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Abstract: The diagnosis of serious bacterial infection (SBI) in young febrile children remains chal-
lenging. This prospective, multicentre, observational study aimed to identify new protein marker
combinations that can differentiate a bacterial infection from a viral infection in 983 children, aged
7 days-36 months, presenting with a suspected SBI at three French paediatric emergency depart-
ments. The blood levels of seven protein markers (CRP, PCT, IL-6, NGAL, MxA, TRAIL, IP-10) were
measured at enrolment. The patients received the standard of care, blinded to the biomarker results.
An independent adjudication committee assigned a bacterial vs. viral infection diagnosis based on
clinical data, blinded to the biomarker results. Computational modelling was applied to the blood
levels of the biomarkers using independent training and validation cohorts. Model performances
(area under the curve (AUC), positive and negative likelihood ratios (LR+ and LR-)) were calcu-
lated and compared to those of the routine biomarkers CRP and PCT. The targeted performance
for added value over CRP or PCT was LR+ > 5.67 and LR— < 0.5. Out of 652 analysed patients,
several marker combinations outperformed CRP and PCT, although none achieved the targeted
performance criteria in the 7 days—36 months population. The models seemed to perform better in
younger (7-91 day-old) patients, with the CRP/MxA /TRAIL combination performing best (AUC
0.895, LR+ 10.46, LR— 0.16). Although computational modelling using combinations of bacterial- and
viral-induced host-protein markers is promising, further optimisation is necessary to improve SBI
diagnosis in young febrile children.

Keywords: paediatric serious bacterial infection; bacterial- and viral-induced host biomarkers;
machine learning; C-reactive protein (CRP); procalcitonin (PCT); interleukin 6 (IL-6); neutrophil
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gelatinase-associated lipocalin-2 (NGAL); myxovirus resistance protein 1 (MxA); tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL); IFN-y-induced protein 10 (IP-10)

1. Introduction

Fever is one of the leading causes of consultation in paediatric emergency departments
(PED) [1]. In febrile infants younger than 3 months of age, the prevalence of serious bacterial
infection (SBI) ranges from 7% to 28% [1-3]. The differential diagnosis of SBI vs. benign
viral infections in young febrile children remains challenging. Clinical prediction and risk
stratification tools have been developed to guide antibiotherapy decision-making. These
tools include medical history, clinical examination, and laboratory data, either evaluated
alone (e.g., Rochester or Philadelphia criteria) [1,4] or in combination with the blood levels
of biomarkers of bacterial infection such as C-reactive protein (CRP) and procalcitonin
(PCT) (e.g., Lab-score, Step-by-Step approach) [1,3,5-7]. The diagnostic value of CRP and
PCT as single markers has also been extensively evaluated [1,2,8]. In one of the largest
prospective studies, including 7-91 day-old febrile children (n = 2047), CRP and PCT alone
reached a sensitivity and specificity ranging from 74% to 78%, with positive and negative
likelihood ratios (LR+, LR-) of 3.1-3.3 and 0.3, respectively [2]. While single markers of
bacterial infection cannot reliably diagnose or exclude SBI, combined approaches have
shown some value, notably in identifying patients with a low-risk of SBI or in ruling out
SBI [1,5,8-10]. However, none of these approaches have reached an acceptable diagnostic
accuracy for either the sensitivity or specificity needed for the identification of SBI in young
febrile children [1,11]. Misdiagnosis of SBI is a major health burden, as under-treatment is
associated with increased morbidity and mortality, while over-treatment is associated with
antibiotic resistance, microbiota imbalance, and toxicity in young children [12-15].

Alternative diagnostic approaches have been investigated. Among them, host RNA
biomarkers demonstrated their potential diagnostic value [1,16-20]. Although preliminary
investigations are promising, the implementation of transcriptional signature-based assays
in clinical routine using conventional RT-PCR might be limited by their practicability and
extended turnaround time [1,20]. More recently, machine learning-based algorithms have
been developed using multiple features, integrating either clinical parameters with biomark-
ers or combinations of protein biomarkers [11,16,21-26]. Notably, models combining the
markers of host immune response to bacterial and viral infections demonstrated superior
performance over routine biomarkers, to differentiate bacterial from viral infection among
young febrile children [11,22,25,26]. Hence, the triple host-protein ImmunoXpert assay,
combining the virally induced proteins tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) and IFN-y-induced protein 10 (IP-10) with the bacterially induced protein
CRP, showed around 90% sensitivity and specificity in diagnosing a bacterial infection
from a viral infection in paediatric patients [11,22,25,27-29]. Similarly, the point-of-care
assay FebriDx, combining the bacterially induced protein CRP and the virally induced
protein myxovirus resistance protein 1 (MxA), showed good performance in both children
and adults with upper respiratory infections [11,26]. Although large cohort validation
studies are still needed, these models support a new paradigm for the identification of
diagnostic tools with improved accuracy, using machine learning computational modelling
to integrate the host-based response markers of both bacterial and viral infections.

The goal of this study was to identify new marker combinations that can differentiate
a bacterial infection from a viral infection in children younger than 3 years of age who are
suspected of SBI, with a performance superior to that of the routine bacterial-induced mark-
ers CRP and/or PCT that are measured during a clinical examination. We hypothesised
that computational modelling applied to bacteria-induced (CRP, PCT, interleukin 6 (IL-6),
the urinary tract infection marker neutrophil gelatinase-associated lipocalin-2 (NGAL—
also known as Lipocalin-2 or HNL)) [1,2,8,16,30-33], and virus-induced (MxA, TRAIL,
IP-10) [16,22,24,26] markers selected based on their reported performance could improve
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the diagnosis of SBI. The performance of the validated models to diagnose bacterial vs.
viral infections, as adjudicated by an expert panel, was compared to that of CRP and PCT
single markers.

2. Materials and Methods
2.1. Study Design and Participants

A prospective, multicentre, cohort study was conducted in three French PED (Hépital
Femme Mere Enfant, Hospices Civils de Lyon, Bron; Hépital Louis Mourier, Colombes;
Hopital Nord-Ouest, Villefranche-sur-Saéne) between 6 June 2017 and 12 June 2019
(clinicaltrials.gov ID: NCT03163628). Children with national health insurance coverage,
aged 7 days to 36 months, presenting to PED with suspected SBI and prescribed blood with-
drawal as part of standard care were enrolled. Suspected SBI was defined as fever > 38°C
for more than 6 h in children aged 7 days to 3 months and fever >38.5°C for more than
6 h but less than 7 days in children aged 3 to 36 months. Exclusion criteria included
antibiotics administration within the past 48 h, vaccination with an inactivated vaccine
within the past 48 h or with the MMR vaccine within the past 10 days, chronic inflamma-
tory or immune disease (immunodeficiency, auto-immune disease), and surgery in the
past 7 days. Written informed consent was obtained from at least one of the parents or
legal guardians. The study was approved by the ethics committee (Comité de Protection
des Personnes (CPP)) Sud-Méditerranée II under the registration number (ID-RCB) 2017-
A00510-53, dated 7 July 2017, and was conducted according to the recommendations of
Good Clinical Practice and the Declaration of Helsinki.

At the time of enrolment, investigators recorded demographics, medical history, and
physical examination data. Clinical variables evaluated at enrolment included: (i) signs of
poor tolerance to fever (hemodynamics, neurological, respiratory), (ii) general appearance
at clinical examination (good, intermediate, bad), and (iii) associated symptoms (meningeal
syndrome, otolaryngologic symptoms, vomiting, diarrhea, skin rash, purpura, acute otitis
media). Standard care, as per investigator assessment, included white blood cell count,
absolute neutrophil count, blood culture, CRP and/or PCT levels, urinalysis, lumbar
puncture, stool culture, ultrasound scanning, and chest radiography. The decision to
hospitalise or treat the patient with antibiotics was left to the discretion of the physician. At
day 7 post enrolment, a clinical follow-up was conducted, by phone for discharged patients
or based on medical electronic records for hospitalised patients.

In the absence of gold standard for bacterial and viral infections” diagnosis, an ex-
pert panel reference standard was established, following existing recommendations [34].
This independent adjudication committee, composed of two panels of several infectious
disease paediatricians, one microbiologist, and one methodologist expert, assigned one
of six diagnosis categories: (i) proven bacterial infection, (ii) presumed bacterial infection,
(iii) proven viral infection, (iv) presumed viral infection, (v) mixed infection (bacterial and
viral co-infection), or (vi) unclassified fever. Classification by the adjudication committee
was based on the clinical data collected at inclusion and at day 7, including antimicrobial
treatment and hospitalisation decisions, but was blinded to all biomarker measurement
results and to the decision of other members of the adjudication committee. Classification
by the adjudication committee did not depend on age of patients. Clinical data comprised
results of the clinical examination (at inclusion and at day 7), biological and microbiological
laboratory tests, and medical imaging. Final diagnosis was determined by panel majority
agreement. In case of non-majority, members of the two expert panels made a consensus
decision on diagnosis.

