uneven numbers of panel sizes as this
is most commonly used in diagnostic studies.13 For both objectives we used data from
our previously published OPPORTUNITY study.14 Briefly, we validated a host-protein
based diagnostic using data from children aged 1 to 60 months presenting with lower
respiratory tract infections or fever without source at the emergency department or on
paediatric wards in the Netherlands and Israel.14
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Participating experts
The IMPRIND consortium (‘Improving diagnostics in infectious diseases’) consisted of
25 paediatricians from six different European countries with at least 10 years of clinical
experience since accredited as medical doctors. All experts were blinded to the diagnoses
of their peers. Panel members did not receive other training than an explanation of the
adjudication process and a review of paediatric, emergency medicine, and infectious
disease literature written by the study team as background information without any
instructions or decision rules. Before reviewing the cases, experts completed a short
online survey on baseline characteristics (e.g. age, hours of clinical work per week).

Reviewing process
Each expert reviewed two batches of up to 50 cases (i.e., in total there were a maximum
of 100 patient records per expert). The review process, as well as the definitions
employed, have been previously described.14 In short, each expert received an
electronic Case Record Form (eCRF) including demographics, medical history, physical
examination findings, all available radiological and laboratory data collected for routine
care, microbiological investigation results (including study-specific nasal swab data),
and a 28-day follow-up information. Based on the eCRF data, each expert assigned
one of the following etiologies to each case: bacterial infection, viral infection, mixed
infection (i.e., bacterial and viral co-infection), non-infectious disease, or indeterminate.
Cases assigned as mixed infection were later classified as bacterial, because the clinical
management is similar.

Case selection
In total, 611 cases from the OPPORTUNITY study were available for the current study.
Overall, case selection was based on a convenient sample size. For the first objective,
evaluating the reproducibility of an expert panel diagnosis in comparison to a single
expert diagnosis, we used two different time intervals (i.e. six weeks and three years,
Figure 1). Randomly selected cases were used to calculate intra-observer agreement.
After six weeks or three years the same cases were diagnosed by the same experts. To
quantify reproducibility of panel diagnosis, a random selection of cases was diagnosed
by three experts and was used to calculate intra-panel agreement (Figure 1). To minimize
the possibility that experts had recognized cases from their first assignment (i.e., six
weeks or three years ago), we did not inform the experts about the objective to measure
reproducibility. For the second objective, i.e. effect of panel size on reproducibility,
case selection was performed in two ways (Figure 1). First, we took a random selection
of available cases. In the OPPORTUNITY study, 70% of the cases were assigned an
unanimous panel diagnosis. To avoid overestimation of the reproducibility, we added
‘harder to diagnose’ cases with a majority (2 out of 3 experts agreed on the diagnosis) or
144
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inconclusive diagnosis, thus excluding unanimous diagnosis.14 Cases were assigned an
inconclusive diagnosis if each panel member assigned a different diagnosis or when at
least two panel members diagnosed the case as indeterminate. The selected cases were
reviewed by at least seven experts allowing analyses of different panel compositions.

611 Opportunity cases available

Objective 1
Intra-observer and
intra-panel agreement

6 week
time-interval
Random selection
Intra-observer
agreement
99 cases
Random selection
Intra-panel
agreement
63 cases

Objective 2
Panel size analyses

3 year
time-interval
Random selection
Intra-observer
agreement
224 cases
Random selection
Intra-panel
agreement
113 cases

193 cases

7

Random selection (n=138)
plus selection of difficult to
diagnose cases (n=55)*

* Majority or inconclusive
consensus in Opportunity
study. Majority consensus
was defined if 2 out of 3
experts agreed on the
diagnosis, inconclusive
diagnosis if each panel
member assigned a different
diagnosis and when at least
two panel members
diagnosed the case as
indeterminate.

Figure 1. Case selection.
Case selection to assess reproducibility of panel diagnoses. Objective 1: to compare reproducibility of
individual expert versus expert panel diagnosis. Objective 2: to compare diagnosis and agreement for expert
panels of different size (i.e. three, five or seven experts). Case selection was based on a convenient sample size.

Statistical analysis
Intra- and inter-observer and intra- and inter-panel agreements were calculated with
Fleiss kappa statistics (κ). Kappa statistics measure the observed level of agreement
between diagnoses for a set of nominal ratings and corrects for agreement that would
be expected by chance.15 The degree of agreement was rated as suggested by Landis
and Koch: fair (0.21-0.40), moderate (0.41-0.60), substantial (0.61-0.80), or almost perfect
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(0.81-1.0).16 The value of kappa statistics is a relative measure, while clinician’s question
of reference standard variation calls for an absolute measure.11 Therefore, we also
calculated absolute agreement. In addition, we calculated the proportion of bacterial,
viral and inconclusive diagnoses and the alterations in diagnosis for all possible panel
compositions if the panel size increased (i.e. three, five or seven experts). To analyze
the reproducibility of different panel sizes, we calculated inter-observer and inter-panel
agreement for all possible panel compositions (e.g. 193 patients x 35 possible panels
when constructing a panel with three members from seven options). Analyses of interpanel agreement was performed for three- and five-expert panels, each panel consists
of three and five unique panel members. When calculating the proportion of bacterial,
viral and inconclusive diagnoses, and the intra-panel and inter-panel agreement, the
majority diagnosis was used. Majority diagnosis was defined as at least two out of three,
three out of five or five out of seven panel members agreeing on a diagnosis. We used R
version 3.4.4 for the statistical analysis.

Results
Experts and cases characteristics
Twenty-five paediatricians from six different countries participated in the study, of who
the majority had special interest in infectious diseases (Supplemental Table 1). Thirteen
experts (52%) had participated in an expert panel for a clinical study in the past. The
experts made a total of 2375 individual diagnoses. In total, 355 unique cases were used
with some cases being used more than once for the different objectives. The median
age of cases used for objective 1 (i.e. intra-observer vs intra-panel agreement) was 14
months (Table 1). Cases used for objective 2 (i.e. reproducibility for different panel sizes)
were slightly older (median age 18 months). In both groups approximately 60% were
male (Table 1).

Intra-observer and intra-panel agreement
As shown in Figure 2, when the time interval was six weeks, intra-observer agreement
was substantial (mean κ=0.77, 95% CI: 0.71-0.83), when using Landis’ cut-off values.
When a three-expert panel was employed, with the diagnosis defined by majority,
reproducibility was higher with an almost perfect agreement (mean κ=0.88, 95% CI:
0.81-0.94). Intra-panel agreement with a three year time interval was also higher in
comparison to intra-observer agreement (mean κ= 0.80, 95% CI: NA and mean κ= 0.65,
95% CI: 0.52-0.78, respectively). Similar to kappa statistics, the absolute proportion
of intra-panel agreement was higher compared to the intra-observer agreement for
both six weeks and three years’ time intervals (Table 2). Intra-observer agreement as
well as intra-panel agreement was modestly higher when the time interval between
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assessments was shorter (six weeks versus three years, Table 2). We constructed
reclassification tables to obtain deeper insight into diagnostic changes (Supplemental
Table 2). With a six weeks’ time interval single expert diagnoses changed in 10% of the
individual cases, and panel diagnoses in 5% of the cases. For a three years’ time interval
these percentages were respectively 15% and 10%.
Table 1. Baseline characteristics of the included cases.
Objective 1
(n=296)

Objective 2
(n=193)

Age (months) (median, IQR)

14(7-30)

18(10-31)

Gender (male) (n,%)

175(59%)

117(61%)

39.3(38.8-40.0)

39.5(39.0-40.0)

2(1-3)

2(1-4)

185(63%)

127(66%)

Max. temperature (°C) (median, IQR)
Duration of symptoms (d) (median, IQR)
Hospital admission (n,%)
Hospitalization duration (d) (median, IQR)

3(2-5)

3(2-5)

Antibiotics prescribed (n,%)

164(55%)

108(56%)

CRP (mg/L) (median, IQR)

21(7-58)

27(10-62)

2(1%)

3(2%)

Need of mechanical ventilation (n,%)

7

Recruiting site
Secondary care centre (n,%)

260(88%)

169(87)

Tertiary care centre (n,%)

33(11%)

19(10%)

3(1%)

5(3%)

URTI (n,%)

89(30%)

57(29%)

FWS (n,%)

75(25%)

46(24%)

LRTI (n,%)

66(22%)

55(29%)

Other (n,%)

66(22%)

35(18%)

PICU (n,%)
Clinical syndrome

Objective 1: to compare reproducibility of individual expert versus expert panel diagnosis. Objective 2: to
compare diagnosis and agreement for expert panels of different size (i.e. three, five or seven experts). IQR:
interquartile range, CRP: C-reactive protein, PICU: paediatric intensive care unit, FWS: fever without source,
URTI: upper respiratory tract infection, LRTI: lower respiratory tract infection.

Table 2. Absolute proportion of intra-observer and intra-panel agreements.
% agreement
(min-max)

Number of
expert (or panels)

6 weeks interval
Intra-observer agreement, mean (min-max)
Intra-panel agreement, mean (min-max)

91% (85-94%)

6 experts

95% (94%-97%)

2 panels

84% (76-92%)

6 experts

90%

1 panel

3 years interval
Intra-observer agreement, mean (min-max)
Intra-panel agreement

Presented percentages are mean proportions with minimum and maximum values from different experts or
three-expert panels.
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Figure 2. Box plot for the intra-observer and intra-panel agreements.
Each dot corresponds to the kappa per expert or per three-expert panel. In box plots, the band inside the
box represents the median kappa. The bottom and top of the box represent the first and third quartiles. The
whiskers reflect the minimum and maximum kappa.

Panel size
The overall proportion of inconclusive diagnoses for a panel of three experts, using
majority consensus, was 11%; this proportion did not decrease when experts were added
to the panel (Figure 3). Moreover, the overall proportion of bacterial and viral diagnoses
did not change when the panel was expanded to five members. Nevertheless, the
diagnosis changed in 11% of the individual cases when the size of the panel increased
from three to five experts and in 10% when expanding the panel size from five to seven
experts. Inter-observer agreement within a panel of three experts was fair with a mean
kappa of 0.39 (95% CI: 0.38-0.40). Inter-observer agreement did not improve when the
panel was expanded to five experts (Supplemental Figure 1). Inter-panel agreement
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between different panels was substantial (κ=0.75, 95% CI: 0.74-0.75) using the majority
diagnosis. Inter-panel agreement was higher (κ=0.86, 95% CI: 0.85-0.86) when the
three-expert panels were expanded to five experts (majority diagnosis defined as at
least three out of five panel members agreed on a diagnosis).

