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Summary
Background The PERFORM study aimed to understand causes of febrile childhood illness by comparing molecular
pathogen detection with current clinical practice.

Methods Febrile children and controls were recruited on presentation to hospital in 9 European countries 2016-2020.
Each child was assigned a standardized diagnostic category based on retrospective review of local clinical and
microbiological data. Subsequently, centralised molecular tests (CMTs) for 19 respiratory and 27 blood pathogens
were performed.

Findings Of 4611 febrile children, 643 (14%) were classified as definite bacterial infection (DB), 491 (11%) as definite
viral infection (DV), and 3477 (75%) had uncertain aetiology. 1061 controls without infection were recruited. CMTs
detected blood bacteria more frequently in DB than DV cases for N. meningitidis (OR: 3.37, 95% CI: 1.92-5.99),
S. pneumoniae (OR: 3.89, 95% CI: 2.07-7.59), Group A streptococcus (OR 2.73, 95% CI 1.13-6.09) and E. coli (OR 2.7,
95% CI 1.02-6.71). Respiratory viruses were more common in febrile children than controls, but only influenza A
(OR 0.24, 95% CI 0.11-0.46), influenza B (OR 0.12, 95% CI 0.02-0.37) and RSV (OR 0.16, 95% CI: 0.06-0.36) were
less common in DB than DV cases. Of 16 blood viruses, enterovirus (OR 0.43, 95% CI 0.23-0.72) and EBV (OR 0.71,
95% CI 0.56-0.90) were detected less often in DB than DV cases. Combined local diagnostics and CMTs respectively
detected blood viruses and respiratory viruses in 360 (56%) and 161 (25%) of DB cases, and virus detection ruled-out
bacterial infection poorly, with predictive values of 0.64 and 0.68 respectively.

Interpretation Most febrile children cannot be conclusively defined as having bacterial or viral infection when mo-
lecular tests supplement conventional approaches. Viruses are detected in most patients with bacterial infections, and
the clinical value of individual pathogen detection in determining treatment is low. New approaches are needed to
help determine which febrile children require antibiotics.

Funding EU Horizon 2020 grant 668303.

Copyright © 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction

Fever is among the commonest cause of patients
seeking medical care in both hospital and community
settings.” Most patients with fever, who seek medical
care, suffer from self-resolving infections.”* However,
amongst them are a smaller group with bacterial
infection, including severe infections such as pneu-
monia, sepsis and meningitis, who require antibiotic
treatment.’”’

Clinical features do not reliably distinguish bacterial
infection from common self-limiting viral infections.*’
Delays in diagnosis of serious bacterial infections such
as sepsis, meningitis and pneumonia can lead to death
or disability.’*'" As infection remains the leading cause
of death in young children,'>" the usual approach to
management has focused on “ruling out sepsis”. This
often involves the child undergoing blood and urine
cultures, lumbar puncture, and imaging. As
results of microbiological cultures are not available for

24-48 hours, patients who appear ill are commenced on
antibiotics while awaiting culture results.” This
approach results in investigation, admission, and treat-
ment with antibiotics of innumerable children world-
wide, only a small proportion of whom have or will
develop invasive bacterial infections. It is associated
with considerable resource use, and cost to families and
health services, and potentially contributes to develop-
ment of antimicrobial resistance.”'®

Molecular methods can detect the DNA or RNA of
bacterial, viral, fungal, and parasitic pathogens
rapidly,”** and the medical and biotechnology com-
munity has invested considerable effort and resources
in the hope that rapid pathogen detection by molecular
methods would transform diagnosis and management
of patients with suspected infection.”” The
PERFORM study evaluated diagnosis of febrile
children attending hospital using current best local
practice hospital diagnostics supplemented by
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Research in context

Evidence before this study

We searched PubMed and MedLine databases on July 30, 2021
using the search terms (“molecular” OR “pcr”) AND
(“infection” OR “sepsis” OR “bacterial” OR “viral”) AND
“diagnosis”. We limited our search to studies published after
July 30, 2011 with patients under 18 years where pathogen
detection was used to ascertain the cause of infection or the
need for treatment. All studies identified were either limited
to a specific site of infection (pneumonia, meningitis,
diarrhoeal illness etc) and/or focused on a specific class of
pathogen (bacteria, viruses, respiratory pathogens, gut
pathogens etc). We found no studies that applied both
bacterial and viral molecular diagnostics to patients with a
variety of infectious illnesses, including patients where the
source or cause of infection was not clear. The current
literature presents conflicting reports on the utility of
molecular diagnostics to identify the etiology of a febrile
illness and identify patients who require antibiotic treatment.

Added value of this study

The PERFORM study prospectively recruited febrile children
(FC) from emergency departments, inpatient wards and
intensive care units at 17 hospitals in 9 European countries. In
addition to detailed clinical, laboratory and imaging data,
centralized molecular tests (CMT) were performed on blood
and/or throat swabs from 4611 patients with confirmed
bacterial or viral infection, or an unclear cause of infection and
1061 controls.

By performing CMTs for all 25 viral, 27 bacterial and 6 fungal
targets on all patients with available samples, regardless of

centralized research molecular pathogen detection
tests (CMT). This study on the relationship between
molecular pathogen detection and clinical disease had
3 key objectives:

1. Describe the pathogens detected by CMT in blood
and respiratory samples of children presenting with
a febrile illness or suspected infection across
Europe.

2. Establish whether pathogen detection, when incor-
porating highly specific CMT results, can be used to
determine etiology or inform management of a
febrile illnesses in children.

