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Background and objectives: Adenovirus causes acute respiratory illness that
can mimic bacterial infection, making it challenging to differentiate
adenoviral infection from adenoviral-bacterial co-infection. A host-protein
score (BV score) for differentiating bacterial from viral infection that
combines the expression levels of TNF-related apoptosis-induced ligand,
interferon gamma-induced protein-10, and C-reactive protein exhibited a
negative predictive value (NPV) of 98% in prior studies. Here we evaluate BV
score’s diagnostic accuracy in pediatrics with adenovirus PCR detection.
Methods: This is a sub-analysis of children aged 3 months to 20 years with
adenovirus PCR-positive infection recruited prospectively in two previous
cohort studies. Reference standard diagnosis (bacterial, viral or
indeterminate) was based on expert adjudication. BV score ranges from 0O to
100 and provides three results based on predefined cutoffs: viral or other
non-bacterial etiology (0 <score<35), equivocal (35<score<65), and
bacterial or co-infection (65 < score <100). Experts were blinded to BV results.
Results: Out of 1,779 children, 142 had an adenovirus PCR-positive
nasopharyngeal swab. Median age was 1.2 years (interquartile range 0.6-1.8),
50.7% were male and 52.8% were hospitalized. 12 cases were reference
standard bacterial, 115 reference standard viral and 15 were indeterminate.
BV score attained sensitivity of 100.0% (no false negatives), specificity of
89.5% (95% confidence interval: 83.2-95.8), and NPV of 100.0% (92.6—
100.0). Equivocal rate was 19.7%.

Conclusions: BV score accurately differentiated between adenoviral and
bacterial-adenoviral co-infection in this cohort of children with PCR-positive
adenovirus detection. This performance supports a potential to improve
appropriate antibiotic use.
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Introduction

Adenovirus is one of the major pathogens causing acute
respiratory illness in children, estimated to cause 2%-5% of
pediatric respiratory tract infections (RTIs) and 4%-10% of all
pediatric pneumonias (1). The clinical picture of pediatric
adenovirus infection is variable and includes fever, cough,
tonsillitis, keratoconjunctivitis, acute otitis media, and
(1-5).

throughout the year or in epidemics with a peak during winter

gastroenteritis Infections can occur sporadically
season. Most patients affected are under the age of 5 (1, 2).

Similar to cytomegalovirus and Epstein Barr virus,
adenovirus can mimic a bacterial infection, presenting with
high grade and prolonged fever as well as elevated white blood
cell (WBC) counts, C reactive protein (CRP) and erythrocyte
sedimentation rate (ESR) (2, 3, 5, 6). Data regarding rise in
procalcitonin (PCT) levels is controversial (3, 7). Specifically,
the inflammatory host response triggered by adenoviruses is
often characterized by elevated CRP levels substantially higher
than those observed in influenza (8), which is why CRP levels
are not considered a reliable indicator of bacterial co-infection
for children with adenoviral infection. Generally, the bacterial-
like presentation of adenoviral infection likely underlies why
antibiotics are commonly mis-prescribed on admission. In a
study by Chen et al. antibiotics were prescribed for more than
90% of adenovirus-positive patients during hospitalization (2).
This notwithstanding, 8%-15% (9, 10) of pediatric adenoviral
infections are indeed complicated by a bacterial co-infection.
Since the clinical and biomarker presentation can be similar for
adenoviral and adenoviral-bacterial co-infection, it is
challenging to confidently diagnose adenoviral infection (6).
This is the case even when multiplex polymerase chain reaction
(PCR) testing is available, as adenovirus detection neither
establishes active infection (11, 12) nor excludes the possibility
of abacterial co-infection (10). Adenovirus can be detected in
asymptomatic children (11, 12) and establish persistent/latent
infection (13). Thus, the initial decision not to treat with
antibiotics cannot be based on PCR results alone.

Taking together its bacterial-like presentation and the
difficulty in ruling out bacterial co-infection, there is an
unmet need for a diagnostic tool to assist in management of
patients presenting with suspected adenoviral infection.