2.2. Sample Collection and Biomarker Measurements

At inclusion, up to 3 mL blood was collected solely at the time of the venipuncture
prescribed for standard care, for the dosage of the seven selected host-protein markers (CRP,
PCT, MxA, TRAIL, NGAL, IP-10, IL-6). In case of venipuncture failure (when venipuncture
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could not be performed or blood volume was insufficient), the dosage of biomarkers was
not performed and the patient was defined as having no biomarker data.

The dosage of the seven biomarkers was performed in a central laboratory (Joint Re-
search Unit HCL-bioMérieux, Lyon, France), using serum (CRP, PCT, TRAIL, NGAL, IP-10,
IL-6) or heparinised blood (MxA). Sera were prepared from 2 mL whole blood collected
in BD Vacutainer Serum Separating Tubes II Advance Tube (Beckon Dickinson, BD366882,
Le Pont-de-Claix, France). After 2 h clotting at room temperature and centrifugation at
2500x g for 10 min, sera were aliquoted and stored frozen at —80 °C until biomarkers’
measurements. Heparinised whole blood samples (500 uL) were collected in Microtainer
tubes (Beckon Dickinson, BD365966, Le Pont-de-Claix, France) and stored frozen at —80 °C
until MxA measurement.

PCT was measured in serum (200 puL) using the bioMérieux VIDAS B.R. A.H.M.S
PCT assay (Marcy 'Etoile, France) and the VIDAS 30 instrument. CRP, TRAIL, IP-10, and
IL-6 concentrations were measured in serum with the automated immunoassay Simple
Plex platform (Protein simple, San Jose, CA, USA), in accordance with the instructions
of the manufacturer. Simple Plex is an integrated immunoassay system that consists of a
disposable microfluidic cartridge and an automated analyzer, the ELLA instrument. TRAIL,
IP-10, and IL-6 quantitation were simultaneously performed in a multiplex cartridge format
using 50 pL of two-fold diluted serum. CRP concentration was measured in a single analyte
cartridge format using 1:2000 diluted serum. NGAL levels were measured by using the
HNL bact ELISA kit (Diagnostic Development, Uppsala, Sweden) using 1:100 diluted
serum, in accordance with the instructions of the manufacturer. All measurements were
performed in duplicate per manual ELISA. MxA was measured by ELISA (BioVendor, Brno,
Czech Republic) from heparinised whole blood diluted 1:10 in lysis buffer (BioVendor, Brno,
Czech Republic) and lysed 30 min at room temperature, in accordance with the instructions
of the manufacturer.

Paediatric healthy samples used for the comparative biomarker quantification of CRP,
PCT, TRAIL, NGAL, IP-10, and IL-6 had leftover sera collected and provided by Eurofins
Biomnis Sample Library (Lyon, France), based on the principle of non-opposition. Parents
or legal guardians were informed of the possible use of leftover samples for research
purposes when not expressing their opposition by the end of the legal retention period, in
accordance with French regulations. Since paediatric healthy whole blood samples were
not available, MxA was measured in whole blood of adult healthy volunteers, obtained
from the national blood service (Etablissement Frangais du Sang [EFS], Lyon, France), based
on the principle of non-opposition.

2.3. Definitions

The primary endpoint was bacterial infection, defined by the adjudication committee
as proven bacterial infection, presumed bacterial infection, or mixed (bacterial and viral)
infection, as detailed in Appendix A. The primary aim of the study was to identify new
biomarker combinations that can differentiate bacterial from viral infection with higher
performance than CRP and/or PCT alone, in children younger than 3 years old suspected
of SBI and admitted for standard medical care. Targeted performance criteria of biomarker
combinations (i.e., superiority to CRP and/or PCT alone) were estimated based on the per-
formance of CRP and PCT in the literature [2]. A combination of biomarkers was estimated
to provide added medical value over the single markers CRP and PCT if: (i) the positive
likelihood ratio (LR+) reached a minimum of 5.67, ideally > 8.5 (increased probability
of SBI diagnosis), and (ii) the negative likelihood ratio (LR-) reached a maximum of 0.5,
ideally < 0.3 (decreased probability of SBI diagnosis).

2.4. Statistical Analysis

To identify and validate marker combinations, patients’ samples were divided into
a training (TRAIN) and an independent validation (TEST) dataset. Sample size was
calculated separately for the TRAIN and the TEST sets. For the TRAIN set, a minimum of
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50 patients per category was considered necessary to build combination models. Assuming
a prevalence of bacterial infection of 15%, a minimum of 333 patients was planned. For
the TEST set, aiming for the LR+ and LR— performance values defined above, a sample
size of 356 patients was calculated [35,36]. Considering 30% of patients with missing data
due to venipuncture failure and/or incomplete clinical data, the total number of planned
inclusions was increased from 689 to 985 patients. Since enrolment of patients took place
over approximately two years, as well as to reflect the whole spectra of seasonal infections,
it was decided that patients included during the first year would constitute the TRAIN
set (corresponding approximately to two-thirds of the patients), while patients included
during the second year would constitute the TEST set.

Patients without biomarker data or with fever not linked to an infection or from
unknown origin (unclassified fever) were excluded from the analysis. Patients diagnosed
with a mixed infection were assigned to the bacterial infection group for the analysis
because they were clinically managed similarly. No cutoff was pre-specified for each
investigated biomarker or for their combinations.

Quantitative variables were described by the median and interquartile range (IQR)
and compared between groups using the Mann-Whitney U test. Categorical variables were
described by the frequency and percentage of each modality, and compared between groups
using chi-squared or Fisher tests. For each marker, the area under the receiver operating
characteristic (ROC) curve (AUC) was calculated, with its 95% confidence interval (CI).
Markers (CRP, PCT, MxA, TRAIL, NGAL, IP-10, IL-6) were then combined (up to four out
of seven markers per model) by logistic regression on the TRAIN population. If necessary,
logarithmic transformations of the markers were considered to fulfill the hypothesis of
linearity of the linear predictor. The threshold with a LR— of at most 0.3 and the maximum
LR+ value was chosen. Sensitivity, specificity, and positive and negative predictive values
(PPV and NPV) associated with these thresholds were calculated, as well as the AUC of
the model, and the AUC corrected for optimism (20-times 5-fold cross validation). Models
obtained were then applied to the TEST population, with the thresholds estimated on the
TRAIN population. Models were also applied separately to the TEST population according
to the age group (7-91 days for the <3-month-old group and 92 days-36 months for the
>3-month-old group). Comparisons of AUC between models were performed using the
Delong test, whereas comparisons of LR between models were performed using a random
logistic mixed effect model.

Post hoc analyses were conducted using machine learning-based classifiers (see Ap-
pendix B) [37]. Modelling features included five clinical variables (signs of poor toler-
ance to fever (yes/no), general appearance (bad/intermediate/good), associated symp-
toms (yes/no), fever duration (<12 h/12—24 h/>24 h), and age) and four markers (CRP,
PCT, MxA, TRAIL) in two-marker combinations (CRP/TRAIL, PCT/TRAIL, CRP/MxA,
PCT/MxA, MxA /TRAIL). Classification models were built from the TRAIN dataset us-
ing the Caret package in R [37]. To avoid overfitting, the models were trained using
100 resampling according to the Leave Group Out Cross-Validation (LGOCV) method, also
available in Caret. Performance was assessed using the independent validation (TEST)
cohort. The AUC with a 95% CI was estimated for each dataset using the pROC package in
R [38]. Sensitivity, specificity, PPV, NPV, LR+, and LR— were defined based on a decision
threshold chosen to target a LR— of at most 0.3 and the maximum LR+. Analyses were
conducted on the whole population, as well as per age group (< and >3 months of age). A
subanalysis focusing on patients with proven bacterial infection was also conducted.

Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC,
USA) and R version 4.0.4 (The R Foundation, Vienna, Austria). p-values < 0.05 were
considered statistically significant.
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3. Results
3.1. Patients” Characteristics

A total of 983 paediatric patients aged 7 days to 36 months with a suspected SBI were
enrolled. Forty-four patients were excluded due to either invalid informed consent or
invalid inclusion and/or exclusion criteria (Figure 1). Out of 939 eligible patients, 270 with
missing biomarker data because of venipuncture failure were excluded from the analysis
(Figure 1). Of the 669 analysed patients, 17 (2.6%) had an indeterminate infection status
(unclassified fever), according to the expert adjudication committee (Figure 1 and Table 1).
A total of 652 patients with a determined infection status were partitioned into a training
cohort (TRAIN set; nn = 412) for biomarker computational modelling and a validation cohort
(TEST set; n = 240) for the confirmation of model performance on an independent cohort
(Figure 1).

983 enrolled patients

12 patients with
invalid censent

971 patients with valid consent

32 patients with invalid inclusion
and/or exclusion criteria

939 eligible patients

270 patients without biomarker data:

= No venipuncture (198 patients) —

= |nsufficient blood sample (72 patients)

669 patients analysed

17 patients with
unclassified fever

652 patients with determined bacterial or viral status

| ]
TRAIN cohort TEST cohort
412 patients 240 patients

Figure 1. Study flow diagram. Out of 983 enrolled paediatric patients, 12 were ineligible due to
invalid informed consent and 32 due to invalid inclusion and/or exclusion criteria. Out of the
939 eligible patients, 270 patients with missing biomarker data due to sampling failure were excluded
from the analysis. Out of 669 analysed patients, 17 with indeterminate infection status (unclassified
fever) were excluded from computational modelling. Altogether, 652 patients with a determined
infection status were partitioned into a training (TRAIN) cohort (1 = 412) and an independent
validation (TEST) cohort (1 = 240).
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Table 1. Infection classification in the whole, training (TRAIN), and validation (TEST) cohorts.