3. Explore whether certain pathogens are more likely
to be detected in patients with bacterial or viral
disease.

Methods

Study design

PERFORM (https://www.perform2020.org) is an EU-
funded multi-country study that prospectively recruited
febrile children at 17 hospitals in 9 European countries

www.thelancet.com Vol 32 September, 2023

clinical assignment and whether the cause of infection was
known, we are able to present an in-depth overview of the
pathogens detected in FC across Europe at the point of
presentation to healthcare services.

The results challenge the appropriateness of defining febrile
illness into that caused by bacteria and that caused by viruses.
Despite best practice investigation at each participating
hospital, only 14% of FC with suspected infection were
assigned as having definite bacterial infection, 11% as definite
viral infection, and the remaining 75% had an uncertain
diagnosis. The addition of CMTs increased the numbers of
pathogens identified, but did not significantly improve
diagnostic assignment, as viruses were identified in blood or
throat swabs of a high proportion of FC with confirmed
bacterial infections.

Implications of all the available evidence

Our study suggests that a reliance on pathogen detection to
diagnose and manage febrile children is largely unsuccessful,
and has limited value for clinical decision-making as to which
patients are likely to have severe bacterial infections and thus
which should receive antibiotics.

Identification of a virus in samples from a febrile patient
offers little reassurance that they do not have a bacterial
infection, and our data support the observation that viral
infections frequently precede or contribute to bacterial
infections. Our study suggests that new approaches other
than pathogen detection will be needed to address the
question of which children require antibiotics.

between April 2016 and December 2020. Study sites and
countries involved are shown in Table S1. Children aged
under 18 years of age presenting with fever, history of
fever during their presenting illness, or suspected
infection who were considered ill enough to warrant
blood tests, were recruited from emergency de-
partments, pediatric inpatient wards, and intensive care
units. Non-febrile children attending hospital with non-
infectious conditions, who were undergoing blood
sampling for other reasons were opportunistically
recruited as controls if they had no febrile symptoms or
vaccinations within the previous 3 weeks.

Recruited febrile children (FC) underwent clinical
assessment and investigation as part of their clinical
care, according to routine practice at each institution,
including blood and urine cultures, microscopy, and
cultures of cerebrospinal fluid (where clinically indi-
cated), and detection of bacteria and viruses in throat
swabs or nasopharyngeal aspirates. Serological studies,
routine molecular tests (where available and indicated),
and chest radiographs and other imaging were under-
taken at the discretion of treating clinicians. Serial
clinical findings and results from all investigations were
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infection, toxic shock encephalitis, febrile infection, upper stomatitis,
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Fig. 1: (A) Clinical investigative process to assign patients to individual diagnostic categories. *Denotes diagnostic categories in which viral co-
infection may or may not be present. SPathogens normally only detected on mucosal surfaces or diagnosed serologically (M. tuberculosis,
B. pertussis, M. pneumoniae, Borrelia species, Campylobacter and Salmonella) were included in the Definite Bacterial category if the clinical pre-
sentation was consistent with the pathogen detected, but were analyzed separately for some analyses. (B) Patient flow and numbers from
recruitment to final diagnostic categories. Children with fever, history of recent fever or suspicion of infection of sufficient severity to warrant
blood tests were assigned to a presumptive diagnostic group based on clinical findings on presentation. After results of all microbiological
investigations, biochemical and hematological investigations and imaging were available, patients were assigned to final diagnostic categories
using the definitions in Table 1. (C) Frequency of detection of pathogen DNA or RNA by research molecular tests in cases and controls. Donut
plots show the breakdown of the total number of patients with one or more positive molecular pathogen detection from the research study in
cases and controls for respiratory pathogens found in throat swabs, viruses detected in blood, and bacteria detected in blood.

recorded on an electronic standardized case report form
and stored on a centralized database. The study was
conducted following the defined study protocol
(Supplementary Methods).

Clinical definitions and assignment

A final diagnostic category was assigned for each pa-
tient, after review by at least two experienced pediatri-
cians of all clinical, laboratory and imaging data at each
hospital, based on the diagnostic approach in Fig. 1A
and definitions in Table 1. Centralized molecular
pathogen Tests (CMT) were undertaken retrospectively
on all patient samples, in order to generate a compre-
hensive view of the pathogens present, irrespective of
the clinical syndrome described for each patient. Re-
sults were not used for clinical management or for
local assignment by the research team into diagnostic
categories.

Centralized molecular pathogen tests (CMT)
Research blood and respiratory samples were collected
as early as possible in the patients’ hospital admission,
where possible at the same time as the first clinically
indicated blood tests. A dry flocked throat swab stored in
eNAT® and blood collected in EDTA were stored
at —80 °C and transported to Micropathology Ltd, Uni-
versity of Warwick, Coventry, U.K.

Total nucleic acid was extracted from the throat swab
and blood samples. Throat swabs were analyzed by the
NxTAG™ Respiratory Pathogen Panel (RPP) assay
(Luminex® Corporation), enabling the simultaneous
detection of 16 viral and 3 bacterial species (Table S2).
For blood samples, a panel of in-house molecular
diagnostic tests was developed and validated
(Supplementary Methods) at Micropathology Lid for the
PERFORM study which included the common or clini-
cally significant childhood pathogens. This comprised a

www.thelancet.com Vol 32 September, 2023
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Fig. 1: (Continued)

panel of 14 multiplex probe-based qPCR assays,
comprising 9 viral targets (Table S3), 24 bacterial targets
and 6 fungal targets (Table S4), enabling the detection of
9 viral, 16 bacterial and 2 fungal species from whole
blood extracts (Supplementary Methods). Results of
these CMTs are reported separately from local in-
vestigations which may also include molecular testing
for common pathogens.

