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IMPORTANCE Fever in the first month of life is often the only sign of life-threatening invasive
bacterial infection, specifically bacteremia or bacterial meningitis. Most international
guidelines recommend routine lumbar punctures for all febrile infants 28 days or younger to
rule out bacterial meningitis. Clinical prediction rules may allow for select testing, but limited
information exists on their performance to identify infants at low risk for invasive bacterial
infections.

OBJECTIVE To evaluate the diagnostic accuracy of the updated Pediatric Emergency Care
Applied Research Network (PECARN) prediction rule for identifying febrile infants 28 days or
younger with bacteremia or bacterial meningitis.

DESIGN, SETTING, AND PARTICIPANTS This pooled analysis of 4 published prospective cohort
studies from pediatric emergency departments across 6 countries within the global Pediatric
Emergency Research Network included previously healthy, non-ill-appearing, full-term (=37
weeks' gestation) infants aged 28 days or younger with a temperature greater than or equal
to 38.0 °C who underwent urine, blood, and serum testing.

EXPOSURE Infants were classified as low risk if they had a negative urinalysis/dipstick test
result, serum procalcitonin less than or equal to 0.5 ng/mL, and blood absolute neutrophil
count less than or equal to 4000/mm?®.

MAIN OUTCOMES AND MEASURES Meta-analytic methods were applied to assess diagnostic
accuracy (sensitivity, specificity, and positive and negative predictive values) of the PECARN
rule for detection of infants with invasive bacterial infections (bacteremia or bacterial
meningitis).

RESULTS Among 1537 infants 28 days or younger (905 male, 1324 hospitalized, 1080 with
lumbar punctures), 69 (4.5%) had invasive bacterial infections, including 11 (0.7%) with
bacterial meningitis. Overall, 632 (41.1%) met low-risk criteria. The prediction rule had a
sensitivity of 94.2% (95% Cl, 85.6%-97.8%), specificity of 41.6% (95% Cl, 36.7%-46.7%),
positive predictive value of 6.9% (95% Cl, 4.8%-9.9%), and negative predictive value of
99.4% (95% Cl, 98.1%-99.8%) for invasive bacterial infections. In a secondary analysis of
2531 infants from the 2 US-based cohorts from which the rule was originally derived and the 4
validation cohorts, 96 (3.8%) had invasive bacterial infections, 22 (0.9%) had bacterial
meningitis, and 1079 (42.6%) were classified as low risk; rule performance was similar. No
infants with bacterial meningitis were misclassified in the primary or secondary analyses.

CONCLUSIONS AND RELEVANCE The updated PECARN rule had high sensitivity but lower
specificity for identifying febrile infants 28 days or younger with invasive bacterial infections
in this study, with no missed cases of bacterial meningitis. These results may support shared
decision-making regarding select vs routine use of lumbar puncture among infants classified
as being at low risk of invasive bacterial infections.
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ever among young infants is one of the most common

problems in pediatric health care globally. More than 2%

of all US full-term infants are evaluated for fever in the
first months of life in emergency departments and other out-
patient settings.! Although most have self-limited viral ill-
nesses, approximately 4% of febrile infants aged 28 days or
younger harbor invasive bacterial infections, specifically bac-
teremia and bacterial meningitis.?-* Many febrile young in-
fants with invasive bacterial infections are well-appearing and
cannot be reliably identified by history and physical exami-
nation alone.*

Given that missing young infants with invasive bacterial
infections could result in permanent disability or death, ef-
forts to develop safe risk-stratification strategies have spanned
more than 4 decades.>” To avoid missing a single infant with
bacterial meningitis, most international guidelines currently
recommend routine lumbar puncture for cerebrospinal fluid
testing, empirical antibiotic treatment, and hospitalization for
all febrile infants 21 days or younger®®° or younger than 30
days.'° However, lumbar puncture in infants is invasive and
may be stressful for parents,'!2 and routine empirical antibi-
otic use and hospitalization is associated with iatrogenic
risks>!* and substantial resource use.!*!> Safely reducing un-
necessary lumbar punctures for febrile young infants would
enhance family-centered, high-value care.

Investigators from the Pediatric Emergency Care Applied
Research Network (PECARN) prospectively derived a predic-
tion rule to identify febrile infants 60 days or younger at low
risk of urinary tract infections (UTIs), bacteremia, and bacte-
rial meningitis.'® The prediction rule performed with excel-
lent diagnostic accuracy and was subsequently simplified to
use more conservative thresholds of serum procalcitonin less
than or equal to 0.5 ng/mL and an absolute neutrophil count
(ANC) less than or equal to 4000/mm? in combination with a
negative urinalysis result.'® In an external validation study, the
updated PECARN rule maintained similar test characteristics
for UTISs, bacteremia, and bacterial meningitis.!” However, UTIs
are substantially more prevalent than bacteremia and bacte-
rial meningitis and may distort models that specifically at-
tempt to identify infants with invasive bacterial infections.®
Therefore, this study evaluated the diagnostic accuracy of the
updated PECARN prediction rule for detection of infants 28
days or younger with invasive bacterial infections alone and
determined the prevalence of bacterial meningitis among low-
risk infants in a large, pooled, international sample.