Whole Cohort TRAIN Set TEST Set
Infection Class (n =669) (n=422) (n =247)

N (%) N (%) N (%)
Proven 90 (13.4) 53 (12.6) 37 (15.0)

B al infecti Presumed 71 (10.6) 50 (11.8) 21 (8.5)
acterial infection Mixed ! 45 (6.7) 20 (4.7) 25 (10.1)
Total 206 (30.8) 123 (29.1) 83 (33.6)
Proven 60 (8.9) 33(7.8) 27 (10.9)
Viral infection Presumed 386 (58.0) 256 (60.7) 130 (52.6)
Total 446 (66.7) 289 (68.5) 157 (63.5)

Unclassified fever 2 Total 17 (2.6) 10 (2.4) 7 (2.8)

1 Mixed (bacterial and viral) infections were assigned to the bacterial infection group because they were clinically
managed similarly; ? patients with unclassified fever were excluded from the TRAIN and TEST sets for the
computational analysis. A chi-squared test showed no statistically significant difference in infection classification
between the TRAIN and TEST sets (p = 0.427).

Out of the 669 analysed patients, 287 (42.9%) were hospitalised, including 279 (97.2%)
in the paediatric ward, 7 (2.4%) in the intermediate care unit, and 1 (0.3%) in the intensive
care unit. In total, 338/669 (50.5%) patients were subjected to medical imaging, including
201 (59.5%) chest radiography, of which 69 (34.3%) were abnormal; 142 /338 (42.0%) patients
with medical imaging received an ultrasound scanning, of which 49 (34.5%) suggested
an infection; and 219/669 (32.7%) admitted children received an initial antibiotherapy.
At the 7-day follow-up, 547/669 (81.8%) parents or legal guardians could be contacted.
Apyrexia in the last 48 h was documented in 470 (70.2%) patients. On day 7, 108/331
(32.6%) outpatients received a new medical consultation, and 9 (2.7%) necessitated a
secondary hospitalisation.

Among the 669 analysed patients, the adjudication committee diagnosed 123/422
(29.1%) and 83 /247 (33.6%) bacterial infections and 289 /422 (68.5%) and 157 /247 (63.5%)
viral infections in the TRAIN and TEST sets, respectively (Table 1; chi-squared test TRAIN
vs. TEST sets, p = 0.427). This elevated rate of SBI in our cohort, compared to that generally
reported in the general paediatric population, which ranges from 7% to 28% [1-3], might
be due to the inclusion of children admitted to PED who required a clinical examination
and were prescribed biological sample collection and analysis.

Patients’” characteristics in terms of sex, age, and clinical variables were comparable
in the TRAIN and TEST sets (Table 2). Altogether, 163 pathogens were identified in
150 patients with proven infections (Table S1). The most prevalent detected bacterium
was E. coli, and predominant viruses were picornaviruses, respiratory syncytial virus, and
influenza virus (Table S1).
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Table 2. Patients’ characteristics in TRAIN and TEST sets, according to the viral or bacterial infection

status.
TRAIN Set TEST Set
Study Population According Viral Bacterial Total Viral Bacterial Total
to Infection Status (N =289) (N =123) (N =412) (N =157) (N =83) (N = 240)
Sex, N (%)
Female 132 (45.7%) 55 (44.7%) 187 (45.4%) 74 (47.1%) 43 (51.8%) 117 (48.8%)
Male 157 (54.3%) 68 (55.3%) 225 (54.6%) 83 (52.9%) 40 (48.2%) 123 (51.2%)
Age in days
Median 335.0 393.0 345.0 169.0 403.0 264.5
Range 8.0-1080.0 10.0-1094.0 8.0-1094.0 12.0-1084.0 13.0-1075.0 12.0-1084.0
Interquartile range 85.0-570.0 133.5-571.5 88.7-571.2 71.0-571.0 132.5-690.0 78.0-603.0
Age class, N (%)
<3 months 82 (28.4%) 25 (20.3%) 107 (26.0%) 62 (39.5%) 15 (18.1%) 77 (32.1%)
>3 months 207 (71.6%) 98 (79.7%) 305 (74.0%) 95 (60.5%) 68 (81.9%) 163 (67.9%)
Season, N (%)
Winter 77 (26.6%) 22 (17.9%) 99 (24.0%) 37 (23.6%) 20 (24.1%) 57 (23.8%)
Spring 50 (17.3%) 28 (22.8%) 78 (18.9%) 26 (16.6%) 18 (21.7%) 44 (18.3%)
Summer 63 (21.8%) 28 (22.8%) 91 (22.1%) 41 (26.1%) 19 (22.9%) 60 (25.0%)
Autumn 99 (34.3%) 45 (36.6%) 144 (35.0%) 53 (33.8%) 26 (31.3%) 79 (32.9%)
General appearance at clinical
examination, N (%)
Good 161 (55.7%) 59 (48.0%) 220 (53.4%) 85 (54.1%) 37 (44.6%) 122 (50.8%)
Intermediate 74 (25.6%) 41 (33.3%) 115 (27.9%) 42 (26.8%) 31 (37.3%) 73 (30.4%)
Bad 10 (3.5%) 3(2.4%) 13 (3.2%) 6 (3.8%) 4 (4.8%) 10 (4.2%)
Unknown 44 (15.2%) 20 (16.3%) 64 (15.5%) 24 (15.3%) 11 (13.3%) 35 (14.6%)
Associated symptoms at
clinical examination, N (%) !
No 58 (20.1%) 49 (39.8%) 107 (26.0%) 41 (26.1%) 29 (34.9%) 70 (29.2%)
Yes 229 (79.2%) 74 (60.2%) 303 (73.5%) 110 (70.1%) 54 (65.1%) 164 (68.3%)
Unknown 2 (0.7%) 0 (0.0%) 2 (0.5%) 6 (3.8%) 0 (0.0%) 6 (2.5%)
Signs of poor tolerance to
fever, N (%) 2
No 216 (74.7%) 104 (84.6%) 320 (77.7%) 114 (72.6%) 69 (83.1%) 183 (76,2%)
Yes 71 (24.6%) 17 (13.8%) 88 (21.3%) 38 (24.2%) 14 (16.9%) 52 (21.7%)
Unknown 2 (0.7%) 2 (1.6%) 4 (1.0%) 5(3.2%) 0 (0.0%) 5(2.1%)
Fever duration, N (%)
<12h 59 (20.4%) 14 (11.4%) 73 (17.7%) 47 (29.9%) 14 (16.9%) 61 (25.4%)
12-24h 76 (26.3%) 28 (22.8%) 104 (25.3%) 34 (21.7%) 21 (25.3%) 55 (22.9%)
>24 h 153 (52.9%) 81 (65.8%) 234 (56.8%) 75 (47.8%) 48 (57.8%) 123 (51.3%)
Unknown 1 (0.4%) 0(0.0%) 1 (0.2%) 1 (0.6%) 0 (0.0%) 1 (0.4%)

! meningeal syndrome, otolaryngologic symptoms, vomiting, diarrhea, skin rash, purpura, and acute otitis media;

2 hemodynamics, neurological, and/ or respiratory symptoms.

3.2. Biomarkers’ Characteristics

The concentrations of the seven investigated biomarkers in the sera (CRP, PCT, TRAIL,
NGAL, IP-10, IL-6) or whole blood (MxA) of patients diagnosed with a bacterial vs. vi-
ral infection, in the TRAIN and TEST cohorts, are shown in Figure S1 and Table S2. A
healthy cohort was tested as a reference. Marker concentrations according to the age class
(<3 months and >3 months of age) are shown in Figure 52 and Table S3.

3.3. Performance of Biomarker Combinations Using Logistic Regression

The seven selected biomarkers from the TRAIN set were combined, up to four markers,
by logistic regression (Table S4). The number of markers per combination was limited to
four, to remain amenable to clinical practice. The 98 trained models were then applied
to the TEST set for an independent validation. Model performance was evaluated in
terms of AUC, LR+, and LR— (Table S5). The targeted performance criteria were (i) a LR+
of minimum 5.67, ideally > 8.5 (increased probability of SBI diagnosis), and (ii) a LR—
of maximum 0.5, ideally < 0.3 (decreased probability of SBI diagnosis). While models
with LR— < 0.3 were obtained, the maximum LR+ did not exceed 4.21 for a three-marker
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combination (model 57: NGAL/MxA /TRAIL) (Tables S5 and S6). Although the LR+ of
model 57 was higher than that achieved by PCT (LR+ = 1.03) and CRP (LR+ = 2.22), the
difference was not statistically significant (p = 0.677 and p = 0.884, respectively). The AUC
(95% confidence interval (CI)) of model 57 was 0.831 (0.777-0.886).