Analysis and statistics

Clinical and laboratory data collected by local in-
vestigators, and the locally assigned diagnostic cate-
gories were entered on a secure, online custom-built
database, with personal identifiers removed. All patients
were assigned to definite viral infection (DV), definite
bacterial infection (DB) or unknown bacterial or viral

www.thelancet.com Vol 32 September, 2023

diagnostic categories, and 10% of all other assignments
were cross-checked for inconsistencies by external
monitors from a different site or by the central study
team.

The results from CMTs were assessed in relation to
the locally assigned diagnostic categories, by calculating
odds ratios (ORs) with 95% confidence intervals (Cls)
for the detection of each organism in both bacterial vs
viral diagnostic categories, and in cases vs controls. We
used a multiple logistic regression model with iteratively
re-weighted least squares using the R package glmnet.”
Age, gender, ethnicity, country of recruitment, immu-
nodeficiency status and clinical syndrome were investi-
gated as potential confounding factors (Table S5). Age
was identified as the only significant factor and the lo-
gistic regression model was therefore designed with age
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as a covariate. In addition, to reflect the differences in ~ were calculated for the detection of each organism in
epidemiology and investigation of febrile illnesses in  cases vs controls and bacterial vs viral diagnostic cate-
infants compared to older children, ORs with 95% CIs  gories in children under 1 and children over 1

Diagnostic Categories

Definition

Definite Bacterial infection
(DB)

Probable Bacterial infection
(PB)

Bacterial syndrome
Unknown Bacterial or Viral
Infection

Viral Syndrome

Probable Viral infection (PV)

Definite Viral infection (DV)

Other infection
Other phenotype

Patients in whom an appropriate bacterial pathogen is isolated from a normally sterile site, and clinical presentation is consistent with the pathogen
isolated. Detection of virus does not influence assignment. Pathogens normally only detected on mucosal surfaces or diagnosed serologically

(M. tuberculosis, B. pertussis, M. pneumoniae, Borrelia species, Campylobacter and Salmonella) can be included if clinical presentation consistent with pathogen
detected, but are analyzed separately for some analyses.

Clinical features consistent with bacterial infection (e.g. lobar pneumonia, empyema, septic arthritis, osteomyelitis, cellulitis, meningitis) with elevated
inflammatory markers (maximum CRP > 60 mg/L and white cell count >12 x 10™/L). No bacterial pathogen is identified at a sterile site. Bacteria may or
may not be identified at non-sterile sites (mucosal surfaces, stool). Detection of a virus does not alter assignment.

Clinical features consistent with a bacterial infection, with no sterile site bacterial pathogen identified. Inflammatory markers not elevated (maximum CRP
< 60 mg/L) or not measured. Bacteria may or may not be identified at non-sterile sites. Virus detection does not alter assignment.

Patients with a presumed infection whose clinical features do not clearly indicate a bacterial or a viral cause, or in whom the available microbiological
results are inconsistent with the clinical syndrome.

Clinical features consistent with a viral infection (such as bronchiolitis, varicella, or measles), in whom a virus may or may not be identified, and with
inflammatory markers that are high (maximum CRP > 60 mgjL or neutrophil count >12 x 10° cells/ml) or were not measured. No sterile-site bacteria
identified.

Clinical features consistent with a viral infection, with no viral pathogen identified that is consistent with all features of the illness. Maximum CRP <
60 mg/L and neutrophil count < 12 x 10° cells/ml. No sterile-site bacteria are identified.

Patients with a viral pathogen isolated that is likely to account for all features of the illness. Maximum CRP < 60 mg/L and neutrophil count

<12 x 10° cells/ml. No sterile-site bacteria identified.

Patients with non-bacterial, non-viral pathogens such as malaria, and fungi.

Patients with a non-infectious disease including patients with inflammatory diseases such as Kawasaki disease and other illnesses such as seizures or non-
infectious exacerbations of asthma

Table 1: Definitions used to assign patients to diagnostic categories.
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Definite bacterial Probable bacterial Bacterial syndrome Unknown bacterial or

(n = 643)

(n = 677)

(n = 456)

viral (n = 791)

Viral syndrome
(n =299)

Probable viral
(n = 635)

Definite viral
(n = 491)

Other phenotype Control

(n = 619)

(n = 1061)

Overall
(n = 5672)

Gender M (%)
Age (months)
Median [IQR]

Ethnicity
Afro Caribbean
Asian
Black African
Middle-Eastern
White European
Mixed
Other
Country
Austria
Germany
Greece
Latvia
Netherlands
Slovenia
Spain
Switzerland
Taiwan
UK.
Max CRP (mg/L)
Median [IQR]
Max neutrophils (1079/L)
Median [IQR]
Required admission
PICU admission
Ventilated

Primary or secondary
immunodeficiency

Upper respiratory tract
infection

Lower respiratory tract
infection

Meningitis or encephalitis
Sepsis

Musculoskeletal infection
Soft tissue infection
Gastrointestinal infection

348 (54.1%)

58.9 [15.0-131]

1 (0.2%)
38 (5.9%)
13 (2.0%)
15 (2.3%)
536 (83.4%)
10 (1.6%)
30 (4.7%)

44 (6.8%)
7 (1.1%)
72 (11.2%)
71 (11.0%)
96 (14.9%)
52 (8.1%)
79 (12.3%)
16 (2.5%)
20 (3.1%)
186 (28.9%)