7

Figure 3. Expert panel diagnosis using panels of different size
The waves show the change in diagnoses if the panel was expanded from three to five and seven experts (e.g.
panel size analysis). Light green waves; cases with a viral diagnosis by a panel existing of three experts, purple
waves; cases with an inconclusive diagnosis by a panel existing of three experts, dark green waves: cases with
a bacterial diagnosis by a panel existing of three experts. Overall, diagnosis changed in 11% of the individual
cases when the size of the panel increased from three to five experts and in 10% when expanding the panel
size from five to seven experts.

Discussion
In the present study a panel consisting of three experts as a reference standard in a
diagnostic infectious diseases study provided more reproducible diagnoses than
individual expert’s diagnoses and showed a high level of intra-panel agreement.
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Expanding the panel to five or seven experts led to a substantial change in diagnoses
and did not lead to a decrease in the number of inconclusive diagnoses.
A review by Tuijn et al. evaluated the agreement between health care professionals
and examined the effectiveness of planned interventions for improving reproducibility.
They found overall a fair agreement (κ=0.31) between health care professionals before
implementing various interventions.17 This agreement is in line with ours and other
studies which found a poor to moderate interrater agreement.4-10 Several radiological
and histological studies evaluated the intra-observer agreement. Most of these studies
found high level of agreement.18-22 However, it should be noted that these studies used
relative short time intervals (i.e. several weeks) to assess intra-observer agreement. In our
study intra-observer agreement was lower for the three years’ time interval compared to
the six years’ time interval. This result shows that it is crucial to mention the time interval
when presenting intra-observer agreements. None of the previously mentioned studies
evaluated the reproducibility of individual expert diagnosis compared to a panel. We
found only two, non-infectious diseases related studies that compared single observer
diagnoses with panel diagnoses.23,24 Both studies concluded, similarly to the findings in
our study, that the reproducibility and accuracy of the diagnosis was higher for panel
diagnosis and recommended this approach at least for research purposes.
Our findings may be valuable for researchers, but also for organizations as the Food
and Drug Administration (FDA) and European Medicines Agency (EMA), as these
organizations approve drugs related to outcomes based on studies using single expert
assessments.25,26 However, our results demonstrated that if a panel diagnosis was used
instead of individual expert diagnosis, the outcome of a study (i.e. the effect of the drug)
might have changed significantly.
The major strength of our study is the comprehensive procedure of assessing
reproducibility of a panel diagnosis in infectious diseases. To our knowledge, this is the
first study that evaluated intra-observer agreement with such a long time-interval (i.e.
three years) and that examined the effect of expanding the size of the panel from three
to seven experts. A second strength worth mentioning, is the prospective character
of the OPPORTUNITY study, from which cases were derived, leading to complete,
longitudinal and high-quality data for every case.
Limitations of our study should also be discussed. First, we cannot exclude that experts
included in the intra-observer and intra-panel analyses recognized cases from their
first review. Obviously, the shorter the time interval, the more likely it is to recognize
cases and to remember the previously assigned diagnosis. Although we have changed
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the study numbers, this may have contributed to the higher intra-observer and intrapanel agreement with the six weeks interval compared to the three years’ time interval.
Second, we presented an arbitrary set of data to the experts. We used the same eCRF
as in our, previously published, validation study of a new diagnostic. Third, there are
several aspects of panel diagnosis we didn’t evaluate in the current study. For example,
the correlations between expert characteristics (i.e., experience years and country
of origin) or eCRF variables (including specific biomarkers) and outcome. Fourth,
the sample-size estimation was based on a convenient sample size. We feel this was
acceptable according to the rule of thumb that 50–100 patients are needed in order
to obtain an adequate power for a study on reproducibility.27 Due to logistical reasons,
intra-panel agreement could only be calculated for a limited number of panels. Fifth, the
review process of the cases by the experts required a significant effort from the expert
panel members. Therefore, it was not feasible to have all 193 cases reviewed by the
same seven experts for the second objective. This non-uniformity in the cases experts
classified possibly impacted the results. Sixth, in our study individual diagnosis changed
in 11% of the cases when the size of the panel increased from three to five experts
and in 10% when expanding the panel size from five to seven experts. We consider this
as acceptable, as the proportion of inconclusive cases did not change. However, these
differences might still have significant impact on the sensitivity and specificity of the
panel diagnosis. Finally, given the wide variety of consensus panels, our findings cannot
be generalized to non-infectious patients.

7

In conclusion, this study suggests that a panel consisting of three experts provides more
reproducible diagnosis than an individual expert, while increasing the size of experts’
panel further has no major advantage. In the absence of a gold standard to differentiate
viral from bacterial infections in children, a panel diagnosis of experts, instead of the
diagnosis of a single expert, is therefore highly preferred as a reference standard. Further
prospective validation and optimization of panel diagnosis is needed to obtain accurate
results of diagnostic studies without a gold standard.
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Supplementary material
Supplemental Table 1. Baseline characteristics of expert
Experts
(n=25)
Gender (male) (n,%)

13(52)

Country
The Netherlands (n,%)

8(32)

Israel (n,%)

7(28)

Switzerland (n,%)

4(16)

Germany (n,%)

3(12)

Lithuania (n,%)

2(8)

Spain (n,%)

1(4)

Age
30-39 years (n,%)

5(20)

40-49 years (n,%)

9(36)

50-59 years (n,%)

8(32)

≥ 60 years (n,%)

3(12)

Clinical experience*
10-19 years (n,%)

10(40)

≥ 20 years (n,%)

15(60)

Special interest
Infectious diseases (n,%)

15(60)

Emergency Medicine (n,%)

4(16)

Pulmonology (n,%)

1(4)

Other (n,%)

5(20)

Hours per week working as clinician
10-19 hours (n,%)

4(16)

20-29 hours (n,%)

4(16)

30-39 hours (n,%)

4(16)

≥ 40 hours (n,%)

13(52)

Participated in an expert panel before
No (n,%)

12(48)

Yes, once (n,%)

7(28)

Yes, more than once (n,%)

6(24)

* Since accredited as medical doctors
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Supplemental Table 2. Reclassification of expert and panel diagnoses over time
a.
Expert diagnoses
(n=284) in 99 cases
First assignment
Bacterial

Assignment 6 weeks later
Bacterial

Viral

Inconclusive

54

4

2

Viral

3

191

9

Inconclusive

6

4

11

b.
Panel diagnoses
(n=63) in 63 cases
First assignment

Assignment 6 weeks later
Bacterial

Viral

Inconclusive

Bacterial

14

1

0

Viral

0

46

1

Inconclusive

1

0

0

c.
Expert diagnoses
(n=449) in 224 cases
First assignment
Bacterial

7

Assignment 3 years later
Bacterial

Viral

Inconclusive

65

6

11

Viral

5

290

25

Inconclusive

8

14

25

d.
Panel diagnoses
(n=113) in 113 cases
First assignment
Bacterial

Assignment 3 years later
Bacterial

Viral

Inconclusive

19

0

3

Viral

0

73

4

Inconclusive

2

2

10

If cases had been diagnosed by multiple experts or panels the diagnoses were taken together. a. Expert
reclassification six weeks’ time interval, b. Three-expert panel reclassification six weeks’ time interval, c. Expert
reclassification three years’ time interval, d. Three-expert panel reclassification three years’ time interval.
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Supplemental Figure 1. Box plot for the inter-observer agreement for a three- and fiveexpert panel.
Each dot represents the kappa value for inter-observer agreement within a panel. All possible panel
compositions were analyzed.
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Abstract
Lower respiratory tract infections (LRTIs) occur frequently, especially in children below
the age of five. Approximately 75% of these infections in children have a viral aetiology,
however, about 25% of these viral infections are treated with antibiotics. This antibiotic
overuse shows that the diagnostic process of children with LRTIs is a difficult process
for physicians. Due to the increasing antimicrobial resistance, correct prescription of
antibiotics becomes even more important. It is therefore not surprising that there have
been several developments in the field of diagnostic tests, especially in biomarkers to
differentiate between viral and bacterial infections. This article shows a recent overview
and provides a recommendation for diagnostics in children with LRTIs that could guide
physicians prescribing antibiotics. For children with an uncomplicated LRTI, diagnostics
and antimicrobial treatment are not indicated. If antibiotic treatment is considered,
measuring a combination of viral and bacterial biomarkers can be helpful in ruling out
a bacterial infection and thereby reduce unnecessary antibiotic use.
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Introduction
Lower respiratory tract infections (LRTIs) are among the most common acute clinical
diseases in paediatrics. Worldwide, 15% of the children under the age of five die from
pneumonia, making it the most common infectious cause of death in children.1 In the
Netherlands, the risk of death is low, partly due to improvements in supportive care
and the introduction of the National Vaccination Program. However, in the Netherlands,
LRTIs still cause high morbidity with a national incidence in children below the age of five
of 70 per 1,000 persons.2 A LRTI is a diagnosis made on the basis of symptoms of fever,
cough and increased respiratory effort caused by inflammation of the lower airways,
rather than using diagnostic tests. This definition includes bronchiolitis and typical and
atypical pneumonia. Approximately 75% of the respiratory infections in children have
a viral cause, including Respiratory Syncytial Virus (RSV), Human Metapneumovirus,
Adenovirus, Bocavirus or Parainfluenza virus.3 The typical bacteria that are the most
common cause of pneumonia are Streptococcus pneumoniae, Haemophilus influenzae
and Moraxella catarrhalis. Because most LRTIs have a viral origin, a cautious policy can
often be applied for antibiotic prescription. Nevertheless, about a quarter of all viral
infections are treated with antibiotics.3 This overuse of antibiotics shows that it is hard
for physicians to diagnose children with LRTIs. Given the increasing antibiotic resistance
among respiratory pathogens, the importance of prescribing antibiotics correctly has
become increasingly important. Therefore, it is not surprising that in recent years there
have been several developments in the field of diagnostic tests, mainly focussing on
biomarkers, to distinguish between viral and bacterial infections. This article provides a
recent overview and recommendation for diagnostics in children with LRTIs, and could
be used as a guideline for physicians. The article focuses primarily on children with LRTI
presenting at the hospital, but can certainly be applied in outpatient settings by general
practitioners.