Importantly, model performances were consistent between the TRAIN and TEST set,
with the top five models in the TEST set being among the top nine models in the TRAIN
set (Tables S4 and S5). As for the contribution of individual markers, IL-6 did not improve
the performance of PCT or CRP, and IP-10 and NGAL did not improve the performance
of CRP and only slightly improved the performance of PCT. Altogether, IL-6, IP-10, and
NGAL minimally improved the performance of the associated models (Table S5). On the
other hand, while MxA did not improve the performance of PCT or CRP, TRAIL alone did
improve their performance. Interestingly, the MxA /TRAIL pair showed a reasonably good
performance (model 22: top 16 with AUC = 0.814, LR+ = 2.85, LR— = 0.32), which was
further increased in association with CRP (model 52: top 11 with AUC = 0.824, LR+ = 3.28,
LR— =0.32) or PCT (model 63: top 9 with AUC = 0.834, LR+ = 3.29, LR— = 0.3) (Table S5).
Notably, the top 13 combinations in the global population all included the MxA /TRAIL pair
(both in the TRAIN and TEST sets) (Tables S4 and S5). Figure 2a depicts the representative
ROC curves and AUC forest plots, showing model 57 (black) in comparison to PCT and
CRP alone (pink) as well as models including MxA and TRAIL. Additional performance
values are shown in Table S6.
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Figure 2. Performance of marker combinations using logistic regression (TEST set). ROC curves and
forest plots of best performing models are shown for the global population (a), the < 3-month-old
patients (b), and the > 3-month-old patients (c). The upper ROC curves show the comparisons to CRP
(pink curves) and the lower ROC curves the comparisons to PCT (pink curves). The forest plots depict
AUC (plain circles) and respective 95% CI (horizontal whiskers). Model 57 (NGAL/MxA /TRAIL; black
curves, black whiskers) performs best in terms of LR+ in the global population. Complete performance
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results of the depicted models are shown in Table S6. Performance results of all 98 models are shown
in Table S5. The AUC of model 57 (0.831) was not statistically different from that of PCT (0.789;
p = 0.115) but was significantly better than that of CRP (0.779; p = 0.042). The 4-marker model
PCT/NGAL/MxA /TRAIL (model 67) achieved the highest AUC (0.839; Table S5). The difference in
AUC of model 67 to that of PCT was close to statistical significance (p = 0.053), while that of model 67
vs. CRP was statistically significant (p = 0.014).

Interestingly, application of these models to the two age class populations (< and
>3 months) revealed better performances (higher LR+) in the younger patients’ group
(791 days of age; n = 77). Out of the 98 generated models, 17 fulfilled the targeted
performance criteria in the 7-91-day-old group, of which 15 included the MxA /TRAIL
pair (Table S5). AUC estimates were also globally higher in the < 3-month-old group,
although the respective 95% ClIs were broader (Figure 2b vs. Figure 2c and Table S6).
Regarding the AUC and LR estimates (and the number of contributing markers), the
best-performing model in the <3-month population was CRP/MxA/TRAIL (model 52;
AUC =0.895, LR+ = 10.46, LR— = 0.16) (Tables S5 and S6).

Altogether, the combination of up to four out of seven biomarkers by logistic regression
allowed for reaching the predefined performance criteria in younger patients (791 days of
age) but not in the global population (7 days—36 months). The best marker combinations
included the viral biomarkers MxA and TRAIL.

3.4. Performance of Combinations of Clinical Variables and Biomarkers Using Machine Learning
(Post Hoc Analysis)

To identify models discriminating bacterial from viral infection more accurately, no-
tably in the 7 days—36 months population, a post hoc analysis was conducted combining
relevant clinical variables with a minimal set of biomarkers and using machine learning-
based modelling. Models integrating clinical parameters and biomarkers have indeed
proved to be more performant than clinical parameters or biomarkers alone [1,5-7,23].
The analysis was limited to two-marker combinations, to keep the approach practicable
in clinical routine. Given their good performance in the previous approach, MxA and
TRAIL were selected in addition to CRP and PCT and were tested in the following combi-
nations: CRP/TRAIL, PCT/TRAIL, CRP/MxA, PCT/MxA, and MxA /TRAIL. Five clinical
variables (5CV) normally applied during clinical examination at the participating PED
for the diagnosis of SBI were selected by the clinicians as modelling features: signs of
poor tolerance to fever, general appearance, associated symptoms, fever duration, and age
(Table 2).

The targeted performance criteria (LR— < 0.3, maximum LR+) and the training and
validation sets were the same as in the previous approach. Although the performance of
machine learning-based classifiers generated by the combination of the 5CV and biomark-
ers was better than that of the 5CV and biomarkers alone, the classifiers failed to reach
the aimed performance criteria in the global population, with a maximum LR+ of 3.62
(LR— =0.33; AUC (95% CI) = 0.826 (0.770-0.880)) for the combination 5CV/MxA /TRAIL
(Table S7, Figures 3a and 4a). As observed before, model performances were greater in
younger (7-91-day-old) patients. The top five models in this group fulfilled the aimed
performance criteria (Table S7). The best model in respect to both AUC and LR in the
<3-month-old group was the combination of 5CV/PCT/MxA (AUC (95% CI) = 0.919
(0.770-0.880), LR+ = 21.31, LR— = 0.32) (Table S7, Figures 3b,c and 4b,c).



J. Clin. Med. 2022, 11, 6563 11 0f 19

Global Population
(a) (b) < 3 months (c) > 3 months
(7 days-36 months}
o ] o ] e ]
@ @ | ©
3 =4 =
EX-I r 34 284
= = =
B k4 ki
3 « & - 8«
L AUC [C1 95%] LA @ Z o AUC [C] 95%)]
——CRPTRAL  0820(0.7660.675) AUG (1 95%] — SCYCRPTRAIL 0.00[0.731.0.884]
5CV CRP TRAIL 0.818[0.761:0.874] CRP MxA 0,903 [0.816,0.980) CRP TRAIL 0792 10.721.0.884]
—— 5CVCRPMxA 0807 [0.747,0.866] | SCV CRP MrA  0.80810.764:0.077] o — 5CVCRP 0757 [0.682:0 831]
ol — CRP MxA 0797 [0.735:0 880] a CRP TRAIL 0.850 [0.743:0 957] e — 5CVCRPMxA 0754 [0.780.820]
SCV CRP TRAIL 0.846[0.725.0.967] .
5CV GRP 0.761[0.732:0.850] CRP Mx& 0.740 [0.651.0.819]
5CV 0.760[0809.0.910 1
CRP 0.773[0.710,0.030] CRP 0.743[0.586:0.500 i o503 Iy -are.a-rao)
= —sov 0641[0.567:0714] = | — Sov 0622 [0 4780 789 o — el
S = o
T T T T T T T T T T T T T T T
0.0 02 04 06 08 1.0 0.0 02 04 0.6 08 10 0.0 0.2 04 06 X3 1.0
1-Specificit 1-Specificity 1-Specificity
P ity
o — o | e pm—
= e - < e
o = . ‘;:F‘“’FE_'EP
o = = | [
s = = Pl
AR

& S z g z 3

4 z >

] Z E

§ 2 E:

@ 3 7 AUC [C1 85%] @ = 3z AUG T 85%]
PCTTRAL 0831 (0.777.0.885) AUG [C1 85%] PCT TRAIL 0.809 [0.741,0.878]
5CV PCT TRAIL 0827 [0.7720 882] SCV PCT MxA 0019 0.836:1.000] 5CV PCT TRAIL 0.763[0.722.0864)
SCVPCTMYA  0919[0.762.0674) ECT(M 080310 678:0 675 o~ —PCT 0.77410.609:0.849]

o4 PCT MxA 0.797 [0.735:0 860] o4 SCV PCT TRAIL 0.885 [0.775.0 864) s SCV PCTMxA 077006960 342]

PCT 0780 [0.726,0 851] PCTTRAIL 024807440082 PCT MeA 0.753[0.6790827)
5CV PCT 0775[0.7110,830] 5CV PCT 01 [0.0i0.932] 50V PET 0.752[0.6750828)

- — scv 0541[0.567.0.714] - —Eer Ok posevmc ey = oV 0.663[0.576,0.750]

o s =

T T T T T T T T T T T T T T T T
0.0 0z 0.4 06 E:] 1.0 0.0 02 0.4 06 08 1.0 0.0 02 0.4 0s 0.8 .0
1-Specificity 1-Specificity 1-Specificity
PCT/TRAILAH —— SCVIPCTIMxAS —_—— PCT/TRAILH —_——
SCWPCT/TRAILA — GRPMxA1 . a— S5CVICRP/TRAILA —
SCWIMXAITRAILH —— PCTMxA ——— R —_—
CRP/TRAILA —_— SCVIMAITRAILH —_— SCV/PCTITRAILA ——
SCVITRAILH —_—— SCV/CRP/MxA —_— CRP/TRAILA ——
SCVIPCTIMxA] — SCVIPCT/TRAILA —_— SCVINXATRAILA —_—
5CWCRPJ'_I[ ﬂ:l\:- —— SCVITRAIL4 —_— TRAILA —_—
1 —_— g —_— PCT —_——
SCVICRP/NXA: —— CRPTRAILA — SCVIPCTIMxA —_—
Cl — PCTARAILA _— 5CV/CRPA —_—
PCTIMxAA —— 5CVICRPTRAILA —_—— BSCVICRP/MxA —
SCV/CRPA s TRAIL R PCTIMxA ——

PCTA R ] — 5CVIPCTH ——
SCVIPCTH — SCVIPCTH —_— CRP/MxA] —_—
SCVIMAT ——— PGTH B — CRP R —

CRPH —— SCVIGRP e SR scwm- —

q —— CRP —_———————— XA —
A ———— 1 - 1 [
scv T T T T T 1 85 L T T T T T By T T T T T T
05 06 07 ] og 10 05 08 07 08 09 1.0 05 L3 o7 o8 0g 10
AUC TEST Set- 3 to 36 months.