102 [36.4-202]

102 [5.87-15.4]
514 (79.9%)
129 (20.1%)

62 (9.6%)

69 (10.7%)

46 (7.2%)
97 (15.1%)

42 (6.5%)
157 (24.4%)
33 (5.1%)
55 (8.6%)
84 (13.1%)

375 (55.4%)

59.9 [26.5-128]

1 (0.1%)

31 (4.6%)
17 (2.5%)
11 (1.6%)
559 (82.6%)
14 (21%)
44 (6.5%)

77 (11.4%)
21 (3.1%)
37 (5.5%)
106 (15.7%)
78 (11.5%)
62 (9.2%)
67 (9.9%)
13 (1.9%)

0 (0%)

216 (31.9%)

146 [100-220]

12.8 [8.55-18.9]
558 (82.4%)
118 (17.4%)

78 (11.5%)

62 (9.2%)

169 (25.0%)
242 (35.7%)

5 (0.7%)
17 (2.5%)
11 (1.6%)
92 (13.6%)
62 (9:2%)

253 (55.5%)

63.3 [26.2-128]

3 (0.7%)

16 (3.5%)

5 (1.1%)

14 (3.1%)
393 (88.2%)
7 (1.5%)

18 (3.9%)

33 (7.2%)

4 (0.9%)

9 (2.0%)

52 (11.4%)
57 (12.5%)
27 (5.9%)
57 (12.5%)
18 (3.9%)

0 (0%)

199 (43.6%)

20.5 [7.00-37.0]

7.09 [4.52-11.4]
351 (77.0%)

25 (5.5%)

12 (2.6%)

27 (5.9%)

83 (18.2%)
83 (18.2%)

3 (0.7%)

3 (0.7%)

21 (4.6%)
174 (38.2%)
47 (10.3%)

453 (57.3%)

55.2 [19.8-111]

6 (0.8%)

65 (8.2%)
38 (4.8%)
21 (2.7%)
598 (75.6%)
19 (2.4%)
44 (5.6%)

64 (8.1%)
17 (2.1%)
88 (11.1%)
37 (4.7%)
54 (6.8%)
16 (2.0%)
121 (15.3%)
16 (2.0%)

7 (0.9%)
371 (46.9%)

35.9 [13.1-79.4]

6.68 [3.50-11.3]
534 (67.5%)
116 (14.7%)

93 (11.8%)

160 (20.2%)

213 (26.9%)
170 (21.5%)

21 (2.7%)
9 (1.1%)
7 (0.9%)
27 (3.4%)
62 (7.8%)

175 (58.5%)

383 [16.1-86.5]

1 (0.3%)

22 (7.4%)
11 (3.7%)

9 (3.0%)
230 (76.9%)
10 (3.3%)
16 (5.4%)

14 (4.7%)
11 3.7%
23 (7.7%
13 (4.3%)
49 (16.4%)
25 (8.4%)
30 (10.0%)
12 (4.0%)

1 (0.3%)
121 (40.5%)

)
)

67.0 [23.3-101]

12.5 [7.50-15.3]
214 (71.6%)

58 (19.4%)

47 (15.7%)

20 (6.7%)

88 (29.4%)
93 (31.1%)

17 (5.7%)
2 (0.7%)
0 (0%)

3 (1.0%)
28 (9.4%)

352 (55.4%)

433 [14.8-96.3]

4 (0.6%)
33 (5:2%)
12 (1.9%)
12 (1.9%)
527 (83.0%)
13 (2.0%)
34 (5.4%)

19 (3.0%)
15 (2.4%)
130 (20.5%)
100 (15.7%)
116 (18.3%)
36 (5.7%)
54 (8.5%)
19 (3.0%)

2 (0.3%)
144 (22.7%)

10.0 [4.00-24.0]

4.92 [2.89-7.80]
266 (41.9%)

24 (3.8%)

15 (2.4%)

40 (6.3%)

289 (45.5%)
88 (13.9%)

15 (2.4%)
0 (0%)

11 (1.7%)
13 (2.0%)
69 (10.9%)

262 (53.4%)

39.7 [9.32-86.4]

2 (0.4%)
46 (9.4%)
17 (3.5%)
20 (4.1%)
366 (74.5%)
16 (3.3%)
24 (4.9%)

42 (8.6%)
5 (1.0%)
59 (12.0%)
43 (8.8%)
50 (10.2%)
17 (3.5%)
68 (13.8%)
2 (0.4%)
3 (0.6%)
202 (41.1%)

10.3 [4.00-26.0]

4.46 [2.53-7.20]
350 (71.3%)

47 (9.6%)

39 (7.9%)

51 (10.4%)

105 (21.4%)
103 (21.0%)

59 (12.0%)
0 (0%)

13 (2.6%)
7 (1.4%)
44 (9.0%)

340 (54.9%)

104 [38.9-161]

8 (1.3%)

37 (6.0%)
30 (4.8%)
16 (2.6%)
467 (75.4%)
9 (1.5%)

52 (8.4%)

34 (5.5%)
21 (3.4%)
47 (7.6%)
31 (5.0%)
102 (16.5%)
19 (3.1%)
47 (7.6%)
15 (2.4%)

3 (0.5%)
300 (48.5%)

19.5 [4.00-78.0]

6.61 [3.81-11.2]
427 (69.0%)
109 (17.6%)

64 (10.3%)

93 (15.0%)

39 (6.3%)
27 (4.4%)