8

The diagnostic process
Clinical features
When a child presents with fever, signs of increased respiratory effort (chest wall
retractions, use of respiratory muscles, nasal flaring) and an increased respiratory rate,
there is a substantial chance of a pneumonia.4 Unfortunately, it is hard to differentiate
between viral and bacterial pathogens based on clinical signs and symptoms.5,6 Clinical
symptoms are important when estimating the severity of the infection. Therefore, the
severity criteria shown in table 1 could be helpful.7
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Radiological diagnostics
In many epidemiological studies, the result of a chest X-ray is an important criterion
for classifying pneumonia. A chest X-ray is therefore regularly made in children with
LRTIs. Although, often the result has no influence on treatment in clinical practice. First,
studies show that the inter-observer agreement is imperfect in reporting radiological
abnormalities in young children with pneumonia, consequentially, it is difficult to make
the correct diagnosis.8 In addition, radiological abnormalities are difficult to correlate
with the aetiology of the infection. It is thought that alveolar infiltrates are more suited
to bacterial pathogens. However, several studies show that alveolar infiltrates also occur
in 40-50% of viral LRTIs.9,10 Therefore, it can be concluded that a chest X-ray does not
contribute to determining the pathogen of a pneumonia11, and that there is thus no
indication for making a chest X-ray in children with an uncomplicated LRTI. A chest X-ray
should be considered if there is suspicion of a recurrent or a complicated pneumonia
(pleural effusion or lung abscess). Several studies investigated the diagnostic value of
ultrasound in children with the suspicion of pneumonia. A recent study emphasizes that
there are (yet) no standardized methods for the use in children and that ultrasound as a
diagnostic tool for interstitial pneumonia is still inaccurate.11,12
Table 1. Criteria to estimate the severity of a pneumonia.
Children
<2 year

Children
≥ 2 year

Mild to moderate severe pneumonia

Severe pneumonia

Respiratory rate <50/minute

Respiratory rate >70/minute

Mild chest wall retractions

Mild to severe chest wall retractions, moaning
and /or nasal flaring
Apnoea

Saturation ≥ 92%

Cyanosis, saturation <92%

Normal heart rate*

Tachycardia*

Capillary refill <2 sec

Capillary refill ≥ 2 sec

Normal intake

Does not drink anymore

Temperature <38.5 ˚C

Temperature ≥ 38.5 ˚C

Respiratory rate <50/minute

Respiratory rate >50/minute

Mild dyspnoea
Saturation ≥ 92%

Severe dyspnoea, nasal flaring and/or moaning
breathing
Cyanosis, saturation <92%

Normal heart rate*

Tachycardia*

Capillary refill <2 sec

Capillary refill ≥ 2 sec

Normal intake

Signs of dehydration, vomiting

Temperature <38.5 ˚C

Temperature ≥ 38.5 ˚C

* Corrected for age and temperature.
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Microbiological diagnostics
In adults with a LRTI, a sputum culture is frequently used to identify the pathogen and
to adjust the antibiotics policy based on the culture results. In young, non-intubated,
children it is not possible to obtain an adequate sputum sample. A nasopharyngeal swab
for Polymerase Chain Reaction (PCR) testing is often taken as an alternative. However,
children have nasopharyngeal colonization with the same pathogens that also cause
pneumonia. Therefore, in the interpretation of positive test results of both the viral PCR
and the PCR on Mycoplasma pneumoniae, asymptomatic carriage should be taken into
account.13 For RSV and Influenza there is strong evidence of causal attribution in case of
LRTI, thus PCR for these viruses is more useful than for other viral pathogens. Therefore,
Influenza and RSV PCR is recommended during the endemic season in admitted
children with an uncomplicated LRTI, if a proven Influenza or RSV infection is needed for
isolation precautions.14,15 In addition, one must realize that a positive viral PCR does not
exclude a bacterial superinfection. Pneumococcal antigen detection in urine in children
is also often positive due to carriage in the upper airways.16 Several studies evaluated
the effect of rapid tests on antibiotic use, they found conflicting results.17-20 A recent
study shows that physicians prescribe antibiotics more often for non-RSV infected
children compared to children with RSV.21
Blood cultures can detect pathogens of a bacterial pneumonia. Unfortunately, the
sensitivity of a blood culture in pneumonia is low, because a large proportion of
the patients with pneumonia do not have bacteraemia and the results are often
influenced by previous antibiotic treatment.22,23 Therefore, microbiological testing is
not recommended in children with a mild LRTI, unless detection of the pathogen is
important for the isolation precautions in the ward.24 Several researchers are currently
studying the microbiome. It is known that once the balance in the microbiome is
disturbed pathogenic bacteria have the chance to spread to the lungs and cause
LRTI.25 Currently, little is known about the microbiome during infection in children with
LRTIs26, but in the future the microbiome of the patient may play a role in (personalized)
antibiotic treatment.27

8

Markers of infection in blood
A recent study shows that laboratory measurements (e.g. C-reactive protein (CRP) and
leukocyte count) are strong drivers of antibiotic prescribing in children with LRTIs.28
However, it is also well known that the current diagnostic tests do not differentiate
accurately between viral and bacterial LRTIs and there is an urgent need for new, reliable
biomarkers. Therefore, both at the level of fundamental research and at the level of the
pharmaceutical industry there is an increasing effort to develop point of care diagnostic
tests using easy-to-measure host biomarkers to assist physicians in correct prescription
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of antibiotics. Unfortunately, many of these biomarkers have not (yet) been studied in
children, and if this is the case, conflicting results are often found, mainly caused by
different cut-off values and uncertainties in the gold standard. Consequentially, these
biomarkers cannot be leading in the decision to start antibiotics or not. Below we will
discuss the most studied and the most promising, new markers for children with LRTIs
(Table 2).

Haematological markers
Initially, haematological biomarkers such as erythrocyte sedimentation rate and
leukocyte and neutrophil count were used to differentiate between viral and bacterial
LRTIs. However, literature shows that these biomarkers do not differentiate accurately,
because both sensitivity and specificity are too low to apply these haematological
markers in clinical practice. Even when these markers are combined, no reliable
distinction can be made between viral and bacterial pneumonia.29-31

Acute phase proteins
CRP is one of the most used biomarkers in infectious diseases. However, there are
several factors that complicate the interpretation of CRP concentrations (e.g. low
specific character, large “grey area” and the fact that the peak concentration is only
reached after 1-2 days). In addition, a review shows that the diagnostic accuracy of
CRP in children with pneumonia is limited.30 In recent years, many clinical studies have
investigated the role of procalcitonin (PCT). The dynamics of PCT are similar to those
of CRP, but where the peak concentration of CRP is seen only after approximately 36
hours, PCT reaches a peak concentration after 8 hours.32 A randomized controlled trial
from Switzerland showed that the use of PCT in children with LRTIs does not affect the
antibiotic prescription rate, but does reduce the duration of the antibiotic treatment.33
These findings are in line with other studies, which show that PCT has mainly added
value in determining the duration of antibiotic treatment (especially in neonatal- and
paediatric intensive care units). However, like CRP, it does not differentiate accurately
between viral and bacterial pathogens to base antibiotic treatment on its concentration.

Cytokine markers
Several cytokine markers (both pro- and anti-inflammatory) have been studied in adult
patients, but research on these markers in children is limited. Recently, researchers
showed that the concentrations of various cytokines (including various interleukins
and Tumour Necrosis Factor alpha) differ significantly between viral and bacterial
infections in children with fever.34 Interleukine 6 (IL-6) appears to be most promising:
in many studies this marker reaches a significantly higher concentration in children
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with bacterial infections compared to viral infections. One study found a sensitivity and
negative predictive value of 100%, a specificity of 99% and a positive predictive value
of 98% when IL-6 was used in children to differentiate between pneumonia caused
by RSV and Mycoplasma pneumoniae.35 However, more research is needed before this
biomarker can be used in all children with LRTIs.

Cell surface markers
In children, the most researched cell surface biomarker is CD64. This immunoglobulin
receptor is expressed on polymorphonuclear neutrophils (PMN), and its expression
seems to increase as PMNs are activated by bacterial infections. A review shows that
this marker can therefore be of value in distinguishing viral from bacterial infections
in children. However, all included studies were of low methodological quality and
analysed febrile patients with a wide variety of clinical syndromes.29 Hereafter, another
study confirmed the diagnostic value of CD64 specifically in children with LRTIs. They
found an area under the ROC curve of 0.90 (95% confidence interval: 0.83-0.98) for
the discriminative power of this marker in paediatric LRTIs.36 On the other hand, a
prospective study from the Netherlands found only a small difference in median CD64
concentrations between children with viral and bacterial LRTIs.37 Currently, there is
insufficient evidence to use this biomarker in clinical practice.