BV score is a host-response technology recently developed
for differentiating bacterial from viral infection (14). It is based
on computational integration of the circulating levels of three
immune proteins: tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL), interferon gamma-induced protein-10
(IP-10) and CRP. Ranging from 0 to 100, the score is
indicative of bacterial vs. viral infection, with defined thresholds
for bacterial (or co-infection; 65 < score <100) vs. viral (or
other non-bacterial; 0 <score<35) infection and equivocal

scores (35 <score <65). These thresholds were validated in

Frontiers in Pediatrics

02

10.3389/fped.2022.990750

multiple clinical studies, including a blinded study in children
under 5 years old with suspected lower RTI and fever without
source, where BV attained 86.7% sensitivity (95%CIL: 75.8-93.1),
91.1% specificity (95%CI: 87.9-93.6), and 12.5% equivocal cases
(15). Notably, when there is a bacterial-viral co-infection, BV
was designed to yield a bacterial score and was demonstrated
to do so across multiple virus types, including adenovirus (16).
Based on multiple diagnostic accuracy studies in various
clinical cohorts (14, 16-19), BV measured on a rapid, point-of-
need measurement platform is CE marked and was recently
FDA cleared. Its intended use is for adult and pediatric serum
samples in conjunction with clinical assessments and other
laboratory findings as an aid to differentiate bacterial from viral
infection. The test is indicated for use in patients presenting to
the emergency department (ED) or urgent care center and with
samples collected at hospital admission from patients with
suspected acute bacterial or viral infection, who have had
symptoms for less than seven days.

Although it has a broad indication for use, BV has unique
capacity to help with the challenge of discriminating between
adenoviral and adenoviral-bacterial co-infection.

Here the performance of BV is examined specifically in children
with adenovirus PCR detection. The study focuses on patients aged 3
months to 20 years old prospectively recruited at the ED or ward with
suspected infectious disease. The diagnostic accuracy of BV was
evaluated using an adjudication-based reference standard, as there
is no gold standard for determining bacterial infection in the
absence of positive culture findings. In addition, the potential
impact of BV on antibiotic use was estimated.

Materials and methods
Patient population

A sub-analysis was performed on patients recruited in two
prospective studies, CURIOSITY (NCT01917461) (14) and
OPPORTUNITY (NCT01931254) (15). CURIOSITY recruited
1,002 patients between August 2009 and November 2013 from
two hospitals in Israel. OPPORTUNITY recruited 777 patients
between October 2013 and January 2015 from four hospitals in
the Netherlands and two hospitals in Israel. Patients were
included in the present study if they met the eligibility criteria
for suspected infection of the original study, were aged 3 months
to 20 years old and had adenovirus A/B/C/D/E detected by
multiplex PCR in a nasal swab sample. Eligibility criteria for the
original studies are given in Supplementary Methods.

Study design

This is a sub-analysis of children enrolled in the CURIOSITY
(14) and OPPORTUNITY (15) prospective observational studies.
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In both studies, a study-specific serum sample for BV
measurements and a nasal swab sample for multiplex PCR
testing for common respiratory viruses were collected from
each participant. Additional tests and procedures as well as
treatment were performed as needed per clinical judgement.
The entire medical record, including demographics, medical
history, physical examination, laboratory, microbiology, and
imaging investigation performed as part of routine care,
disease course, follow-up data and study-specific serum and
nasal swab results were recorded in a case report form. For
detailed methods, refer to the original publications (14, 15).

Laboratory procedures

Laboratory procedures are detailed in Supplementary
Methods.

Reference standard based on expert
adjudication

The reference standard was generated based on expert panel
adjudication in line with the NHS Health Technology Assessment
Guidelines for Evaluation of Diagnostic Tests (20). Two or three
pediatricians, each with over 7 years of experience, independently
reviewed the clinical, laboratory, microbiological, radiological and
follow-up data for each patient and classified each patient as:
bacterial (this label includes also bacterial and viral co-infection),
viral, healthy/non-infectious, or indeterminate. No guideline
definitions were used by the experts for the classification of the
patients. In cases where there were two experts, the discharge
diagnosis in the medical record served as the third expert. Experts
were blinded to one another’s classifications and to BV. “Bacterial”
and “viral” reference standard diagnoses were assigned when most
experts gave the same classification (majority adjudication). An
“indeterminate” reference standard diagnosis was assigned when
either there was no majority, or most of the experts gave an
indeterminate classification.

Index test (BV score)

The index test is based on a fixed algorithm combining the
expression levels of TRAIL, CRP and IP-10; the algorithm
outputs a number (0-100) called BV score that is indicative of
bacterial vs. viral infection (15, 17, 18, 19, 21). BV is
calculated by inputting TRAIL, IP-10 and CRP measurements
into the ImmunoXpert™ software (MeMed). Score cutoffs were
based on manufacturer’s instructions for use. The performers
of BV were not provided with clinical information or
reference standard data regarding the patients.
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Statistical analysis

Diagnostic performance was assessed by comparing BV to
the expert adjudication reference standard, with reference
standard indeterminates removed.