10 (1.6%)
1 (0.2%)

29 (4.7%)
12 (1.9%)
29 (4.7%)

601 (56.6%)

122
[63.2-167]

3 (0.3%)

34 (3.2%)
15 (1.4%)
16 (1.5%)
911 (85.9%)
17 (1.6%)
65 (6.1%)

165 (15.6%)
13 (1.2%)
35 (3:3%)
131 (12.3%)
114 (10.7%)
23 (22%)
218 (20.5%)
10 (0.9%)

0 (0%)

352 (33.2%)

NA

NA
232 (21.9%)
35 (3.3%)
0 (0%)
57 (5.4%)

0 (0%)

3159 (55.7%)

64.5 [22.7-134]

29 (0.5%)
322 (5.7%)
158 (2.8%)
134 (2.4%)
4587 (80.9%)
115 (2.0%)
327 (5.8%)

492 (8.7%)
114 (2.0%)
500 (8.8%)
584 (10.3%)
716 (12.6%)
277 (4.9%)
741 (13.1%)
121 (2.1%)
36 (0.6%)
2091 (36.9%)

35.0 [9.00-102]

7.55 [4.10-12.4]
3446 (60.8%)
661 (11.7%)
410 (7.2%)

579 (10.2%)

1032 (18.2%)
903 (15.9%)

172 (3.0%)
189 (3.3%)
125 (2.2%)
383 (6.8%)
425 (7.5%)

(Table 2 continues on next page)



www.thelancet.com/digital-health

Articles

Overall
(n =1061) (n =5672)

Other phenotype Control

(n = 619)

Definite viral
(n = 491)

Viral syndrome Probable viral

Definite bacterial Probable bacterial Bacterial syndrome Unknown bacterial or

(n = 643)

(Continued from previous page)

(n = 635)

viral (n = 791) (n = 299)

(n = 456)

(n = 677)

287 (5.1%)
558 (9.8%)

0 (0%)
0 (0%)
0 (0%)

0 (0%) 3 (0.5%)

0 (0%)

2 (0.7%)

11 (1.4%)
40 (5.1%)

12 (2.6%)

55 (8.1%)
34 (5.0%)

204 (31.7%)
81 (12.6%)

Urinary tract infection

82 (12.9%) 160 (32.6%) 72 (11.6%)

(16.7%)
196 (65.6%)

50

9 (8.6%)
438 (96.1%)

Other diagnosis

3560 (62.8%)

348 (70.9%) 357 (57.7%)

306 (48.2%)

631 (79.8%)

671 (99.1%)

613 (95.3%)

Received antibiotics

Ethnicity recorded was the self-reported ethnicity. Maximum CRP and neutrophil count refer to the highest value for each patient during that illness episode. The control group included hospitalized patients with no fever and with conditions

considered to be not due to infection or inflammatory disorders. Controls included 35 patients with critical illness and 57 patients with primary or secondary immunodeficiency. PICU: pediatric intensive care unit; numbers show the median and

interquartile range (IQR); CRP: C-reactive protein.

Table 2: Clinical characteristics of patients.

separately. For blood viral assays, where pathogen load
counts were available, ORs with 95% ClIs were calcu-
lated at increasing quartiles of viral load for the detec-
tion of each virus in cases vs controls, and in definite
bacterial vs viral diagnostic categories. The ability of a
positive virus test to exclude a bacterial infection was
calculated for each individual virus, and for the aggre-
gated detection of any virus in blood or respiratory
samples. All analyses were conducted in R Program-
ming version 4.0.2.”'

Ethics and study governance

Ethical approval was obtained at the coordinating site
(Imperial College London, 16/LO/1684) and separately
at each participating center (see supplement), using a
consortium-wide clinical study protocol (Supplementary
Methods). All patients were recruited with informed
parental consent, and assent from older children.
PERFORM membership and roles in study design, data
collection and analysis are described in the
Supplementary Appendix. The initial manuscript was
drafted by the corresponding author and developed by
all members of the writing group. The corresponding
author and analysis group had access to all data,
vouching for the completeness and accuracy of data.

Role of the funding source

PERFORM was funded by the European Union’s Ho-
rizon 2020 program under GA No 668303. Enrolment
of patients in the UK was supported by NIHR
Biomedical Research Centres at Imperial College
London, and Newcastle (see Supplementary). The
funding source had no role in study design; in the
collection, analysis, and interpretation of data; in the
writing of the manuscript; or in the decision to submit
the paper for publication.

Results

From April 2016 to December 2019, 5951 patients and
1187 controls were enrolled. After removal of patients
with no available research samples or incomplete data,
4611 patients were included in the analysis. 4199 had
molecular pathogen detection on blood, 2762 on throat
swabs, and 2350 both blood and throat swabs available
(Fig. 1B). The diagnostic categories assigned to the 4611
patients by the local recruiting team, using all clinical
and local investigation data, comprised 643 patients with
DB phenotype (14%), and 491 with DV phenotype
(11%), with the remaining 3477 (75%) assigned to
probable bacterial or viral (PB/PV), or to other less
certain infection or inflammation categories (Fig. 1B).
1061 controls were included of which 1002 had molec-
ular pathogen detection on blood, 485 on throat swabs
and 426 on both. The clinical details of the patients
assigned to each diagnostic group are shown in Table 2.
A high proportion of children received antibiotics,
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Case vs Control