8

Table 2. Overview of the most studied and most potential, new, host biomarkers for
children with lower respiratory tract infections to differentiate between viral and bacterial
infections.
Haematological
markers
Acute-phase protein

Examples

Advantages

Disadvantages

Erythrocyte
sedimentation rate,
leukocytes, neutrophils
CRP, PCT

Easy to measure
Commonly used

Differentiates insufficiently

Easy to measure
Commonly used
Promising study results

Differentiates insufficiently
Different cut-off values
Insufficiently investigated

Cytokine markers

IL-6, TNF-α

Cell surface markers

CD64, CD35

Promising study results
Conflicting results
in neonatal infections
in LRTI
New biomarkers
RNA profiles,
Multiple
Complex technique (RNA)
MxA
candidate markers
Unknown cut-off values (MxA)
Insufficiently investigated
Combination of
MxA+CRP,
Increased
Utility unknown
markers
CRP+TRAIL+IP-10
discriminating power
CRP: C-reactive protein, PCT: procalcitonin, IL-6: interleukin 6, TNF-α: Tumour Necrosis Factor alfa, MxA:
Myxovirus Resistance Protein A, TRAIL: TNF-related apoptosis inducing ligand, IP-10: interferon gamma
inducible protein-10, LRTI: lower respiratory
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New markers
New, but promising, are studies that investigate genetic markers. Different pathogens
activate specific host responses, whereby specific pattern-recognizing receptors are
expressed on leukocytes. RNA profiles can be identified with microarray analyses of
these leukocytes. With the pathogen specific profiles it seems that a reliable distinction
can be made between viral and bacterial infections.38-42 Already in 2007 a combination of
35 genes was identified in patients, mostly children, with respiratory infections.41 These
genes had an overall accuracy of 95% in distinguishing Influenza A virus infections from
infections with E. coli or S. pneumoniae. Recently a new combination of genetic markers
in patients with respiratory infections was published. The authors found an accuracy of
87% for identifying viral and bacterial infection. In addition, an external validation in
five other datasets (three of which also included children) showed an area under the
ROC curve of 0.90 to 0.99.40 Despite these promising results, this technique is still too
complex and insufficiently studied to be used in daily practice.
New proteins in blood have also been considered as a diagnostic tool to distinguish
between viral and bacterial infections. Myxovirus resistance protein A (MxA) is a protein
that is induced by type 1 interferon and is secreted during viral infection and is not
present in a bacterial infection. The largest study in this area, in which 553 children with
an infection were included, showed a sensitivity of 96% and a specificity of 67% for
the differentiation between viral and bacterial infections.43 More studies are needed to
confirm these results, to examine the protein in children with lower respiratory tract
infections and to establish accurate cut-off values.

Combination of host-response biomarkers
In addition to the identification of new biomarkers, combinations of different host
biomarkers are studied. The combination of viral and bacterial markers appears to have
added value in the diagnostic process. For example, in the before mentioned study on
MxA, the MxA / CRP ratio was also evaluated.43 The researchers show that the area under
the ROC-curve for distinguishing bacterial from viral infections for MxA alone is 0.89
(95% confidence interval: 0.82-0.96). When the MxA / CRP ratio is used, this area under
the curve increases to 0.94 (95% confidence interval: 0.88-1.00). The test has not been
tested specifically in children with a LRTIs. In a previous publication we showed that the
combination of CRP with TNF-related apoptosis inducing ligand (TRAIL) and interferon
gamma inducible protein-10 (IP-10) is significantly more accurate in distinguishing
between viral and bacterial infections in children than CRP alone.3,44,45 Especially the
addition of TRAIL is promising, because this is the first published host biomarker whose
concentration increases in viral infections and decreases during bacterial infections.45
Once this combination test (ImmunoXpert) becomes available as a point of care device,
clinical studies are needed to show whether the use of this test actually leads to a
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decrease in unnecessary antibiotics in children with lower respiratory tract infections
without under treatment of serious bacterial infections.

Prediction models
Multiple prediction models including clinical variables, with and without biomarkers,
have been published in recent years. A review from 2012 found some diagnostic value in
a pneumonia prediction model, but it was insufficient to widely implement this model.46
Hereafter, a robust prediction model was developed in a large observational study with
an area under the ROC-curve of 0.84 for predicting bacterial pneumonia.47 However, this
model includes 26 variables, making their usefulness in clinical practice limited. A Dutch
research group showed that their prediction model, with clinical variables and CRP,
has a distinctive capacity (c-statistic) of 0.81 for predicting bacterial pneumonia.48 In a
recent validation study, they showed that especially in bacterial infections other than
pneumonia, the addition of CRP to clinical features increases the model’s distinctive
character. They found no difference in accuracy between CRP and PCT in combination
with their prediction model.49 Although this is the first, validated prediction model
including biomarkers, the results are not sufficient to base antibiotic treatment on
the predicted risk. In the end, it is important that biomarkers are integrated into these
clinical prediction models. That is why we are currently working on a study with the
Sophia Children’s Hospital in which we investigate the diagnostic value of the addition
of the biomarker combination test (CRP, TRAIL and IP-10)3,45 to the above-mentioned
Dutch clinical prediction model.48

8

Discussion
The current available diagnostic tests differentiate insufficient between viral and
bacterial infections in children with LRTI. At the moment, the Dutch Society for
Paediatrics therefore recommends to perform no additional diagnostics and to have a
‘wait and see’ policy for children younger than two years of age with mild symptoms of
a LRTI, including bronchiolitis (Figure 1a).14,15
Following the guideline, children with a clinically evident pneumonia should receive
antibiotics, because viral and bacterial pneumonia cannot be accurately distinguished.
In the absence of fast and accurate biomarkers, many children are treated unnecessary
with antibiotics. With this article, we show that there are several, potentially useful,
biomarkers in development. Diagnostic tests combining viral and bacterial biomarkers
(MxA and CRP, TRAIL, CRP and IP-10) appear to be meaningful in ruling-out bacterial
infections. If these diagnostic tests become widely available, they can be used as an
intermediate step in the guideline for uncomplicated LRTIs before starting antibiotics.
When there is a suspicion of a viral infection based on these host biomarkers, a wait-
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and-see policy with sufficient follow-up is justified in non-life-threatening infections
(Figure 1b). In this way, antibiotic use can be limited to the group that really needs it.
Until these new host biomarkers are available, additional diagnostics for uncomplicated
LRTIs are not recommended and restrained antibiotic use is justified given the low a
priori chance of a bacterial infection.
Figure 1. Flowchart for children with lower respiratory tract infections.
a. Current NVK guideline for lower respiratory tract infections. b. Future guideline. LRTI: lower respiratory tract infections, AB: antibiotics.
Figure 1. Flowchart for children with lower respiratory tract infections.
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Summary of the main finding of this thesis
Timely antibiotic treatment improves the outcome of patients with bacterial infections,
but antibiotics are not indicated in case of viral infections. Unfortunately, it is often
not possible to differentiate between bacterial and viral infections based on clinical
judgement alone, even when using available blood tests. This thesis describes our
research to the different aspects of this diagnostic dilemma.
First, we evaluated the consequences of this complicated diagnostic process on
antibiotic use. We used an expert panel of paediatric infectious disease physicians to
assign a viral or bacterial diagnosis to each individual case. In chapter 2, we present the
characteristics of 188 children positive for respiratory syncytial virus (RSV). Only 14% of
them were diagnosed with a bacterial co-infection. Most of these children were admitted
to the paediatric intensive care unit (PICU). All bacterial co-infections were treated with
antibiotics. One third of all children with viral RSV infections without presumed bacterial
co infections were treated unnecessarily with antibiotics. The only clinical feature that
differed significantly between children with and without bacterial co-infections was
“ill-appearing”. This result emphasizes that clinical signs and symptoms cannot help
physicians distinguish between patients who benefit from antibiotics and those who
do not.
The aim of the study described in chapter 3 was to compare antibiotic overuse in
children and adults with respiratory tract infections (RTI) using expert panel diagnoses.
The proportion of viral infections was larger in children than in adults (74% versus 38%).
However, antibiotic overuse was less frequent in children than adults with viral RTI (37%
versus 83%). These findings support the need for effective diagnostics to decrease
antibiotic overuse in RTI patients of all ages.

9

Second, we aimed to address the need for better diagnostics to differentiate between
viral and bacterial infections. In chapter 4 we describe the results of a double-blinded,
prospective, international, validation study (the OPPORTUNITY study) in children below
the age of five. We studied a novel assay combining three proteins: tumour necrosis
factor-related apoptosis-inducing ligand (TRAIL), interferon gamma induced protein-10
(IP-10), and C-reactive protein (CRP). We showed that this combination of biomarkers
upregulated by viral and bacterial infections had a high diagnostic value. The assay
is especially helpful for ruling out bacterial infections. The number of false positives
decreased with 51% if the combination assay was used instead of CRP alone. This result
suggests that this assay has the potential to reduce antibiotic misuse in young children.
Our findings are promising and support the need for implementation research to
examine the added clinical utility on unnecessary antibiotic prescriptions.
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In addition to biomarkers, clinical signs and symptoms play an important role when
physicians diagnose febrile children. In chapter 5, we therefore integrated the abovementioned combination assay in an existing clinical prediction model for febrile children
presenting at the hospital. This model includes clinical signs and symptoms and CRP
and was updated with the combination assay. The updated model was more accurate
in predicting serious bacterial infections compared to the model with CRP as the only
biomarker. Our results show that the added value of the assay is highest in children
with a predicted risk <40% for serious bacterial infection as predicted by the original
prediction rule. This cut-off point can therefore be used to optimize cost-effective use
of the combination assay.
As the aforementioned combination assay is not perfect and as antibiotic resistance
has important health consequences, more research is needed. In chapter 6, we have
therefore taken the OPPORTUNITY study forward to an international prospective study
(The TAILORED Treatment study) to develop a multi-parametric algorithm to distinguish
viral from bacterial infections in paediatric and adult patients. The multi-omics approach
to generate infectious disease algorithms utilised by this study is currently unique to
diagnose bacterial infections and provides a template for infectious disease studies in
the future.
Third, the absence of a gold standard to diagnose bacterial infections is troublesome in
diagnostic studies. All studies presented in this thesis used an expert panel reference
standard to establish patient outcomes (i.e. bacterial or viral infection). In chapter 7, we
aimed to evaluate the reproducibility of such an expert panel reference standard. We
found that a panel consisting of three experts provides more reproducible diagnosis
than individual expert diagnosis. Even with a time interval of three years, the intrapanel agreement was high (kappa 0.80). Increasing the size of the expert panel to
seven experts has no major advantage. Our findings supporting the need for further
validation and optimization of panel diagnoses to obtain accurate results of diagnostic
studies without gold standard.
Finally, in chapter 8, we provide an overview of current and new diagnostics in children
with RTIs. Protein- and RNA-based blood host response biomarkers show promising
results. Techniques that identify RNA profiles are still too complex and the study results
too preliminary to be used in clinical practice. However, the combination of biomarkers
that are upregulated by viral and bacterial infections are almost ready to use in clinical
practice and may help physicians become more restrictive in antibiotic use in patients
with mild or moderately severe infection.
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To interpret the findings of the studies presented in this thesis in a larger context,
several issues and suggestions for future research need to be discussed. First, we
discuss the balance between too much and too little antibiotics. Then, we elaborate
on opportunities and challenges to improve diagnosis of bacterial infection. Finally,
we discuss lessons learned from this thesis regarding expert panel reference standard
diagnoses.