AUC TEST Set- 7 days-36 months AUG TEST Set- 7 days- 3 months

Figure 3. Performance of models combining biomarkers and clinical variables using machine learning
(TEST set). ROC curves and forest plots of best performing models are shown for the global population
(a), the <3-month-old patients (b), and the >3-month-old patients (c). The upper ROC curves show
the comparisons to CRP (pink curves) and the lower ROC curves the comparisons to PCT (pink
curves). The clinical variables alone (5CV) are shown as black curves. The forest plots depict AUC
(plain circles) and respective 95% CI (horizontal whiskers). Complete performance results are shown
in Table S7. In terms of AUC, PCT/TRAIL performed best in the global population, with an AUC of
0.831. The difference in AUC between PCT/TRAIL and PCT (AUC = 0.789) was close to statistically
significant (p = 0.056), while that between PCT/TRAIL and CRP (AUC = 0.773) was statistically
significant (p = 0.025). In the <3-month-old group, the best model in respect of both AUC and LR
was 5CV/PCT/MxA (AUC = 0919, LR+ = 21.31, LR— = 0.32). The differences in AUC between
5CV/PCT/MxA and PCT (AUC = 0.793) and between 5CV/PCT/MxA and CRP (AUC = 0.743) were

both statistically significant (p = 0.030 and p = 0.005, respectively).

Finally, the validity of the machine learning approach was verified on the group of
proven bacterial and viral infections within the global population (TRAIN set, nn = 86; TEST
set, n = 64; see Table 1). As anticipated, higher performances were observed, with the
highest AUC for 5CV/CRP/MxA (AUC (95% CI) = 0.944 (0.883-1.000)). The best model
for both AUC and LR was for 5CV/CRP/TRAIL (AUC (95% CI) = 0.937 (0.882-0.991),

LR+ = 20.43, LR— = 0.25) (Figure S3).
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Figure 4. Performance of machine learning-based models including MxA and TRAIL together with
clinical variables (TEST set). ROC curves and forest plots of best performing models including
MxA and TRAIL are shown for the global population (a), the < 3-month-old patients (b), and the
>3-month-old patients (c). The upper ROC curves show the combinations with CRP and the lower
ROC curves the combinations with PCT. The bad-performing model including clinical variables only
(56CV) is depicted in black, and the good-performing model (5CV/MxA /TRAIL) is depicted in brown.
Respective forest plots are shown in Figure 3. Complete performance results are shown in Table S7.

3.5. Performance of the Best Models for Antibiotherapy Management

The performances of the best models generated by logistic regression and machine
learning were next evaluated regarding antibiotherapy management, using the classifica-
tion by the expert adjudication committee as the reference standard. For 214/240 (89.2%)
patients of the validation cohort, the applied antibiotherapy protocol agreed with the
classification of a bacterial or viral infection by the adjudication committee (i.e., treated
bacterial infections and untreated viral infections) (Table 3). For 26/240 (10.8%) patients,
the antibiotherapy decision disagreed with the classification by the adjudication committee,
with 11 untreated patients classified as having a bacterial infection and 15 treated patients
classified as having a viral infection (Table 3). Importantly, none of the 11 untreated SBI
had developed clinical complications at the 7-day follow-up.

Table 3. Concordance between the classification by the adjudication committee and antibiotherapy
(TEST set; n = 240).

Treatment with Antibiotics
Yes No

B . 1 . f . Yes 72 11
acterial infection No 15 142
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Reclassification by selected models of the infection status of the 26 discordant and
214 concordant classifications of the adjudication committee is shown in Table 4. While
single markers, in particular PCT, performed well to rule in SBI (10/11 (90.9%) untreated
SBI reclassified as SBI and only 4/72 (5.6%) treated SBI wrongly reclassified as non-SBI
by PCT), they were poor in ruling it out (128/140 (91.4%) untreated non-SBI reclassified
as SBI by PCT). By contrast, models tended to better rule out SBI, while showing some
benefit in ruling it in (Table 4). The benefit of these models is, however, mitigated by the
observation that only one untreated pneumococcus infection would have been correctly
classified as SBI by the best models, and a few “untreated SBI reclassified as SBI” (2/8
for NGAL/MxA/TRAIL, 1/9 for 5CV/MxA /TRAIL) were salmonella infections in older
(2 and 3 years of age) children, for which no antibiotics therapy would have been recom-
mended at our PED. In addition, one case of untreated bacterial and viral co-infection
was never correctly reclassified as SBI by the best three models (NGAL/MxA /TRAIL,
5CV/PCT/TRAIL, 5CV/MxA/TRAIL).

Table 4. Reclassification of serious bacterial infection (SBI) by the best models (TEST set; nn = 240).

Classified as SBI 3 Classified as Non-SBI 3
Selected Models I{iﬁ:ﬁ;gfg Untre‘a'ted SBI Trea't(?d Non-SBI Untreat?c:l Non-SBI
as Non-SBI Reclassified as SBI Reclassified as Non-SBI Reclassified as SBI
o nIN, %) 4 (n/N, %) nIN, %) ®
(n/N, /o)
PCT!? 4/72 (5.6%) 10/11(90.9%) 2/15 (13.3%) 128/140 (91.4%)
CRP! 12/72 (16.7%) 8/11 (72.7%) 7/15 (46.7%) 50/142 (35.2%)
PCT/MxA/TRAIL ! 18/72 (25.0%) 9/10 (90.0%) 8/15 (53.3%) 29/139 (20.9%)
CRP/MxA/TRAIL! 17/72 (23.6%) 7/10 (70.0%) 8/15 (53.3%) 29/141 (20.6%)
NGAL/MxA /TRAIL (model 57) ! 18/72 (25.0%) 8/10 (80.0%) 8/15 (53.3%) 21/141 (14.9%)
5CV/PCT/TRAIL 2 17/72 (23.6%) 7/11 (63.6%) 9/15 (60.0%) 29/142 (20.4%)
5CV/MxA /TRAIL 2 19/72 (26.4%) 9/11 (81.8%) 8/15 (53.3%) 25/142 (17.6%)

1 Logistic regression-based models; > machine learning-based models; ® by the expert adjudication committee;
* denominator <11 in some cases for logistic-regression-based models, due to one patient with missing biomarker
data; ® denominator <142 in some cases for logistic-regression-based models, due to several patients with
missing biomarker data. Abbreviations: SBI, serious bacterial infection; 5CV, 5 clinical variables selected for
computational modelling.

4. Discussion

This prospective, multicentre, observational study evaluated the potential benefit of
combining bacterial- and viral-induced host-protein biomarkers to improve the diagnosis
of SBI in febrile children aged 7 days to 36 months.

Using logistic regression applied to blood levels of selected protein markers, we
showed that combinations of biomarkers (with or without selected clinical variables)
performed slightly better than CRP or PCT alone to diagnose SBI. However, the poor
LR+ and acceptable LR— observed in the 7 days-36 months population indicate that these
models might be better to rule out SBI, rather than ruling it in. The small improvement of the
best generated models over CRP and PCT was confirmed by the reclassification of patients
that showed a discordance between the infection status assigned by the adjudication
committee and the decision to treat with antibiotics by the physician. Notably, compared
to single markers and especially to PCT, the models tended to better rule out SBI, as
previously reported by other modelling approaches [1,5,8-10]. Nonetheless, the benefit of
this reclassification was marginal, first because the concordance rate of SBI diagnosis by the
adjudication committee with antibiotherapy was already high (89.2%) and second because
the few cases of SBI diagnosis not treated with antibiotics might have benefited from
antibiotherapy. This demonstrates the good clinical performance of SBI diagnosis by the
standard of care in this study. Nevertheless, the validity of our computational approach was
supported by the better diagnostic performance achieved in the subgroup of patients with
proven bacterial infection (e.g., LR+ = 20.43, LR— = 0.25 for 5CV/CRP/TRAIL; post hoc
analysis). Importantly, satisfactory LR+ performances were also obtained when focusing on
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the < 3-months population (e.g., LR+ = 10.46, LR— = 0.16 for CRP/MxA/TRAIL; LR+ =9.3,
LR— =0.27 for 5CV/MxA /TRAIL), suggesting that our approach might mainly benefit this
younger age class. As the size of this age group is small in our study (n = 107 in TRAIN set,
n =77 in TEST set; Table 2), our observations must be verified in a large cohort study of
<3-month-old febrile patients. If confirmed, our modelling approach would distinguish
itself from previously reported clinical prediction models showing similar performances in
patients aged < 3 months and 3-12 months [7].