Respiratory Viruses
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Fig. 2: (A) Odds ratios for molecular pathogen identifications comparing febrile children and non-febrile controls. Square symbols show the
mean and bars and whiskers the 95% confidence intervals. Odds Ratio’s above 1 (to right of the dotted line; blue arrow) indicate increased
detection of pathogen in cases. OR less than 1 (left of dotted line; red arrow) indicate increased pathogen detection in controls. (B) Odds ratios
for molecular pathogen identifications comparing definite bacterial and definite viral groups. Square symbols show the mean and bars and
whiskers the 95% confidence intervals. Odds Ratio’s above 1 (to right of the dotted line; blue arrow) indicate increased detection of pathogen in
DB; OR less than 1 (left of dotted line; red arrow) indicate increased pathogen detection in the viral group.
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B Definite Bacterial vs Definite Viral

Respiratory Viruses
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Fig. 2: (Continued)
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Blood Viruses

Bacteria and Fungi

Respiratory Viruses

Proportion of Patients

il

N
&

Phenotype

D No Pathogen Identified - CMT . CMT & Routine Diagnostics - Routine Diagnostics . Routine Diagnostics (Serology & Mucosal Sites)

Fig. 3: (A) Proportion of patients in each diagnostic category with pathogen detected. Blue bars show pathogens detected by local investigations;
green bars show detection by both local and centralized molecular tests (CMT); orange bars show pathogen detection only by CMT. Purple bar
shows patients classified as DB on the basis of mucosal detection of specific pathogens (see definitions Table 1). Combined colored bar height
indicates proportion of all patients in each diagnostic category with pathogens detected. Individual panels show detection of respiratory viruses
(left), blood viruses (middle) and bacterial and fungal pathogens (right). (B) Sankey diagram showing patient reassignment from final diagnostic
category based on local investigations alone, to a final diagnostic group based on addition of CMT. The height of each colored bar represents
number of patients in each group, and the curves crossing groups indicate patients reassigned based on CMT results. Addition of CMT resulted in an
addition of 87 (2%) of patients to the definite bacterial group and 53 (1%) of patients to the definite viral group.

including those whose final diagnosis was DV or PV
infection (95% (613/643) for DB, 99% (671/677) for PB,
71% (348/491) for DV and 48% (306/635) for PV).

Pathogens detected by local investigations and by
centralized molecular pathogen tests

The spectrum of pathogens detected by local in-
vestigations and CMT in all diagnostic groups are
shown in Tables S6-S7 (local), and Tables S8-S10 (for
CMT). The most frequent CMT identifications for FC
were, in decreasing order, rhinovirus, adenovirus and
RSV (respiratory pathogens); HHV7, HHV6b and EBV
(blood viruses); and N. meningitidis, S. aureus and
K. pneumoniae (blood bacteria) (Fig. 1C).

CMT in febrile cases vs controls

Respiratory viruses

1257 of 2762 cases (46%) and 105 of 485 (22%) controls
had at least one virus detected in throat swabs (Fig. 1C).
Viruses were more commonly detected in FC than
controls (OR 1.37 95% CI: 1.21-1.54). Compared to
controls, FC had increased frequency of influenza

www.thelancet.com Vol 32 September, 2023

viruses A and B, parainfluenza 1 and 4, bocavirus,
rhinovirus, coronavirus OC43, RSV, enterovirus, and
adenovirus (Fig. 2A; Table S8).

Blood viruses

Viruses were detected in blood less commonly in cases
than in controls (cases: 2708/4175 (65%); controls: 723/
999 (729); OR: 0.85, 95% CI: 0.79-0.92). Only CMV and
adenovirus were more commonly detected in cases than
controls, while HHV7 and HHV6b were more common
in controls (Fig. 2A; Table S9).

Blood bacteria

Bacterial DNA was detected in blood at low frequency in
both cases and controls (cases: 380/4120 (9%); controls:
79/996 (8%); OR 1.06, 95% CI 0.92-1.20). Odds ratios
were overlapping for detecting all bacterial targets in
cases and controls (Fig. 2A; Table S10).

CMT in definite bacterial vs definite viral groups
We compared pathogen detection by CMT in the pa-
tients assigned a DB or a DV phenotype, to investigate

11
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Bacterial Syndrome

Unknown Bacterial or Viral

Viral Syndrome

Probable Viral

Definite Viral

Other Phenotype

Fig. 3: (Continued)

which molecular identifications were reliable predictors
of a bacterial or a viral illness.

Respiratory pathogens

Influenza A and B, and RSV were more commonly
detected in DV than DB, whilst Mycoplasma pneumoniae
was more common in DB (Fig. 2B). When the Probable
Bacterial (PB) and Probable Viral (PV) groups (Table 1)
were analyzed in combination with the DB and DV
groups, enterovirus and coronavirus 229 E were more
common in the combined DV/PV group and rhinovirus
was found more commonly in the DB/PB combined
group (OR: 1.36, 95% CI: 1.14-1.61) (Figure S1).

Blood viruses

Enterovirus and EBV were more common in the DV
cases, and HHV6D was more common in DB (OR 1.24,
95% CI 1.00-1.53) (Fig. 2B). When the PB and PV cases
were included, only enterovirus was more common in
the DV/PV combined group (OR: 0.34, 95% CI:
0.21-0.50) (Figure S1).

Blood bacteria

N.  meningitidis (OR: 3.37, 95% CI: 1.92-5.99),
S. pneumoniae (OR: 3.89, 95% CI: 2.07-7.59), Group A
streptococcus (OR 2.73, 95% CI 1.13-6.09) and E. coli
(OR 2.7, 95% CI 1.02-6.71) were more commonly
detected in DB than DV cases (Fig. 2B). When DB and
PB cases were considered together, Enterococcus faecium

Proposed Diagnostic Category
after Incorporation of CMT
Results

Definite Bacterial.