Too much and too little antibiotics
The impact of antibiotic overuse in the Netherlands
As mentioned in the introduction of this thesis, antibiotic overuse is a major problem
worldwide.1,2 Compared to other countries, antibiotic prescription rates in Dutch
patients are relatively low, and when it comes to reducing antibiotic use, the Netherlands
is seen as an example.3,4 The impact of antibiotic overuse in Dutch patients with lower
respiratory tract infections (LRTI) is unclear. Therefore, we combined the estimated
percentages of viral infections and antibiotic prescriptions in these viral infection
(this thesis) and the numbers of newly diagnosed LRTI (Dutch public health data). We
calculated that in the Netherlands annually almost 190,000 antibiotic prescriptions are
prescribed unnecessary for patients with LRTI alone (Table 1). This number is probably
an underestimation, as at the general practitioner level more children are diagnosed
with a viral infection (i.e. 90%).5,6 The percentages of antibiotic overuse are similar for
both hospital and general practitioner.5,6 Table 1 shows that the absolute number of
annually antibiotic overuse is higher in adults compared to children. Based on these
numbers, it may be argued that further research should focus mainly on adult patients.
However, the problem of antimicrobial resistance is more complex. For example, due to
a high carrier rate of bacteria in the airways and day-care facilities the transmission of
bacteria is higher in children compared to adults. In addition, it is unknown if antibiotic
resistance is a reversible process, and thus it is unknown if children will carry antibiotic
resistance bacteria for the rest of their lives or not.7 Altogether, we need to conduct
diagnostic studies in both children and adults.

9

Paucity of antibiotics
Whereas there is a major overconsumption of antibiotics in high income countries
(HICs), there is often a scarcity of antibiotics in low and middle income countries (LMICs).
Balancing improvement of antibiotic access for therapeutic uses and minimisation
of antibiotic misuse is critical.9 More children in LMICs countries die from inadequate
access to antibiotics than from drug-resistant infections10, yet resistance threatens the
long-term viability of these drugs.11 A recent randomized controlled trial performed
in sub-Saharan Africa showed that all-cause mortality was 14% lower among almost
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200,000 preschool children who received a twice-yearly dose of azithromycin than
among children who received placebo.12 Nonspecific use of antibiotics is discouraged,
but in these settings there is also lack of access to instruments necessary to make the
correct diagnosis.9 The need for LMICs to develop actionable strategies to combat
antibiotic resistance and improve antibiotic stewardship has been recognized by
major global public health institutions, including the US Centers for Disease Control
and Prevention and the World Health Organization.13,14 Due to structural, cultural and
socioeconomic factors contributing to the development of antibiotic resistance, it is
widely acknowledged that LMICs require a distinct approache.15-17 Collective actions are
needed to prioritize in national action plans on antimicrobial resistance based on costs,
benefits, and situational context.18
Table 1. Calculation of annual antibiotic overuse in The Netherlands for LRTI.
Percentage

Absolute number

Children
Episodes of LRTI

NA

110,7508

Viral aetiology

63%

69,773

Viral infections treated with antibiotics

51%

35,584

NA

518,6368

Adults
Episodes of LRTI
Viral aetiology

32%

165,964

Viral infections treated with antibiotics

93%

154,346

NA

189,930

Total population
Viral infections treated with antibiotics

Percentages of viral infections (based on expert panel diagnosis) and antibiotic prescriptions (this thesis)
and numbers of newly diagnosed lower respiratory tract infections (Dutch public health data). LRTI: lower
respiratory tract infection. NA: not applicable.

Modelling to assess the impact of vaccines
In addition to improvements in diagnostic testing, antibiotic stewardship and new
antibiotics, vaccines have been proposed as an essential intervention to reduce
antibiotic misuse.19,20 At different levels, vaccination affects both the number of cases
of bacterial resistant disease and the amount of antibiotic use.21 At the direct level
bacterial vaccines provide immunological protection against carriage and infection,
and therefore less often requires antimicrobial treatment. In addition, at the population
level, vaccination leads to a reduction in the transmission of drug-resistant bacteria.21
Consequently, less people are infected which leads to a reduction of antibiotic use.
Current mathematical models identified some of the effects of bacterial vaccines on
antibiotic resistance dynamics. Existing models, however, do not include economic
evaluations of vaccinations. These assessments might be important to inform public
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health policy makers. Next to bacterial vaccines, viral vaccines, such as influenza and
measles vaccines, might also reduce antibiotic use.22,23 This could also be true for RSV
as we showed that almost half of the children infected with RSV received antibiotics.24
Therefore, if an RSV vaccine becomes available25, implementation may result in a
reduction of antibiotic use. However, no models exist so far that show how vaccinations
against viral infections can impact antimicrobial resistance.

Future perspectives
• New diagnostic tools to differentiate between viral and bacterial infections, developed in
HIC, should be validated in LMIC.
• Mathematical models for vaccines should be improved to inform public health policy makers
in determining strategies against antibiotic overuse.
• Future research is needed to expand knowledge about the resistome and reversibility of
antibiotic resistant bacteria.

Diagnosing bacterial infections
New opportunities
A unique biomarker to differentiate between viral and bacterial infections is the
protein TNF-related apoptosis inducing ligand (TRAIL). TRAIL is the first published
host biomarker in which concentrations increase in every viral infection and decrease
in bacterial infections.26 TRAIL is a small protein with concentrations in the range of
picograms per millilitre. Until recently, this protein was primarily studied in tumour
cells.27 In the last years, it has become more clear that TRAIL also plays an important role
in the modulation of both the innate and adaptive inflammatory responses.28 TRAIL is
produced and secreted by most normal tissue cells and after activation by interferons
(IFN), TRAIL is upregulated on the cell surface of various cells of the immune system
(e.g. natural killer cells, T cells, dendritic cells and macrophages).29 There are five known
receptors for TRAIL: two signalling receptors and three decoy receptors.30 TRAIL is capable
of initiating apoptosis through at least six known, caspase dependant, pathways. These
complex pathways presents many opportunities for regulation by the host, but also for
manipulation by a virus. TRAIL may limit or enhance viral replication dependent on the
specific virus. Some viruses (e.g. rhinovirus, adenovirus) can exploit mechanisms of cell
death to spread progeny to neighbouring cells, thereby increasing their pathogenicity.30
In this thesis, we focus on TRAIL as a diagnostic marker while TRAIL may also serve as a
prognostic marker. Soluble TRAIL levels are associated with immune paralysis and a high
risk of mortality in adults with sepsis.28 In the Opportunity study a similar preliminary
trend was seen: the more severely ill children had lowest TRAIL concentrations.
In addition to TRAIL, there is IFN-γ induced protein-10 (IP-10). This protein is secreted

9
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by several cell types in response to IFN-γ31 and has a function in chemo attraction of
monocytes and T cells.32 IP-10 concentrations increase both in viral and bacterial
infection, but increases to significantly higher concentrations in viral infections
compared to bacterial infections.26
Another promising host blood biomarker that is upregulated in viral infections
is Myxovirus resistance protein A (MxA).33-35 The MxA gene is expressed in blood
mononuclear cells and epithelial cells, and expression is upregulated exclusively by type
1 interferons (IFNs) and does not respond to other cytokines such as IL-1 or TNF-α.36,37
MxA prevents virus transport to the nucleus, so that the primary transcription of the
viral genome cannot take place. In most cases of acute viral infections, type 1 IFN and
MxA are released into the peripheral blood. Detection of IFNs in serum is difficult and
unreliable, mainly due to their short half-life.38 In contrast, MxA has a long half-life of 2.3
days (19 hours for CRP) and shows a fast induction within 1-2 hours after infection (36
hours for CRP and 8 hours for procalcitonin (PCT)).39,40
More complex, but also auspicious, host biomarkers to differentiate between viral and
bacterial infections are the RNA profiles. RNA profiles can be identified with microarray
analyses of leukocytes, with the help of these pathogen specific profiles, a reliable
diagnosis of specific infections can be made.41-45 Currently there are several limitations
of this technique (e.g. identifying an accurate and limited subset of RNA markers,
developing a point of care test and making the test cost effective), and it will take
probably many years before these problems will be solved. However, the advantage of
pathogen discrimination makes it worthwhile to continue studying these RNA profiles.

Combining biomarkers is the key to success
Currently used host biomarkers to differentiate between viral and bacterial infections
are mostly biomarkers upregulated primarily by bacterial infections (e.g. CRP and PCT).
The concentrations of the above-mentioned new biomarkers (TRAIL and MxA) increase
primarily in viral infections. These distinct responses to viral and bacterial infection can
be helpful to diagnose viral or bacterial infections. It is therefore not surprising that
current research focuses on combinations of these different biomarkers. In this thesis,
we have studied the combination of markers upregulated by viral infections (i.e. TRAIL
and IP-10) with CRP. This combination assay has a negative predictive value of 98% and
is more accurate in differentiating between bacterial and viral infections in children
compared to all three markers separately. The high diagnostic value of this combination
assay is founded on the distinct dynamics of TRAIL, CRP, and IP-10 during viral and
bacterial infections (Figure 1). Later on, similar results were found in other validation
studies of this combination assay (Table 2).
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Figure 1. Three-dimensional view showing the strength of a combination assay.
The addition of each biomarker with distinct responses to viral and bacterial infection leads to an increase in
accurate viral or bacterial diagnosis (in green and red). CRP: C-reactive protein, TRAIL: TNF-related apoptosis
inducing ligand, IP-10: interferon gamma induced protein-10.