The statistical framework for evaluating performance
required establishing that the probability of bacterial infection
is an increasing function of BV. For this purpose, subjects
were assigned to five pre-determined (14) score bins
according to their score and within the bin according to their
reference standard outcome: bacterial vs. viral/non-infectious.
Objective attainment required successful pass of two statistical
tests: (i) p<0.05 in the Cochrane-Armitage Test for trend;
and (ii) the 95% Confidence Interval (CI) of the likelihood
ratio (LR) calculated for each bin should not span across the
value 1 for at least 3 bins.

Sensitivity and specificity were calculated as previously (14-
16). The calculations are also detailed in Supplementary Methods.

Diagnostic error rate

The following assumptions were made to estimate the
potential impact of BV on physician’s practice: when BV was
(35 <score <65), the
unchanged, i.e., antibiotic treatment as documented in the
medical record; when BV was >65 or <35 (bacterial or viral,

equivocal physician practice was

respectively), we assumed antibiotic treatment was according
to BV (ie., full adoption by the physician). Error rate was
calculated in comparison to the reference standard.

Ethics committee approval

CURIOSITY was approved by the Hillel-Yaffe Medical
Center Institutional Review Board (approval ID 0071-10-
HYMC), and the Bnai-Zion Medical Center Institutional
Review Board (approval ID 0084-12-BNZ). OPPORTUNITY
was approved by the ethics committees in Israel and in the
Netherlands.

Results
Patient characterization

Among 1,779 potentially eligible subjects from the
CURIOSITY and OPPORTUNITY studies, 482 patients did
not meet the original study’s eligibility criteria for suspected
acute infection. Among the remaining 1,297 patients, 145 had
adenovirus detected by PCR (11.2%), of whom 142 satisfied
age inclusion criteria; 115 cases were assigned a viral reference
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FIGURE 1
Patient enrollment flow.

standard, 12 bacterial reference standard
(Supplementary Table 1) and 15 indeterminate (Figure 1).

Median age was 1.2 years [interquartile range (IQR) 0.6-1.8];

cases a

50.7% were male. The children presented with relatively high-
grade maximal fever, 39.4°C (38.9-39.9). The rate of hospitalized
children was 52.8%, with hospital duration significantly shorter
for viral vs. bacterial patients (1 vs. 2 days, respectively; p-value
=0.04). The viral cohort was significantly younger than the
bacterial cohort (1.2, 2.6, respectively; p=0.04). No other
significant differences were observed between the viral and
bacterial cohorts, including presenting symptoms (Table 1).

BV score performance

In the analysis cohort (n =127), BV attained a sensitivity of
100.0% (95%CI: 100.0%-100.0%) specificity of 89.5% (83.2%-
95.8%), and a negative predictive value (NPV) of 100.0%
(92.6%-100.0%). The equivocal rate was 19.7%. To examine
whether the likelihood of bacterial infection increases with
score, a bin analysis was performed. The higher the score, the
higher was the likelihood of a bacterial infection. More than
45% of the patients attained high confidence score results as
indicated by either very low scores (0-10) or very high scores
(90-100) (Table 2).

Frontiers in Pediatrics

There were no reference standard bacterial cases with a
viral BV score (false negative). There were 10 cases where
BV was bacterial and the reference standard was viral (false
positive). Of note, the adjudication experts did not assign
unanimously a viral label in 4 out of these 10 cases. Details
of the false positive cases are elaborated in Supplementary
Table 2.

Comparison to routine biomarkers

BV outperformed routine biomarkers including CRP,
WBC, and absolute neutrophil count (ANC), exhibiting
2;
Supplementary Table 3). Moreover, when CRP was applied
whereby below 20mg/1

higher  sensitivity = and/or  specificity  (Figure

in a rule-in/rule-out strategy,
classifies as viral infection and above 80mg/l classifies as
bacterial infection, the sensitivity was the same as BV
(100.0%), but CRP’s specificity was lower (74.5% vs. 89.5%,
respectively) and the equivocal rate was 2.7-fold higher.
Using CRP in this manner, more than 50% of the cases were
not classified as bacterial or viral. Notably, out of 85
reference standard viral cases with viral BV scores (true

negatives), 6 children had CRP values over 80 mg/L.

frontiersin.org


https://doi.org/10.3389/fped.2022.990750
https://www.frontiersin.org/journals/pediatrics
https://www.frontiersin.org/

Stein et al.