Probable Bacterial.

Bacterial Syndrome.
L

Unknown Bacterial or Viral.

Viral Syndrome.

Probable Viral.

Definite Viral.

Other Phenotype.

(OR: 1.95, 95% CI: 1.00-3.52) and Serratia marcescens
(OR: 1.83, 95% CI: 1.01-3.09) were also found more
commonly in the bacterial cases.

CMT in infants vs older children
For most pathogens there were insufficient positive
detections in children under 1 year of age to reveal any
trends in pathogen detection in cases vs controls
(Figure S2) or patients in definite bacterial vs definite
viral groups (Figure S3). However, there were some
differences between infants and older children.
Enterovirus was significantly more likely to be
detected in cases vs controls and patients with definite
viral vs bacterial infection in infants, but this was not the
case in older children. On further investigation, 24/51
(47%) of infants with enterovirus detected by CMT in
blood were diagnosed as having an enterovirus menin-
gitis, with enterovirus detected in CSF as part of the
local clinical investigations. HHV6b and HHV7 were
significantly more likely to be detected in infants with
confirmed bacterial infection than those with confirmed
viral infection. Although there was a similar trend in
older children, the finding was not statistically
significant.

Quantitative CMT

In order to explore whether quantitative load of path-
ogen sequences improved the distinction between DB
and DV groups, we established quantitative counts for
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the blood viruses. Enterovirus, EBV and HHVG6b
showed a trend towards increased frequency of detec-
tion in cases than controls at higher viral loads
(Figure S4), whilst enterovirus, parvovirus and EBV
showed this trend in the comparison between DV or DB
cases (Figure S5).

Combination of CMT and local diagnostics

We examined the proportion of patients in each diag-
nostic category identified by combined local in-
vestigations and CMT (Fig. 3A). Overall, 25% of DB and
32% of PB had detected respiratory viruses, and 56%
and 62% of DB and PB had detected blood viruses
(Fig. 3A). The detection of a virus in blood or throat
swab had predictive values of 0.64 and 0.68 respectively
for excluding a diagnostic category DB or PB. The
detection of some viruses, such as influenza A (0.82),
influenza B (0.85), RSV (0.89) and Enterovirus (0.84) on
throat swabs, as well as Enterovirus (0.85) in blood
samples showed superior predictive values in excluding
a DB or PB diagnostic category (Table S11).

In order to evaluate how the CMT results might
change assignment to DB or DV or other groups, we
reassigned patients from the uncertain categories (un-
known bacterial or viral, PB, PV, viral syndrome or
bacterial syndrome) based on the CMT results only for
pathogens showing significant odds ratios for dis-
tinguishing bacterial and viral infection (N. meningitidis,
S. pneumonige, group A streptococcus, E. coli and
M. pneumoniae for bacteria; Influenza A and B, RSV for
respiratory viruses; and EBV and enterovirus for blood
viruses). Only 87 patients (2%) were reassigned as DB,
and 53 (1%) as DV (Fig. 3B).

Discussion

Our multi-country prospective observational study
aimed to establish the microbiological etiology in febrile
children presenting to hospitals in the UK and 9 EU
countries. Despite vigorous application of conventional
diagnostic approaches, supplemented by molecular
methods to detect bacteria and viruses in blood and
respiratory secretions, most patients could not be
definitively assigned either a bacterial or a viral etiology.
The reasons for this are multifactorial and include poor
sensitivity of some diagnostic techniques, inability to
sample from the site of infection or suboptimal spec-
imen collection. Based on interpretation of available
clinical and diagnostic data by local recruiting teams,
only 14% had a microbiologically confirmed bacterial
infection, and a further 11% had a viral infection with
no evidence of bacterial infection. The remaining 75%
had differing levels of certainty as to whether bacteria or
viruses were the cause of illness. Incorporation of CMT
results into the process of assigning patients to a diag-
nostic category increased the assignment as DB to 16%,
and as DV to 12%. Although CMT greatly increased the
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number of patients with detected viruses, they were
detected in all diagnostic categories suggesting that a
high proportion of patients with proven or probable
bacterial infections were co-infected with viruses. Our
inability to clearly distinguish patients with bacterial
from viral infection, even after detailed investigation in a
prospective research study, was reflected in the clinical
management of the patients. A high proportion of all
patients in the study (80%), including those with
confirmed (71%) or probable (48%) viral infections,
were prescribed antibiotics by the medical teams
responsible for their care.

Viruses were detected in respiratory samples more
commonly in febrile children than in controls overall,
but influenza, RSV, enterovirus, and coronavirus OC43
were the only viruses with significantly greater odds of
detection in the DV than DB group. Enterovirus and
EBV were the only blood viruses more common in
children with DV than DB. Therefore, virus detection in
blood or respiratory tract had a poor predictive value for
excluding bacterial infection.

For bacterial and fungal pathogens, CMT found
N. meningitidis, S. pneumoniae, Group A streptococcus
and E. coli in blood, and M. pneumoniae in throat swabs
more commonly in the DB than the DV group. For all
other bacteria and fungi, no clear distinction was seen
between the rate of detection of bacterial DNA in DB
and DV or between cases and controls.