Another promising diagnostic test combines concentrations of CRP and MxA. An
utilization study of this assay in 21 adult patients presenting at the general practice
showed diagnostic accuracy and positive impact on appropriate antibiotic prescribing.50
Especially, the high negative predictive value (97%) reduces clinician’s fear of missing a
serious bacterial infection and supports a watchful waiting approach.50
In addition to these blood biomarkers, we should not forget the diagnostic value of
clinical signs and symptoms. Diagnostic algorithms based solely on clinical data are
inaccurate to differentiate between viral and bacterial infections.51 Even when CRP or
PCT is added to these clinical predictions rules, the algorithms are not accurate enough

181

15873_CvHouten_BNW_v2.indd 181

26-11-18 12:43

Chapter 9

to be used in clinical settings.52,53 However, in this thesis we showed that the addition
of the combination assay (CRP, TRAIL and IP-10) to a previously published clinical
prediction rule, results in a more accurate algorithm compared to the prediction rule
with CRP alone. Incorporating point-of-care testing of a combination of biomarkers
that are upregulated in viral and bacterial infections in clinical prediction rules can be
helpful in the decision to start antibiotics or not.
Table 2. Overview of studies analysing the combination of CRP, TRAIL and IP-10.
Author
Oved et al.26

Year
2015

van Houten et al.46

2016

Cohort
Children
and adults
Children

Number of
evaluated
patients
Sensitivity
653
92%

Specificity
89%

PPV
NPV
76-98% 78-98%

506

91.1%

60.5%

86.7%

97.8%

Srugo et al.

2017

Children

307

93.8%

89.8%

74.4%

97.9%

Stein et al.48

2017

124

93%

91%

96%

86%

Ashkenazi et al.49

2018

Children
and adults
Children
and adults

314

93.5%

94.3%

92.7%

94.9%

47

Remaining challenges
Diagnostics for life-threatening infections
In children admitted to the PICU, the risk of poor outcomes is highest if appropriate
antimicrobial therapy is delayed. PICU admission represents a clinical scenario in great
need of improved diagnostics. In this thesis, we showed that the combination of CRP,
TRAIL and IP-10 was inaccurate in differentiating between viral and bacterial infections
in children admitted to the PICU. Also other biomarkers such as CRP and PCT do not
differentiate accurately between bacterial and viral RTI in children admitted to the
PICU.54,55 We found that bacterial co-infections occurred more often in RSV infected
children admitted to the PICU compared to children not admitted to the PICU.24 The
mixed origin of most PICU admissions may explain the low accuracy of biomarkers in
these severely ill patients. Especially, in mechanically ventilated patients high rates of
false positive cases are seen.55 Mechanical ventilation can cause lung injury and thereby
activation of the immune system.56 This exogenous immune system activation may
influence the accuracy of host-biomarkers. Taken together, we need to conclude that
a pre-emptive approach regarding antibiotic use seems unavoidable in children with
life-threatening infections.
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Diagnostic thresholds
Another challenge in the diagnosis of a bacterial infection is to determine thresholds
for new diagnostic tests. Different clinical contexts require distinct analysis and
thresholds to determine when to initiate antibiotic therapy. Therefore, different cutoffs for biomarker concentrations are used for ruling in and ruling out a bacterial
infection. Most of these cut-offs points include a range of equivocal results. With the
combination assay studied in this thesis the number of patients with an equivocal test
results decreased, but for some patients a diagnosis was still not available (Figure 1).
Equivocal test results seem to be unavoidable, however, the number of patients with an
equivocal test result should be as low as possible. Expert panel consensus meetings can
be considered to determine thresholds for the most common clinical contexts (e.g. nonadmitted, admitted, PICU admission, immunocompromised). The duration of disease
need to be taken into account when determining these thresholds, as some biomarkers,
especially CRP, research their peak concentration after several hours.40 These thresholds
should be used and evaluated in utility studies, based on the results of these studies
recommendations can be made.

Point-of-care technology
At the moment the combination assay of CRP, TRAIL and IP-10 is an ELISA based test.
It is important to develop a bedside point-of-care (POC) test to implement the assay
in clinical practice. Despite the fact that a POC-test must be rapid and easy to use, this
POC technology must also have the same precision as the ELISA. Most challenging
therefore is the detection of TRAIL, as this is a small protein with a range of picograms
per millilitre. Finally, the performed accuracy studies are performed on serum samples,
while a capillary blood sample is preferred. Many test samples are needed to see
whether the measurement of TRAIL, IP-10 and CRP in capillary samples is as accurate as
the measurement of these proteins in serum samples.

9

Regulation
While developing the POC technology, a regulatory appraisal must be performed. At
the moment the assay has a Conformité Européene (CE) mark as In Vitro Diagnostics
(IVD), meaning that it meets the Essential Requirements regarding safety. However, this
mark doesn’t say anything about efficacy of the test. The Food and Drug Administration
(FDA) is looking at the wider picture and asking ‘Does healthcare really need it?’. This
regulation process has a high degree of scrutiny and is therefore time consuming and
expensive.
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Implementation
Since the accuracy of the new assay has been proven, the next step is to perform
implementation research to examine the added clinical utility to diagnose bacterial
infections in clinical care. This final phase leads also to another challenge, namely
the adherence to antibiotic prescription recommendations.57 Non-compliance to
recommendations is higher if children are hospitalized, have younger age and have
pneumococcal infection risk factors.57 Risk factors for pneumococcal infections
included in this study are immune deficiency, asplenia, sickle cell disease and chronic
lung disease.57 From other studies it is known that training of physicians and providing
them with feedback regarding their antibiotic prescriptions are effective in reducing
the number of unnecessary prescriptions.58,59 Therefore, even if a fast and accurate
diagnostic test is commercially available, it will take time and effort before the test will
lead to a reduction in antibiotic misuse.

Health technology assessment
After the implementation phase it is important to evaluate the healthcare, patient
and societal cost-benefit. As the combination assay is not yet available as a POC test,
the manufacturer has not given an indication of the eventual cost. Evaluation of the
test benefits regarding the direct costs (e.g. antibiotic exposure, resource use, adverse
clinical outcomes) will be relatively easy, however, to calculate the benefits of the test
concerning indirect costs (e.g. the cost of antimicrobial resistance) will be a challenge.

Future perspectives
• Future diagnostic research should focus on combinations of viral and bacterial host
biomarkers with clinical signs and symptoms.
• The combination of CRP, TRAIL and IP-10 should be tested in a utility study if a point of care
test is available.
• There is a need for new biomarkers that can differentiate between viral and bacterial
infections in children admitted to the paediatric intensive care unit.

Research without gold standard
Defining the standard to diagnose bacterial infections
As discussed in this thesis, there is no gold standard to diagnose bacterial infections. An
expert panel diagnosis is a widely used method to provide a solution.60 Unfortunately,
many variations of expert panel reference standards are used because clear guidelines
are lacking.61 Based on the experiences gained in this thesis, we highlight some
important considerations when using an expert panel reference diagnosis.
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First, it is important that the expert panel is blinded to the result of the index test and for
the diagnoses of their peers.62 A limitation of the Opportunity study is that the expert
panel was provided with CRP values when tested for routine care, as this parameter
is routinely used to help identify the cause of infection.63 Panel members were also
informed about the biomarkers included in the index test. To avoid incorporation
bias, it is recommended to not disclose index test information with the expert panel.
Including the test being assessed in the reference standard can lead to overestimating
test accuracy.64 Therefore, we cannot exclude some degree of overestimation of the
study results.
Second, performing follow-up for all patients and providing the expert panel this
information is strongly recommended. A follow-up phone call 2-4 weeks after recruitment
can help expert panels to distinguish between viral and bacterial aetiologies, especially
for non-admitted patients. Several cases that are difficult to diagnose at presentation
will become easy to diagnose for the panel when receiving information about the
disease course. It has the advantage of capturing a wider spectrum of diseases illness
severities in the study cohort, including difficult-to-diagnose cases.60
Finally, as shown in this thesis, there is large intra- and inter observer variability.
Nevertheless, we showed that a panel consisting of three experts provides a more
reproducible diagnosis than individual expert diagnosis. This finding confirms the
conclusion of other studies, a panel diagnosis is more stable, and therefore probably
more accurate, than an individual assessment.60,62 In our study increasing the size of an
expert panel beyond three members seems to have limited added value.
In conclusion, the preferred reference standard in absence of a gold standard is a
blinded, expert panel consisting of three experts who receive follow-up information
from every patient.

9

What if the expert panel is not conclusive?
Inconclusive reference standards are inherent to studies without a gold standard.
Complete transparency regarding the handling of inconclusive diagnoses in the analysis
is essential for the reader to understand how the results have been derived.
First, researchers should report sufficient information on these inconclusive cases,
including the answers to the following questions: When is the reference standard
considered to be inconclusive? How many patients had an inconclusive reference
standard? Where the characteristics of these patients similar to the rest of the cohort?61
It can thereby be helpful to extended the standard 2x2 (i.e. reference standard positive
or negative versus index test result positive or negative) classification matrix to a 3x2
matrix (i.e. reference standard positive, inconclusive or negative versus index test result
positive or negative). If there are also inconclusive index tests results the matrix should
be a 3x3 matrix.65
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Table 3. Overview of possible approaches to handle inconclusive diagnosis.
Approach
Exclusion from primary analysis
Imputation
“Best and worst case”
Discussion between experts

Advantage

Disadvantage

Only ‘true’ diagnoses in
primary analysis.
Increase in number of
available cases.
Provide a range within the real
accuracy can be expected.
Most similar to routine care.

Some difficult to diagnose
cases are left out.
Possibility of incorrect diagnoses.
Both scenarios aren’t realistic.
Increases workload for experts.
Dominated by a single member.

Thereafter, researchers should predefine how inconclusive cases will be handled.
Unfortunately, there is no single “optimal” approach to analyse inconclusive reference
standard results. Table 3 shows an overview of the possible approaches. If inconclusive
cases are excluded from the primary analysis, it is important to report the test results for
these cases as well. The imputation model is especially useful when comparing different
tests (e.g. like we did when updating the clinical prediction rule). With a “best and worst
case” scenario, the accuracy analyses are first performed considering all inconclusive
cases as having a viral outcome and second with all inconclusive cases assigned as a
bacterial infection.65 These analyses can be performed secondarily. A commonly used
method for discussion between experts is the Delphi method.66 The Delphi method
is a staged procedure in which first the diagnosis per individual member is generated
followed by a plenary discussion of those cases with disagreement.67,68 To conclude, for
pragmatic reasons excluding inconclusive cases from the primary analysis seems the
most suitable approach.