Our logistic regression approach confirmed previous studies showing that marker
combinations perform better than single markers and that a combination of bacterial and
viral biomarkers can improve the classification of SBI [1,11,16,22,24,25]. Indeed, most
top combinations consisted of both bacterial- and viral-induced markers. Surprisingly,
the viral markers MxA and TRAIL performed best as a two-marker combination, and
the pair MxA /TRAIL was part of most of the best performing models. The good per-
formance of MxA /TRAIL was particularly evident in the <3 months group (LR+ =7.99,
LR— = 0.24), which was further increased in association with the bacterial-induced markers
PCT (LR+=9.43, LR— = 0.23) and CRP (LR+ = 10.46, LR— = 0.16). Why the two viral-
induced markers MxA and TRAIL performed well in combination for the diagnosis of SBI
in younger febrile patients remains to be investigated.

The ImmunoXpert host-signature assay computationally integrates the blood levels of
CRP, TRAIL, and IP-10 [22,24,25,29]. As opposed to our approach, the InmunoXpert assay
is based on predefined cutoffs. In our study, the CRP/TRAIL/IP-10 combination (model 53)
performed worse than CRP alone or CRP/TRAIL (model 27), both in the global population
and in patients <3 months of age (Table S5). In patients >3 months of age, CRP/TRAIL/IP-
10 performed comparably to CRP and worse than CRP/TRAIL (Table S5). Similarly, the
FebriDx rapid test integrates blood levels of CRP and MxA based on predefined cutoffs [26].
In our study, the CRP/MxA combination (model 20) performed worse than CRP alone
in both the global and <3-month-old populations. These observations demonstrate the
impact of the modelling and scoring method on the potential value of biomarkers. In
the case of the ImmunoXpert assay, the definition of the age group might also impact the
diagnosis outcome, as these studies included older paediatric patients compared to our
study [22,24,25,29]. The difference between studies in the definition of bacterial infection
and SBI, due to the lack of a validated and standardised risk stratification tool, might also
influence the results.

Our study presents several strengths and limitations. The major strengths are the
large size of the young children enrolled in the study (n = 983) and the real-life setting
including proven, presumed, and mixed infections. Other strengths are the double-blinded
study design (investigator blinded to biomarker results, adjudication committee blinded to
biomarker results and to routine PCT and/or CRP results possibly ordered by the physi-
cian), and the multicentre design involving three French PED. As for the computational
analysis, a key strength is the definition of a training cohort for model generation and an
independent test cohort for model validation. Limitations include possible heterogeneity
in patient management between centres, although this might be considered a strength, as it
better reflects the real-life clinical setting. Another possible limitation is the management
of patients suspected of SBI per investigator assessment, which might have introduced
interpatient heterogeneity, albeit again reflecting the current real-life clinical setting. Fu-
ture biomarker studies would surely benefit from a standardised phenotyping and risk
stratification tool for children with suspected SBI [6]. Next, the adjudication panel might
have been influenced in their diagnosis assignment by the knowledge of the antibiotherapy
decision of the investigator, thus potentially introducing a bias in the definition of the
SBI group. In addition, the predefined age class (7 days-36 months) might have been too
broad, probably not accurately reflecting the differences in the clinical setting between
younger (<3 months) and older (>3 months) children. This is supported by the better model
performances observed in younger children in our study. Finally, the seasonal (rather than
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random) assignment of the training and validation cohorts was epidemiologically justified
but might have introduced a time-dependent bias in the analysis.

5. Conclusions

Although our study failed to identify marker combinations outperforming CRP or PCT
alone in 7 days-36 months febrile children, it confirmed the benefit of integrating bacterial-
and viral-induced host biomarkers in computationally generated prediction models; this
appeared to be especially the case for <3-month-old febrile patients. Refinement of this
approach will be needed to significantly improve prediction tools. The limited increase in
performance, achieved by selecting well-known markers of bacterial and viral infections,
also suggests that clinical decision rules (e.g., Lab-score, Step-by-Step approach) [1,3,5-7]
might be more adapted to clinical practice, or that alternative, unbiased proteomics or
transcriptomics approaches might be more powerful to identify novel SBI biomarkers more
accurately, thereby better assisting paediatricians in the diagnosis and management of
febrile young children.
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Appendix A. Bacterial and Viral Infection Definitions

The primary endpoint was bacterial infection, defined by the adjudication committee
as a proven bacterial infection, a presumed bacterial infection, or a mixed (bacterial and
viral) infection. SBI, viral infection, and unclassified fever were defined as follows:

Appendix A.1. Serious Bacterial Infection (SBI)
e Proven SBI was established in the case of:

- A positive Streptotest result

- Bacteremia: pathogen detection in blood culture. A blood culture was considered
negative if symptoms improved without antibiotherapy in the case of sapro-
phytic germs (i.e., Staphylococcus coagulase-negative) or if the isolated germ was
nonpathogenic (i.e., diphteroids, nonpathogenic neisseria, x-hemolytic strepto-
coccus, etc.)

- Bacterial meningitis: pleiocytosis (>5 cells/mm?) and pathogen detection (culture-
positive) in the cerebrospinal fluid. In the case of a hemorrhagic cerebrospinal
fluid, only a positive culture for a pathogenic germ confirmed the diagnosis of
proven SBL

- Bacterial urinary tract infection: established from a sample collected by urinary
catheterisation or from a midstream specimen of urine (MSU), with a cytobacte-
riological examination showing white blood cells >10/mm? and a pathogenic
monomorphic flora >10° CFU/mL.

- Bacterial respiratory infection: radiological and clinical pneumonia associated
with a rapid improvement under antibiotherapy.

- Acute bacterial gastroenteritis: liquid stool and stool culture positive for a
pathogenic germ.

- Bacterial infection of soft tissue, cellulitis, or abscess: clinical diagnosis based on
evidence of inflammatory skin changes or abscess. When possible, a microbiologi-
cal collection was carried out, and the detection of a pathogenic germ confirmed
the diagnosis of proven SBI.

- Bacterial osteoarticular infection: positive culture of the fluid of an articular puncture.

e  Presumed SBI was established in the case of:

- Urinary tract infection: established from a sample collected from a urine bag (as
opposed to urinary catheterisation; see proven SBI above)

e  Mixed (bacterial and viral) infection was established in the case of patients who met
the criteria for a proven or presumed bacterial infection and whose clinical or para-
clinical data suggested a viral co-infection. Mixed infections were clinically managed
like bacterial infections.

Appendix A.2. Viral Infection

e Proven viral infection was established in the case of:
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- Viral meningitis: pleiocytosis (>5 cells/ mm?) and virus detection by PCRin the
cerebrospinal fluid. In the case of a hemorrhagic cerebrospinal fluid, only virus
detection confirmed the diagnosis of proven viral infection.

- Respiratory syncytial virus (RSV) infection: respiratory or nasopharyngeal symp-
toms associated with a RSV-positive sample.

- Influenza virus infection: detection of the virus in a nasopharyngeal sample.

- Other viral respiratory infections: respiratory or nasopharyngeal symptoms asso-
ciated with the detection of a virus other than those mentioned above.

- Acute viral gastroenteritis: liquid stool and a stool that tested positive for a
gastrointestinal virus.

e  Presumed viral infection was established in the case of:

- Presumed viral meningitis: pleiocytosis (>5 cells/mm?) without evidence of a
pathogenic bacteria (culture-negative) or of a virus (PCR-negative) in the cere-
brospinal fluid. In the case of a hemorrhagic cerebrospinal fluid, only the evidence
of a negative culture and PCR confirmed the diagnosis of presumed viral infection.

- Rhinitis: only nasal discharge without evidence of a microbiological agent.

- Nasopharyngitis: pharyngitis and nasal discharge without evidence of a microbi-
ological agent.

- Varicella zoster virus infection: based on clinical diagnosis.

Appendix A.3. Unclassified Fever

- Fever of infectious origin without an identified cause: fever without clinical evidence
of an infection site, for which all microbiological investigations were negative and the
clinical course did not allow for the adjudication committee to assign a diagnosis.

- Fever of non-infectious origin: inflammatory fever (e.g., Kawasaki or Still’s disease).

Appendix B. Computational Modelling Methods Used in Machine Learning

Machine learning-based classifiers were built on the TRAIN dataset using the Caret
package in R [37]. To avoid overfitting, the models were trained using 100 resampling
according to the Leave Group Out Cross-Validation (LGOCV) method available in Caret.
The models available in the Caret package (https://topepo.github.io/caret/available-
models; accessed on 10 October 2022) used in this study are listed in Table A1.

Table A1. Models of the Caret package used for machine learning in this study.