Of note, CMT showed HHVG6b and HHV7 were
more common in controls than in cases, even though
the controls had no features suggestive of infection. As
herpes viruses such as EBV, CMV, HHV6 and HHV7
establish persistent infection in healthy individuals,****
detection of these viruses may represent reactivation
and not indicate that they are involved in a current
illness. We explored whether viral load differed in chil-
dren with DV and DB. Higher viral load was associated
with a higher likelihood of a viral diagnosis for EBV and
HHV6Db, but not HHV7 or CMV. We speculate that
higher rates of detection of blood viruses in controls
than cases might reflect suppression of persistent vi-
ruses by immune mediators released in response to
other infections. This hypothesis will need exploration
in future studies.

Our inability to clearly distinguish bacterial from
viral infections even with extensive molecular pathogen
detection approaches has several possible explanations.
Many common bacterially mediated infections such as
pneumonia, abdominal or bone and soft tissue infection
remain localized, and are associated with bacteremia
only in severe cases. Molecular detection of bacterial
DNA in blood may be no more sensitive than culture in
these cases, and this may reflect the restriction for or-
ganism detection of the small (200 pl) volume of blood
available for molecular testing. Many of the bacterial and
fungal targets detected were found equally in cases and
controls, and in DB and DV, and their clinical

13


www.thelancet.com/digital-health

Articles

14

significance is therefore unclear. In contrast to the dif-
ficulty in detecting bacteria in blood, viruses are readily
detected using molecular methods on mucosal surfaces
or blood. In addition to children with typical viral in-
fections, viruses were detected in a high proportion with
proven or probable bacterial infections.

We found a high proportion of patients with
confirmed bacterial infections also had viruses identi-
fied in blood or throat swabs. Our findings confirm the
difficulties in decisions relating to commencing or dis-
continuing antibiotics in children with confirmed viral
infections. As we found respiratory viruses more
commonly in febrile patients than in non-febrile con-
trols, it is likely that viral and bacterial infection are not
independent, in line with the increasing evidence that
viral infections set in motion pathophysiological pro-
cesses that may increase susceptibility to bacterial
infection.

Respiratory viruses damage and inflame the airway
mucosa, reduce mucociliary clearance, facilitate bacterial
adherence and allow migration or invasion of the airway
microbiome into deeper tissue.*** Epidemiological
studies have shown that peaks of bacterial pneumonia
and invasive bacterial infection follow seasonal and
pandemic upsurges of influenza,* with bacterial
coinfection implicated in severe influenza-associated
disease and death.** Similarly, RSV seasonality has
been linked to meningococcal disease,* pneumococcal
pneumonia’* and bacteraemia.”’ Studies suggest
pneumococcal vaccine reduces influenza-associated
hospitalisations™* and severity of other viral respiratory
infections,” and influenza vaccine has been reported to
reduce invasive bacterial infections.”** In vitro studies
show a wide range of immunological impairments
following viral infection, including impaired pathogen
recognition and decreased phagocytosis.®**' In murine
models, influenza coinfection is associated with
increased pneumococcal and staphylococcal bacterial
loads and disease.”**** Thus, the finding that a large
proportion of patients in our study with viruses detected
also had evidence of bacterial infection supports the view
that both viruses and bacteria are contributing to the
disease process.

Several previous studies have attempted to determine
the etiology of fever or pneumonia in children, including
studies in low and middle-income countries.” The
PERCH,” Drakenstein® and GABRIEL® pneumonia
studies attempted to define the role of bacterial and viral
pathogens in childhood pneumonia, and D’Acremont
et al. explored etiology of outpatient febrile illness
in Tanzania.® These studies highlighted the high
proportion of febrile episodes associated with viral
infection, and also noted that many cases had multiple
pathogens detected. Our study combines a detailed
molecular pathogen approach with a detailed patient-by-
patient clinical categorization performed independently
of the CMT data, and enables comparison of the

performance of current clinical and research pathogen
detection approaches in diagnosing or excluding bacterial
infection.

Our study has a number of limitations. The non-
febrile control patients were not matched for age, sex,
time of year and country, but were an opportunistic
cohort of hospitalized children admitted for conditions
which did not appear to have an underlying infectious
basis. In order to best match the febrile patients, we
included a broad range of noninfectious hospital ad-
missions, including orthopedic conditions, and inten-
sive care admissions for surgical, cardiac, or traumatic
illnesses, and non-febrile children with cancer under-
going immunosuppressive treatments. They may not
be truly representative of the spectrum of viruses and
pathogens carried by healthy children in the commu-
nity. Secondly, our approach applied all CMT assays to
all patients, unlike clinical practice in which pathogen
tests are selected on a individual patient basis, based on
judgement of the likely cause of illness. Whilst our
comprehensive approach enabled us to look at path-
ogen burden in patients, including an examination of
pathogens not typically associated with the presenting
illness, it did not measure the diagnostic utility of these
assays when they are used in individual patients.
Despite the large number of patients in bacterial and
viral groups, some pathogens that rarely cause disease
have a small number of positive detections in our
cohort.

Our study shows that the efforts to improve clinical
diagnosis by molecular pathogen detection is not
adequate to resolve the clinical question of which febrile
patients need antibiotics to treat potentially life-
threatening bacterial infections, and when antibiotics
can be safely withheld. A high proportion of all febrile
children evaluated in hospital cannot be conclusively
defined as having either a bacterial or viral infection,
even when molecular tests supplement conventional
culture approaches. Viruses are detected in a high pro-
portion of patients with bacterial infections, and the
clinical value of individual pathogen detection in deter-
mining treatment is low. New approaches are needed to
help clinicians determine which febrile children require
antibiotics.
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