Future perspectives
• More validation studies for expert panels as reference standard in infectious disease
diagnostic studies should be performed to optimize the use of this reference standard.
• Based on validation studies, a guideline for the use an expert panel reference standard in
diagnostic studies should be made.
• Advantages and disadvantages of different approached to analyse inconclusive reference
standards should be studied in more detail.

Concluding remarks
It is important to realize that the large amount of inappropriate use of antibiotics that
we found in this thesis has global health and economic consequences. However, in a
large proportion of the patients it remains hard to identify which patients benefit from
antibiotics and which do not. To find solutions for this diagnostic dilemma, we studied
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a new combination assay (CRP, TRAIL and IP-10). The promising results we found during
the first external validation of this assay in children and the improved accuracy after
adding the assay to an existent clinical prediction rule, brings the search for an accurate
diagnostic test a step further. The ultimate goal in the evaluation of a diagnostic test is
to demonstrate health improvement. Validation studies (as performed in this thesis) do
not provide information about clinical utility (e.g. antibiotic use and clinical outcome).
Therefore, as sufficient diagnostic value of the combination assay has been established,
utility studies are now indicated. Unfortunately, regulators do not require utility studies
before allowing implementation of novel diagnostics in routine care. This results in the
implementation of diagnostics of which we do not know whether or not there is benefit
for the patient or society.
In the absence of a gold standard, we used an expert panel reference standard and
found that the reproducibility of a panel consisting of three experts provides more
reproducible diagnosis than individual expert diagnosis. Our findings are important for
researchers, but also for regulatory organisations, as these organisations approve drugs
based on studies using expert opinions as the outcome. Due to imperfect reproducibility
of the expert diagnosis the estimated accuracy of the diagnostic test under evaluation
may be an overestimation or an underestimation. Therefore, further studies are needed
to optimise the expert panel reference standard.
My vision for the future of timely identification of patients with bacterial infection is
one in which clinical judgement is combined with accurate protein-based or RNA-based
blood host response biomarkers. This combination will be sensitive enough to allow
for restrictive antibiotic use in patients with mild or moderately severe infection. For
life-threatening infections liberal use of antibiotics will remain required as we are still
searching for sufficiently sensitive diagnostics in this population.

9
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Infecties zijn veelvoorkomend en vooral kinderen hebben hier met grote regelmaat
last van. Op de leeftijd van 18 maanden heeft een kind gemiddeld acht episodes met
een infectie doorgemaakt. Tijdige behandeling met antibiotica verbetert de uitkomst
van patiënten met een infectie veroorzaakt door een bacterie. Echter, het merendeel
van de infecties op de kinderleeftijd wordt door een virus veroorzaakt en ook bij
volwassenen zijn veel infecties van virale aard. Antibiotica werken niet tegen virussen
en zijn daarom niet geïndiceerd als er sprake is van een virale infectie. Helaas is het vaak
niet mogelijk om op basis van klinische kenmerken onderscheid te maken tussen virale
en bacteriële infecties. Zelfs als er gebruik wordt gemaakt van beschikbare bloedtesten
is dit onderscheid niet goed te maken. Het missen van een bacteriële infectie kan
voor de patiënt ernstige gevolgen hebben. Aan de andere kant, overmatig gebruik
van antibiotica heeft ook nadelen, zowel voor de patiënt als voor de wereldwijde
gezondheidszorg. Dit proefschrift beschrijft ons onderzoek naar de verschillende
aspecten van dit diagnostische dilemma bij patiënten met infecties.
In de eerste twee hoofdstukken van dit proefschrift evalueerden we de gevolgen van
het complexe diagnostische proces op het gebruik van antibiotica. Hierbij maakten
we gebruik van een expert panel bestaande uit artsen met speciale interesse voor
infectieziekten. We vroegen het panel om een virale of bacteriële diagnose toe te wijzen
aan elke patiënt die deelnam aan onze onderzoeken. In hoofdstuk 2 presenteren we
de karakteristieken van 188 kinderen die in het ziekenhuis kwamen met een infectie
met het respiratoir syncytieel virus (RSV). Dit virus is een veelvoorkomende oorzaak van
luchtweginfecties bij jonge kinderen. Het stellen van een goede diagnose bij kinderen
met een RSV-infectie is lastig, omdat er naast de virale infectie ook een bacteriële
infectie kan optreden (bacteriële co-infectie). Veertien procent van de kinderen werd
door het expert panel gediagnosticeerd met een bacteriële co-infectie. De meeste
van deze kinderen werden opgenomen op de intensive care. Alle bacteriële coinfecties werden behandeld met antibiotica. Een derde van alle kinderen met een RSVinfectie zonder veronderstelde bacteriële co-infecties werd onnodig behandeld met
antibiotica. Kinderen met een bacteriële co-infectie maakten vaker een zieke indruk op
de behandelend arts dan kinderen zonder bacteriële co-infectie. Er waren geen andere
klinische kenmerken dan deze zieke indruk die significant verschilden tussen kinderen
met en zonder bacteriële co-infectie. Dit resultaat benadrukt dat klinische kenmerken
artsen onvoldoende kunnen helpen om onderscheid te maken tussen patiënten die
baat hebben bij antibiotica en degenen die dat niet hebben.

10

Het doel van het onderzoek beschreven in hoofdstuk 3 was om overmatig antibiotica
gebruik te vergelijken tussen kinderen en volwassenen met luchtweginfecties. Ook bij
dit onderzoek maakten we gebruik van expert panels voor het stellen van de diagnose.
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Chapter 10

Van alle luchtweginfecties was het aandeel virale infecties groter bij kinderen dan bij
volwassenen (74% versus 38%). Daarentegen, kwam overmatig gebruik van antibiotica
minder vaak voor bij kinderen dan bij volwassenen met virale luchtweginfecties (37%
versus 83%). Deze bevindingen ondersteunen de behoefte aan effectieve diagnostiek
om overmatig gebruik van antibiotica te voorkomen bij luchtweginfecties in patiënten
van alle leeftijden.
Ten tweede onderzochten we de betrouwbaarheid van een diagnostische test en
van een voorspelmodel om virale en bacteriële infecties van elkaar te onderscheiden.
In hoofdstuk 4 beschrijven we de resultaten van een dubbelblinde, prospectieve,
internationale validatiestudie (de OPPORTUNITY studie). De studie werd uitgevoerd bij
kinderen onder de leeftijd van vijf jaar die zich in het ziekenhuis presenteerden met
koorts. We bestudeerden een combinatie van eiwitten die in de bloedbaan worden
afgegeven bij virale en bacteriële infecties. Deze eiwitten zijn: tumour necrosis factorrelated apoptosis-inducing ligand (TRAIL), interferon gamma induced protein-10 (IP10) en C-reactive protein (CRP). Met dit onderzoek hebben we vastgesteld dat deze
combinatietest een hoge diagnostische waarde heeft. Met name de dynamiek van TRAIL
is veelbelovend. Dit is de eerste gepubliceerde biomarker waarvan de concentratie
toeneemt bij virale infecties en daalt bij bacteriële infecties. De test is vooral nuttig
voor het uitsluiten van bacteriële infecties. Het aantal fout-positieve diagnoses nam
met 51% af als de combinatietest werd gebruikt in plaats van alleen CRP. Dit resultaat
suggereert dat deze test de potentie heeft om overmatig antibiotica bij jonge kinderen
te verminderen. Er zijn nu implementatiestudies nodig om te onderzoeken wat in
de praktijk de toegevoegde waarde van deze combinatietest zal zijn op het aantal
onnodige antibiotica voorschriften.
Naast biomarkers spelen klinische kenmerken een belangrijke rol voor artsen als ze
een diagnose stellen bij kinderen met een infectie. In het onderzoek beschreven in
hoofdstuk 5 hebben we daarom de bovengenoemde combinatietest geïntegreerd
in een bestaand klinisch voorspelmodel. Dit gevalideerde voorspelmodel is speciaal
ontwikkeld voor kinderen die zich met koorts in het ziekenhuis presenteren. Het
model bevat klinische kenmerken en de biomarker CRP. We hebben dit voorspelmodel
geüpdatet door CRP te vervangen door de combinatietest. Het nieuwe model was
nauwkeuriger in het voorspellen van ernstige bacteriële infecties in vergelijking met
het model met CRP als enige biomarker. Onze resultaten tonen aan dat de toegevoegde
waarde van de combinatietest het grootst is bij kinderen met een laag tot matig risico
(<40%) op ernstige bacteriële infecties zoals voorspeld door het oorspronkelijke
voorspelmodel. Dit afkappunt kan daarom worden gebruikt om kosteneffectief gebruik
van de combinatietest te optimaliseren.
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In hoofdstuk 6 hebben we de OPPORTUNITY studie voortgezet in een internationale,
prospectieve studie (The TAILORED Treatment studie). Het doel van deze studie was
om een algoritme te ontwikkelen om virale en bacteriële infecties te onderscheiden bij
zowel kinderen als volwassenen. Dit algoritme zal gebaseerd zijn op diverse biologische
processen in het lichaam en wordt daarom ook wel een multi-omics aanpak genoemd.
Deze multi-omics benadering is momenteel uniek voor het diagnosticeren van bacteriële
infecties en kan als voorbeeld dienen voor toekomstige studies naar infectieziekten.
Ten derde onderzochten we een referentiestandaard voor bacteriële infectie, namelijk
een expert panel. De afwezigheid van een gouden standaard om bacteriële infecties te
diagnosticeren maakt het lastig om betrouwbaar diagnostisch onderzoek uit te voeren.
In alle onderzoeken gepresenteerd in dit proefschrift werd daarom gebruik gemaakt van
een expert panel als referentiestandaard. Dit expert panel stelde vast of er sprake was van
een bacteriële of virale infectie. In hoofdstuk 7 hebben we de reproduceerbaarheid van
een dergelijke expert panel als referentiestandaard geëvalueerd. Individuele experts en
expert panels diagnosticeerden een casus twee keer, met tijdsintervallen van zes weken
en drie jaar. De experts stelden de diagnose zonder te weten dat ze dezelfde casus
eerder beoordeeld hadden. We ontdekten dat een panel bestaande uit drie experts
een meer reproduceerbare diagnose biedt dan de diagnose van een individuele expert.
Zelfs met een tijdsinterval van drie jaar was de overeenkomst tussen de panel diagnoses
hoog (kappa 0.80). Uitbreiding van het expert panel naar vijf of zeven experts had geen
grote meerwaarde. Onze bevindingen ondersteunen de behoefte aan verdere validatie
en optimalisatie van panel diagnoses om nauwkeurige resultaten te verkrijgen in geval
van diagnostische studies zonder gouden standaard.