TABLE 1 Patient characterization.

10.3389/fped.2022.990750

Cohort Bacterial infection  Viral infection = Indeterminate = P-value*
(n=142) adjudication adjudication adjudication
(n=12) (n=115) (n=15)
Age (years) - median (IQR) 1.2 (0.6-1.8) 2.6 (1.2-4.0) 1.2 (0.7-1.7) 1.3 (0.6-2.0) 0.038
Gender, male - n (%) 72 (50.7%) 6 (50.0%) 58 (50.4%) 8 (53.3%) 1
Time from symptoms onset in days - median 3.0 (2.0-4.0) 3.0 (2.3-3.7) 3.0 (1.5-4.5) 3.0 (2.0-4.0) 0.795
(IQR)
Maximal temperature in °C - median (IQR) 39.4 (38.9-39.9) 40.0 (39.6-40.4) 39.5 (39.0-40.0) 38.9 (38.2-39.6) 0.135
Hospitalized - n (%) 75 (52.8%) 9 (75.0%) 58 (50.4%) 8 (53.3%) 0.134
Hospitalization Duration in days - median (IQR) 1.0 (0.0-3.0) 2.0 (0.6-3.4) 1.0 (0.0-2.5) 3.0 (1.5-4.5) 0.040
Presenting symptoms - 1 (%)
Abdominal pain 6 (4.2%) 2 (16.7%) 4 (3.5%) 0 (0.0%) 0.099
Conjunctivitis 5 (3.5%) 0 (0.0%) 5 (4.3%) 0 (0.0%) 1
Cough 77 (54.2%) 4 (33.3%) 64 (55.7%) 9 (60.0%) 0.223
Crepitations 34 (23.9%) 1 (8.3%) 28 (24.3%) 5 (33.3%) 0.294
Diarrhea 25 (17.6%) 3 (25.0%) 20 (17.4%) 2 (13.3%) 0.454
Dyspnea 23 (16.2%) 1 (8.3%) 19 (16.5%) 3 (20.0%) 0.69
Abnormal otoscopy 23 (16.2%) 2 (16.7%) 16 (13.9%) 5 (33.3%) 0.679
Pharyngitis 48 (33.8%) 5 (41.7%) 36 (31.3%) 7 (46.7%) 0.522
Sore throat 7 (4.9%) 1 (8.3%) 5 (4.3%) 1 (6.7%) 0.456
Wheezing 6 (4.2%) 1 (8.3%) 4 (3.5%) 1 (6.7%) 0.396

*P-values were calculated for bacterial cohort vs. viral cohort. Significant P-values (<0.05) are in bold.

TABLE 2 Bv score performance.

Score bin  No. of % of cohort % of bin  Bacterial

patients, likelihood

n ratio

Al BV Al B V B V (95% CD)
90<s<100 8 4 4 63 333 35 500 509 9.58(2.74-33.51)
65<s<9 9 3 6 71 250 52 333 667 479 (1.37-16.76)
35<s<65 25 5 20 197 417 174 20.0 80.0 2.40 (1.10-522)
10<s<35 35 0 35 276 00 304 00 100.0 0.00 (0.00-NaN)
0<s<10 50 0 50 394 00 435 00 100.0 0.00 (0.00-NaN)
Total 127 12 115 100.0 100.0 100.0

B = bacterial; V = viral; s = score.

Estimation of the impact of BV score on
antibiotic use

The potential of BV to influence antibiotic use was
extrapolated by comparing current antibiotic practice, as
documented in the medical record, with current antibiotic
practice plus BV, under the assumption that a timely,
contraindicative BV score would have triggered a change in
antibiotic practice, with current practice occurring in cases of
equivocal scores. Applying these assumptions, it is estimated
that BV could potentially reduce antibiotic prescription from
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28/115 (24.3%) to 17/115 (14.8%), without significantly
impacting antibiotic underuse (Supplementary Figure 1).