Model Method Value Type Libraries Tuning Parameters
eXtreme Gradient Boosting xgbLinear Classification, Regression xgboost nrounds, lambda, alpha, eta
Linear Discriminant Analysis Ida Classification MASS None
Stochastic Gradient Boosting gbm Classification, Regression gbm, plyr s?éflfig?fﬁcigggﬁﬁ;g’e
Generalized Additive Model using Splines gam Classification, Regression mgcv select, method
Random Forest rf Classification, Regression randomForest mtry
glmnet glmnet Classification, Regression glmnet, Matrix alpha, lambda
Bayesian Generalized Linear Model bayesglm Classification, Regression arm None
Generalized Linear Model glm Classification, Regression - None
Penalized Multinomial Regression multinom Classification nnet decay
Generalized Additive Model using LOESS gamLoess Classification, Regression gam span, degree
Boosted Generalized Linear Model glmboost Classification, Regression plyr, mboost mstop, prune
Conditional Inference Tree ctree Classification, Regression party mincriterion
Partial Least Squares pls Classification, Regression pls ncomp
Stabilized Linear Discriminant Analysis slda Classification ipred None
k-Nearest Neighbors knn Classification, Regression - k

Linear Distance Weighted Discrimination dwdLinear Classification kerndwd lambda, qval



https://topepo.github.io/caret/available-models
https://topepo.github.io/caret/available-models

J. Clin. Med. 2022, 11, 6563 18 of 19

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Woll, C.; Neuman, M.I.; Aronson, P.L. Management of the Febrile Young Infant: Update for the 21st Century. Pediatr. Emerg. Care
2017, 33, 748-753. [CrossRef]

Milcent, K.; Faesch, S.; Gras-Le Guen, C.; Dubos, F,; Poulalhon, C.; Badier, I.; Marc, E.; Laguille, C.; de Pontual, L.; Mosca, A.;
et al. Use of Procalcitonin Assays to Predict Serious Bacterial Infection in Young Febrile Infants. JAMA Pediatr. 2016, 170, 62—-69.
[CrossRef]

Bressan, S.; Gomez, B.; Mintegi, S.; Da Dalt, L.; Blazquez, D.; Olaciregui, I.; de la Torre, M.; Palacios, M.; Berlese, P.; Ruano, A.
Diagnostic Performance of the Lab-Score in Predicting Severe and Invasive Bacterial Infections in Well-Appearing Young Febrile
Infants. Pediatr. Infect. Dis. J. 2012, 31, 1239-1244. [CrossRef]

Irwin, A.D.; Wickenden, J.; Le Doare, K.; Ladhani, S.; Sharland, M. Supporting Decisions to Increase the Safe Discharge of
Children with Febrile Illness from the Emergency Department: A Systematic Review and Meta-Analysis. Arch. Dis. Child 2016,
101, 259-266. [CrossRef]

Gomez, B.; Mintegi, S.; Bressan, S.; Da Dalt, L.; Gervaix, A.; Lacroix, L. European Group for Validation of the Step-by-Step
Approach Validation of the “Step-by-Step” Approach in the Management of Young Febrile Infants. Pediatrics 2016, 138, e20154381.
[CrossRef]

Nijman, R.G.; Oostenbrink, R.; Moll, H.A.; Casals-Pascual, C.; von Both, U.; Cunnington, A.; De, T.; Eleftheriou, I.; Emonts, M.;
Fink, C.; et al. A Novel Framework for Phenotyping Children with Suspected or Confirmed Infection for Future Biomarker
Studies. Front. Pediatr. 2021, 9, 688272. [CrossRef]

De Vos-Kerkhof, E.; Gomez, B.; Milcent, K.; Steyerberg, E.W.; Nijman, R.G.; Smit, EJ.; Mintegi, S.; Moll, H.A.; Gajdos, V.;
Oostenbrink, R. Clinical Prediction Models for Young Febrile Infants at the Emergency Department: An International Validation
Study. Arch. Dis. Child 2018, 103, 1033-1041. [CrossRef]

Yo, C.-H.; Hsieh, P--S.; Lee, S.-H.; Wu, J.-Y.; Chang, S.-S.; Tasi, K.-C.; Lee, C.-C. Comparison of the Test Characteristics of
Procalcitonin to C-Reactive Protein and Leukocytosis for the Detection of Serious Bacterial Infections in Children Presenting with
Fever without Source: A Systematic Review and Meta-Analysis. Ann. Emerg. Med. 2012, 60, 591-600. [CrossRef]

Kuppermann, N.; Dayan, P.S.; Levine, D.A.; Vitale, M.; Tzimenatos, L.; Tunik, M.G.; Saunders, M.; Ruddy, R.M.; Roosevelt, G.;
Rogers, A.].; et al. A Clinical Prediction Rule to Identify Febrile Infants 60 Days and Younger at Low Risk for Serious Bacterial
Infections. JAMA Pediatr. 2019, 173, 342-351. [CrossRef]

Aronson, PL.; Shabanova, V.; Shapiro, E.D.; Wang, M.E.; Nigrovic, L.E.; Pruitt, C.M.; DePorre, A.G.; Leazer, R.C.; Desai, S.; Sartori,
L.F; et al. A Prediction Model to Identify Febrile Infants <60 Days at Low Risk of Invasive Bacterial Infection. Pediatrics 2019,
144, €20183604. [CrossRef]

Carlton, H.C.; Savovi¢, J.; Dawson, S.; Mitchelmore, PJ.; Elwenspoek, M.M.C. Novel Point-of-Care Biomarker Combination Tests
to Differentiate Acute Bacterial from Viral Respiratory Tract Infections to Guide Antibiotic Prescribing: A Systematic Review.
Clin. Microbiol. Infect. 2021, 27, 1096-1108. [CrossRef]

Craig, ].C.; Williams, G.J.; Jones, M.; Codarini, M.; Macaskill, P.; Hayen, A.; Irwig, L.; Fitzgerald, D.A.; Isaacs, D.; McCaskill,
M. The Accuracy of Clinical Symptoms and Signs for the Diagnosis of Serious Bacterial Infection in Young Febrile Children:
Prospective Cohort Study of 15 781 Febrile Illnesses. BM] 2010, 340, c1594. [CrossRef]

Pulcini, C.; Lions, C.; Ventelou, B.; Verger, P. Indicators Show Differences in Antibiotic Use between General Practitioners and
Paediatricians. Eur. J. Clin. Microbiol. Infect. Dis. 2013, 32, 929-935. [CrossRef]

Weiss, S.L.; Fitzgerald, J.C.; Balamuth, F; Alpern, E.R; Lavelle, J.; Chilutti, M.; Grundmeier, R.; Nadkarni, V.M.; Thomas, N.J.
Delayed Antimicrobial Therapy Increases Mortality and Organ Dysfunction Duration in Pediatric Sepsis. Crit. Care Med. 2014, 42,
2409-2417. [CrossRef]

Cassini, A.; Hogberg, L.D.; Plachouras, D.; Quattrocchi, A.; Hoxha, A.; Simonsen, G.S.; Colomb-Cotinat, M.; Kretzschmar, M.E.;
Devleesschauwer, B.; Cecchini, M.; et al. Attributable Deaths and Disability-Adjusted Life-Years Caused by Infections with
Antibiotic-Resistant Bacteria in the EU and the European Economic Area in 2015: A Population-Level Modelling Analysis. Lancet
Infect. Dis. 2019, 19, 56-66. [CrossRef]

Tsao, Y.-T.; Tsai, Y.-H.; Liao, W.-T.; Shen, C.-].; Shen, C.-E; Cheng, C.-M. Differential Markers of Bacterial and Viral Infections in
Children for Point-of-Care Testing. Trends Mol. Med. 2020, 26, 1118-1132. [CrossRef]

Mahajan, P.; Kuppermann, N.; Mejias, A.; Suarez, N.; Chaussabel, D.; Casper, T.C.; Smith, B.; Alpern, E.R.; Anders, ].; Atabaki,
S.M.; et al. Association of RNA Biosignatures with Bacterial Infections in Febrile Infants Aged 60 Days or Younger. JAMA 2016,
316, 846-857. [CrossRef]

Kaforou, M.; Herberg, J.A.; Wright, V.J.; Coin, L.].M.; Levin, M. Diagnosis of Bacterial Infection Using a 2-Transcript Host RNA
Signature in Febrile Infants 60 Days or Younger. JAMA 2017, 317, 1577-1578. [CrossRef]

Tsalik, E.L.; Henao, R.; Montgomery, ].L.; Nawrocki, ].W.; Aydin, M.; Lydon, E.C.; Ko, E.R.; Petzold, E.; Nicholson, B.P.; Cairns,
C.B.; et al. Discriminating Bacterial and Viral Infection Using a Rapid Host Gene Expression Test. Crit. Care Med. 2021, 49,
1651-1663. [CrossRef]

Holcomb, Z.E.; Tsalik, E.L.; Woods, C.W.; McClain, M.T. Host-Based Peripheral Blood Gene Expression Analysis for Diagnosis of
Infectious Diseases. J. Clin. Microbiol. 2017, 55, 360-368. [CrossRef]