10

Tot slot geven we in hoofdstuk 8 een overzicht van de huidige en nieuwe diagnostische
testen bij kinderen met luchtweginfecties. Vooral eiwit- en RNA-gebaseerde biomarkers,
die in het bloed meetbaar zijn na een infectie, laten veelbelovende resultaten zien.
Technieken die RNA-profielen identificeren zijn echter nog te complex en onvoldoende
onderzocht om in de klinische praktijk te gebruiken. De combinatietest van biomarkers
die aan de bloedbaan worden afgegeven bij virale en bacteriële infecties, is echter bijna
klaar voor gebruik in de klinische praktijk. Deze combinatietest kan artsen helpen om
terughoudender te worden bij het gebruik van antibiotica bij patiënten met milde of
matig ernstige infecties.
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‘Grote dingen worden nooit door één persoon gedaan.’ Dit proefschrift is dan ook met de
steun en inspanningen van velen tot stand gekomen en ik wil iedereen daarvoor heel
erg bedanken. Een aantal mensen wil ik in het bijzonder bedanken.
Allereerst natuurlijk alle patiënten en hun ouders die hebben deelgenomen aan mijn
onderzoeken, jullie vormen de basis van dit proefschrift. Ik vond het bijzonder om te zien
hoe iedereen zonder eigenbelang wilde meewerken aan mijn onderzoek (inclusief de
bloedafnames). Door jullie wist ik altijd weer precies waarom ik voor dit promotietraject
heb gekozen.
Mijn promotoren, wat is jullie enthousiasme en positieve instelling aanstekelijk!
Prof. Dr. L.J. Bont, beste Louis. Ik heb heel veel bewondering voor hoe jij jouw passie
voor patiëntenzorg en wetenschappelijk onderzoek combineert. Je betrokkenheid is
noemenswaardig en ondanks je overvolle agenda maakte je altijd tijd voor me vrij. Je
gaf me de ruimte om mijn ideeën voor onderzoek uit te voeren en me hierbij te helpen
wanneer dat nodig was. Ik vond het bijzonder om te merken dat in elk overleg en bij
elke beslissing mijn ontwikkeling en carrière bij jou voorop stonden. Heel erg bedankt
voor de kansen die je me hebt gegeven en ik hoop nog vele jaren van je te mogen leren.
Prof. Dr. E.A.M. Sanders, beste Lieke. Al bij onze eerste afspraak gaf je aan graag betrokken
te zijn bij mijn promotietraject en zo gebeurde het. Ondanks je vertrek naar het RIVM
kon ik altijd bij je aankloppen voor overleg of advies. Wat was het een feest om met jou
naar nieuwe data te kijken, jij zorgde ervoor dat ik alle data nog beter wilde begrijpen.
Bedankt voor je motiverende ideeën en oprechte visie op het onderzoek.
De leden van de leescommissie; Prof. dr. A.I.M. Hoepelman (voorzitter), Prof. dr. T.J.M.
Verheij, Prof. dr. A.M.C. van Rossum, Prof. dr. K.G.M. Moons en Prof. dr. N.M. Wulffraat, wil
ik hartelijk bedanken voor hun tijd en bereidheid om mijn proefschrift te beoordelen.
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Alle kamergenoten, heel erg bedankt voor al jullie gezelligheid en steun. Samen met de
arts-onderzoekers op de gang (Maartje, Charlotte en Natalie) maakten jullie onderzoek
doen nog leuker. Linde, ik ben blij dat ik van begin tot eind met jou een kamer heb
mogen delen. Wat heb ik bewondering voor je enthousiasme, je luisterend oor en de
positieve instelling waarmee je in het leven staat. Stephanie, Mieke en Maarten, wat was
het fijn om als onervarener onderzoeker bij jullie op de kamer te komen en van jullie te
mogen leren. Laura, wat konden we het vanaf moment één goed met elkaar vinden. Met
plezier denk ik terug aan onze gesprekken over hoe we wetenschap in het WKZ beter
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op de kaart konden zetten en kijk waar we nu staan! Koos, Merel en Annefleur, bedankt
voor jullie support bij het afronden van mijn promotie. De, soms wat competitieve,
koffiemomenten zijn goud waard en hopelijk houden jullie die er op de flexplekken in!
Onderzoeksverpleegkundigen Maaike en Brigitte, zonder jullie was dit proefschrift er
nooit gekomen! Wat hebben jullie je ingezet om alle patiënten in de studies te krijgen
en om alle data te verzamelen. Bedankt voor al het geduld en het teamgevoel dat jullie
wisten te creëren. Wouter, nog nooit heb ik zo’n zorgvuldige en betrokken student
gezien als jij, bedankt dat je onderdeel van het team wilde zijn.
De RSV-onderzoeksgroep, door de parel van de week werd elke mini-succesje waardevol
en was er altijd wel een reden voor taart. Bedankt voor alle feedback op presentaties,
posters en artikelen. Nienke, wat was het fijn om dit hele traject tegelijk met doorlopen
te hebben, een blik zei vaak al genoeg. Ik zal onze congresbezoeken nooit vergeten.
Loes, wat heb jij een groot sociaal hart. Bedankt dat je altijd oog had voor mij als persoon
achter de onderzoeker. Joris en Christiana, ‘R scripts’ blijven voor mij alsof ik een Chinees
boek lees, enorm bedankt voor al jullie statistische hulp en adviezen.
Alle collega’s uit de verschillende deelnemende ziekenhuizen; UMC Utrecht,
Diakonessenhuis Utrecht, Meander Medisch Centrum Amersfoort, Ziekenhuis Gelderse
Vallei en Jeroen Bosch Ziekenhuis. Bedankt voor alle hulp bij het includeren van
patiënten en voor het diagnosticeren van de casuïstiek. Het was een groot plezier om
met jullie te werken en om te mogen leren van jullie expertise.
Special thanks go to MeMed’s team (under supervision of Kfir and Eran) for the
collaboration in all projects presented in this thesis. I really enjoyed the fruitful
discussions and it was a great experience to visit your company and the participating
centers in Israel.
Ik ben enorm dankbaar voor alle kansen die ik door bovenstaande collega’s heb
gekregen. Toch had ik dit alles niet kunnen doen zonder de belangrijkste mensen in
mijn leven; mijn familie en vrienden.
Mijn paranimfen Stephanie en Hester, wat ben ik blij dat jullie op deze belangrijke dag
naast me staan! Hester, al meer dan 15 jaar delen we lief en leed met elkaar. Op de
belangrijke momenten ben je er voor me en ik wist dan ook gelijk dat jij mijn paranimf
moest worden. Wat heb ik een bewondering voor je enorme doorzettingsvermogen, je
laat je door niets tegenhouden om je doelen te bereiken. Ik heb er alle vertrouwen in
dat je inzet, enthousiasme en collegialiteit beloond gaat worden. Stephanie, jij begrijpt
me en weet precies wat ik nodig heb. Ik koester de avonden waarop we samen grote
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stappen in ons onderzoek wisten te zetten en wat was het bijzonder om vorig jaar jouw
paranimf te mogen zijn. Je enorme inzet voor je werk, gezin en vrienden is geweldig. Ik
kijk er naar uit om over enige tijd samen te werken in de patiëntenzorg.
Al mijn lieve vrienden en vriendinnen die zorgen voor de ontspanning in mijn leven.
Lisa en Sarah, wat was het fijn om met elkaar de paniek- en pleziermomenten van
promoveren te delen. Bedankt voor jullie enorme steun, maar vooral voor alle gezellige
borrels, etentjes, feestjes en alle andere momenten waarop we werk even heel ver
achter ons konden laten. Marjolein, ook jij was er altijd voor de nodige afleiding. Een
musicalavond of bijkletsen met wijn en chocoladerozijnen (met als toetje een raketje),
een avond samen met jou is altijd een succes.
Mijn tennisteam, door jullie staat gezelligheid elke zaterdag weer voorop. Bedankt dat
jullie me op deze dagen helpen herinneren dat ik niet altijd hoef te presteren.
Mijn schoonfamilie, Stef, Joke en Manouk. Altijd weer geïnteresseerd in mijn
promotieonderzoek én in mij. Bedankt dat ik onderdeel mag zijn van jullie familie.
Opa en Lenny, wat ben ik blij dat jullie aanwezig zijn bij mijn promotie! Bedankt voor
jullie enorme steun, vertrouwen en betrokkenheid. Ik hoop nog veel aangeklede borrels
met jullie te mogen hebben.
Patrick, ‘broertje’, al vanaf mijn eerste coschap moest jij niets hebben van al mijn medische
verhalen, wat zal jij dan ook blij geweest zijn toen ik ging promoveren. Bedankt voor je
humor en je nuchtere kijk op de wereld waar ik nog veel van kan leren. Diewertje, jij
maakt de familie compleet en met jouw bakkunsten worden de feestdagen een nog
groter feest.
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Lieve papa en mama, eigenlijk zijn er geen woorden die beschrijven hoe dankbaar ik
ben om jullie als ouders te hebben. Jullie hebben altijd in me geloofd en steken jullie
trots niet onder stoelen of banken. Bedankt dat jullie echt altijd voor me klaar staan en
ervoor zorgen dat ik met volle overtuiging mijn dromen naleef.
Lieve Yannick, samen met jou ben ik het gelukkigst. Dank je wel voor al je hulp en
geduld als ik weer eens gefrustreerd was, omdat het niet (zo snel) ging als ik wilde. Je
relativeringsvermogen en droge humor had ik tijdens dit promotietraject niet willen
missen. Dank je wel voor het enorme vertrouwen dat je me geeft. Ik heb heel veel zin in
onze verdere toekomst samen!
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