Discussion

This study was performed retrospectively on children
recruited in two previous prospective studies, CURIOSITY
(14) and OPPORTUNITY (15), where BV performance was
originally assessed on a broader population. To enable
investigation of the diagnostic accuracy of BV specifically in
children with confirmed adenoviral detection, children PCR-
positive for adenovirus were pooled in the present sub-
analysis. There were no cases classified by the adjudication-
based reference standard as having a bacterial infection for
which BV score was viral, ie, no false negatives. BV
outperformed routine biomarkers, including CRP, correctly
(without
bacterial co-infection) even when inflammatory markers were

identifying children with adenoviral infections

high. The diagnostic accuracy of BV was extrapolated to
represent a potential reduction in antibiotic overuse of 1.6-
fold, from 24.3% to 14.8%, with no significant impact on
antibiotic underuse.

Adenoviral infection can present as multiple diseases (1-5).
Therefore, it could be argued that a previous study that assessed
BV’s diagnostic accuracy in children aged 3 months to 18 years
old with RTI or FWS effectively examined performance in
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FIGURE 2
BV score comparison to routine biomarkers. Error bars indicate 95% confidence intervals. The equivocal rate was 19.7% for BV score and 54.3% for
CRP 20/80. CRP, C-reactive protein; WBC, white blood cells; ANC, absolute neutrophil count.

children with suspected adenoviral infection. In the previous making and this underlies the rationale for excluding equivocal
study, the diagnostic accuracy of BV (sensitivity 93.7% (95% cases from calculation of sensitivity and specificity.
CI 88.7-98.7), specificity 94.2% (92.2-96.1), PPV 73.0% (65.0- Notably, there are over 85 different types of human
81.0), and NPV 98.9% (98.0-99.8)) was extrapolated to adenoviruses, classified into seven species (A-G) (23). PCR
indicate a potential reduction in antibiotic overuse of 3.3-fold testing for adenovirus in the nasopharynx typically detects
(16). It is anticipated that BV’s impact on antibiotic only common serotypes and in the case of lower RTIs, may
stewardship for children presenting with signs and symptoms not detect the virus (13). As a host-based technology that
consistent with adenoviral infection will fall within these demonstrates robust performance irrespective of viral strain or
values. Notably, BV’s impact on antibiotic prescription in the infection site (14-17, 19, 21), BV addresses these limitations
ED requires availability of the BV result within the patient’s and can aid in management decisions for children with
visit, which is now possible as there is a rapid sample-to- suspected adenoviral infection.
result platform. Comparability of BV results produced by the A strength of this study is the rigorous adjudication-based
ELISA platform (employed in the studies described here) and reference standard, where the experts were provided with
the rapid platform has been established for serum samples (22). comprehensive patient data. A potential limitation is that the
Leukocytosis is considered a hallmark of bacterial infection. experts were provided with CRP data, possibly introducing an
Herein, it was shown to perform poorly as a marker for incorporation bias in the reference standard as CRP is one of
differentiating adenoviral from adenoviral-bacterial infection, the biomarkers encompassed in the BV score. Nevertheless,
with elevated levels in 38% of the study population. various diagnostic accuracy comparisons show that BV
Additionally, BV was demonstrated to outperform CRP, whether outperformed CRP. Another limitation of this study is the small
single cutoffs or a rule-in/rule-out strategy was applied, the latter number of reference standard bacterial cases (12/127 =9.4%),
commonly used by physicians to guide decision-making on although the prevalence aligns with previous studies (9, 10). An
antibiotic prescription. Further, the data indicate that application additional limitation of the present study is that BV scores were
of CRP rule-in/rule-out would not only promote unwarranted not provided to the attending physician and therefore, the test’s
antibiotic therapy, but also result in 50% of the patients yielding impact on antibiotic prescription could not be directly evaluated.
equivocal results whereas BV yielded 19.7% equivocal results. Of Lastly, since the sub-analysis was retrospective, data regarding
note, in the case of BV, an equivocal test result does not provide the physician’s suspicion was not collected, precluding analysis
etiological information and the physician is advised to practice of BV performance in children for whom the physician
in line with other available patient data. Therefore, equivocal suspected adenoviral infection (as opposed to adenoviral-positive
results should not impact the physician’s medical decision- PCR detection). A larger prospective clinical utility study is
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warranted that employs the newly available rapid BV test at patient
presentation. Such a study is necessary to establish BV’s capacity to
aid in accurately discriminating bacterial co-infection in children
with suspected adenoviral infection, particularly for those who
are ill-appearing, and promote appropriate management before
PCR results.

In BV

adenoviral and bacterial-adenoviral infection in this cohort of

summary, accurately differentiated between
PCR-positive adenovirus patients. Further utility studies are
warranted to validate BV’s potential to serve as an actionable
aid when deciding on antibiotic treatment for patients with
suspected adenoviral infection.
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