Ramgopal, S.; Horvat, C.M.; Yanamala, N.; Alpern, E.R. Machine Learning to Predict Serious Bacterial Infections in Young Febrile
Infants. Pediatrics 2020, 146, €20194096. [CrossRef]


http://doi.org/10.1097/PEC.0000000000001303
http://doi.org/10.1001/jamapediatrics.2015.3210
http://doi.org/10.1097/INF.0b013e318266a9aa
http://doi.org/10.1136/archdischild-2015-309056
http://doi.org/10.1542/peds.2015-4381
http://doi.org/10.3389/fped.2021.688272
http://doi.org/10.1136/archdischild-2017-314011
http://doi.org/10.1016/j.annemergmed.2012.05.027
http://doi.org/10.1001/jamapediatrics.2018.5501
http://doi.org/10.1542/peds.2018-3604
http://doi.org/10.1016/j.cmi.2021.05.018
http://doi.org/10.1136/bmj.c1594
http://doi.org/10.1007/s10096-013-1828-6
http://doi.org/10.1097/CCM.0000000000000509
http://doi.org/10.1016/S1473-3099(18)30605-4
http://doi.org/10.1016/j.molmed.2020.09.004
http://doi.org/10.1001/jama.2016.9207
http://doi.org/10.1001/jama.2017.1365
http://doi.org/10.1097/CCM.0000000000005085
http://doi.org/10.1128/JCM.01057-16
http://doi.org/10.1542/peds.2019-4096

J. Clin. Med. 2022, 11, 6563 19 of 19

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Van Houten, C.B.; de Groot, ].A.H.; Klein, A.; Srugo, I.; Chistyakov, I.; de Waal, W.; Meijssen, C.B.; Avis, W.; Wolfs, TEW,;
Shachor-Meyouhas, Y.; et al. A Host-Protein Based Assay to Differentiate between Bacterial and Viral Infections in Preschool
Children (OPPORTUNITY): A Double-Blind, Multicentre, Validation Study. Lancet Infect. Dis. 2017, 17, 431-440. [CrossRef]

Van Houten, C.; van de Maat, J.S.; Naaktgeboren, C.; Bont, L.; Oostenbrink, R. Update of a Clinical Prediction Model for Serious
Bacterial Infections in Preschool Children by Adding a Host-Protein-Based Assay: A Diagnostic Study. BM] Paediatr. Open 2019,
3, e000416. [CrossRef]

Oved, K.; Cohen, A.; Boico, O.; Navon, R.; Friedman, T.; Etshtein, L.; Kriger, O.; Bamberger, E.; Fonar, Y.; Yacobov, R.; et al. A
Novel Host-Proteome Signature for Distinguishing between Acute Bacterial and Viral Infections. PLoS ONE 2015, 10, e0120012.
[CrossRef]

Srugo, I; Klein, A.; Stein, M.; Golan-Shany, O.; Kerem, N.; Chistyakov, I.; Genizi, J.; Glazer, O.; Yaniv, L.; German, A.; et al.
Validation of a Novel Assay to Distinguish Bacterial and Viral Infections. Pediatrics 2017, 140, €20163453. [CrossRef]

Self, W.H.; Rosen, J.; Sharp, S.C.; Filbin, M.R.; Hou, P.C.; Parekh, A.D.; Kurz, M.C.; Shapiro, N.I. Diagnostic Accuracy of FebriDx:
A Rapid Test to Detect Inmune Responses to Viral and Bacterial Upper Respiratory Infections. J. Clin. Med. 2017, 6, 94. [CrossRef]
Ashkenazi-Hoffnung, L.; Oved, K; Navon, R.; Friedman, T.; Boico, O.; Paz, M.; Kronenfeld, G.; Etshtein, L.; Cohen, A.; Gottlieb,
T.M.; et al. A Host-Protein Signature Is Superior to Other Biomarkers for Differentiating between Bacterial and Viral Disease in
Patients with Respiratory Infection and Fever without Source: A Prospective Observational Study. Eur. J. Clin. Microbiol. Infect.
Dis. 2018, 37, 1361-1371. [CrossRef]

Stein, M.; Lipman-Arens, S.; Oved, K.; Cohen, A.; Bamberger, E.; Navon, R.; Boico, O.; Friedman, T.; Etshtein, L.; Paz, M.; et al. A
Novel Host-Protein Assay Outperforms Routine Parameters for Distinguishing between Bacterial and Viral Lower Respiratory
Tract Infections. Diagn Microbiol. Infect. Dis. 2018, 90, 206-213. [CrossRef]

Papan, C.; Argentiero, A.; Porwoll, M.; Hakim, U.; Farinelli, E.; Testa, I.; Pasticci, M.B.; Mezzetti, D.; Perruccio, K.; Etshtein, L.;
et al. A Host Signature Based on TRAIL, IP-10, and CRP for Reducing Antibiotic Overuse in Children by Differentiating Bacterial
from Viral Infections: A Prospective, Multicentre Cohort Study. Clin. Microbiol. Infect. 2021, 28, 723-730. [CrossRef]
Valdimarsson, S.; Jodal, U.; Barregard, L.; Hansson, S. Urine Neutrophil Gelatinase-Associated Lipocalin and Other Biomarkers
in Infants with Urinary Tract Infection and in Febrile Controls. Pediatr. Nephrol. 2017, 32, 2079-2087. [CrossRef]

Venge, P.; Douhan-Hdkansson, L.; Garwicz, D.; Peterson, C.; Xu, S.; Pauksen, K. Human Neutrophil Lipocalin as a Superior
Diagnostic Means to Distinguish between Acute Bacterial and Viral Infections. Clin. Vaccine Immunol. 2015, 22, 1025-1032.
[CrossRef]

Xu, S.Y,; Pauksen, K.; Venge, P. Serum Measurements of Human Neutrophil Lipocalin (HNL) Discriminate between Acute
Bacterial and Viral Infections. Scand. J. Clin. Lab. Investig. 1995, 55, 125-131. [CrossRef]

Chalupa, P.; Beran, O.; Herwald, H.; Kaspiikova, N.; Holub, M. Evaluation of Potential Biomarkers for the Discrimination of
Bacterial and Viral Infections. Infection 2011, 39, 411-417. [CrossRef]

Bertens, L.C.M.; Broekhuizen, B.D.L.; Naaktgeboren, C.A.; Rutten, EH.; Hoes, A.W.; van Mourik, Y.; Moons, K.G.M.; Reitsma, J.B.
Use of Expert Panels to Define the Reference Standard in Diagnostic Research: A Systematic Review of Published Methods and
Reporting. PLoS Med. 2013, 10, e1001531. [CrossRef]

Simel, D.L.; Samsa, G.P.; Matchar, D.B. Likelihood Ratios with Confidence: Sample Size Estimation for Diagnostic Test Studies.
J. Clin. Epidemiol. 1991, 44, 763-770. [CrossRef]

Hajian-Tilaki, K. Sample Size Estimation in Diagnostic Test Studies of Biomedical Informatics. J. Biomed. Inform. 2014, 48, 193-204.
[CrossRef]

Kuhn, M. Caret: Classification and Regression Training Version 6.0-86 from CRAN. Available online: https://rdrr.io/cran/caret/
(accessed on 23 September 2021).

Robin, X.; Turck, N.; Hainard, A.; Tiberti, N.; Lisacek, F.; Sanchez, J.-C.; Miiller, M. PROC: An Open-Source Package for R and S+
to Analyze and Compare ROC Curves. BMC Bioinform. 2011, 12, 77. [CrossRef]


http://doi.org/10.1016/S1473-3099(16)30519-9
http://doi.org/10.1136/bmjpo-2018-000416
http://doi.org/10.1371/journal.pone.0120012
http://doi.org/10.1542/peds.2016-3453
http://doi.org/10.3390/jcm6100094
http://doi.org/10.1007/s10096-018-3261-3
http://doi.org/10.1016/j.diagmicrobio.2017.11.011
http://doi.org/10.1016/j.cmi.2021.10.019
http://doi.org/10.1007/s00467-017-3709-1
http://doi.org/10.1128/CVI.00347-15
http://doi.org/10.3109/00365519509089604
http://doi.org/10.1007/s15010-011-0126-4
http://doi.org/10.1371/journal.pmed.1001531
http://doi.org/10.1016/0895-4356(91)90128-v
http://doi.org/10.1016/j.jbi.2014.02.013
https://rdrr.io/cran/caret/
http://doi.org/10.1186/1471-2105-12-77

	Introduction 
	Materials and Methods 
	Study Design and Participants 
	Sample Collection and Biomarker Measurements 
	Definitions 
	Statistical Analysis 

	Results 
	Patients’ Characteristics 
	Biomarkers’ Characteristics 
	Performance of Biomarker Combinations Using Logistic Regression 
	Performance of Combinations of Clinical Variables and Biomarkers Using Machine Learning (Post Hoc Analysis) 
	Performance of the Best Models for Antibiotherapy Management 

	Discussion 
	Conclusions 
	Appendix A
	Serious Bacterial Infection (SBI) 
	Viral Infection 
	Unclassified Fever 

	Appendix B
	References