Methods

Study Design, Setting, and Population

This study included 4 prospective cohort studies from 6 coun-
tries conducted in pediatric emergency departments within the
global Pediatric Emergency Research Network.!® The Pediatric
Emergency Research Network consists of 8 pediatric emer-
gency care networks formed to facilitate international collab-
orative research, including PECARN in the US, the Pediatric
Emergency Research Canada Network, the Paediatric Emer-
gency Research in the UK and Ireland, and Red de Investig-
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Key Points

Question How accurately does a clinical prediction rule based on
urinalysis, procalcitonin, and absolute neutrophil count identify
febrile young infants at low risk for bacteremia and/or bacterial
meningitis?

Findings Among 1537 febrile infants 28 days or younger from 4
studies in 6 countries, the prediction rule had a sensitivity of
94.2%, specificity of 41.6%, positive predictive value of 6.9%, and
negative predictive value of 99.4% for bacteremia and bacterial
meningitis; no infants classified as being at low risk had bacterial
meningitis.

Meaning A prediction rule using laboratory tests without lumbar
puncture had high sensitivity but more limited specificity for
identifying febrile infants 28 days or younger with invasive
bacterial infections.

acion de la Sociedad Espafiola de Urgencias de Pediatria (Span-
ish Pediatric Emergency Research Group), from which we
identified our study cohorts.

We pooled data from 4 international prospective cohorts
(2 multicenter and 2 single center),'®-22 which included non-
ill-appearing, previously healthy full-term (=37 weeks’ gesta-
tion) infants aged O to 28 days evaluated for fever and who un-
derwent diagnostic testing with PECARN rule components
(serum procalcitonin, ANC, and urinalysis or urine dipstick).
In all studies, blood and urine testing were standard, whereas
lumbar punctures were performed at the treating physicians’
discretion. All studies were conducted between 2008 and
2024, during an era of stable invasive bacterial infection epi-
demiology owing to widespread group B Streptococcus intra-
partum antibiotic prophylaxis and Haemophilus influenzae type
b and pneumococcal conjugate vaccinations.? Details of the 4
international cohorts,'?2 as well as the PECARN derivation'®
and validation'” cohorts, appear in Table 1.

The McGill University Health Centre research ethics board
determined that this study did not require ethics approval. All
included studies had prior ethics approvals. As this pooled
analysis used only deidentified aggregated data, no addi-
tional parental/guardian consent was required. The study fol-
lowed the 2015 Standards for Reporting of Diagnostic Accu-
racy (STARD) reporting guideline.??

Definitions and Outcome Measures

For all included studies, infant invasive bacterial infection sta-
tus was ascertained by review of medical records and micro-
biological culture results and/or telephone follow-up more than
7 days after hospital discharge. Follow-up and outcome ascer-
tainment were carried out per each study protocol. Bacter-
emia was defined by growth of a single bacterial pathogen in
blood culture. Bacterial meningitis was defined by detection
of'abacterial pathogen in cerebrospinal fluid culture. Growth
of bacteria not commonly considered pathogens (eg, diphthe-
roids or coagulase-negative Staphylococcus) were catego-
rized a priori as contaminants (negative for invasive bacterial
infection). As in the PECARN derivation and validation co-
horts, UTIs were defined in 1 study by the growth of a single
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Table 1. Description of Study Cohorts

Characteristic

UslG

Usl7

Canada®®

Spain?°

Europe?!

UK/Ireland??

Study design

Setting and recruitment

period

Study population

Inclusion criteria

Exclusion criteria

Follow-up

Prospective cohort
convenience sample

26 Pediatric
emergency
departments;
2011-2013

Infants <60 d
(N =1802)

Rectal temperature
238.0 °C at home or
at emergency
department triage

Critically ill,
antibiotics in the
preceding 48 h,
prematurity (<36
wk gestational age),
preexisting medical
conditions,
indwelling devices,
and soft-tissue
infections

Observation in
hospital, medical
record review, and
telephone follow-up
of outpatients
without lumbar
punctures

Prospective cohort
convenience sample

21 Pediatric
emergency
departments;
2016-2019

Infants <60 d
(N =1363)

Rectal temperature
238.0 °C at home or
at emergency
department triage

Critically ill,
antibiotics in the
preceding 48 h,
prematurity (<36
wk gestational age),
preexisting medical
conditions,
indwelling devices,
and soft-tissue
infections

Observation in
hospital, medical
record review, and
telephone follow-up
of outpatients
without lumbar
punctures

Prospective
consecutive cohort

Single pediatric
emergency
department;
2020-2024

Infants <60 d
(N =2024)

Rectal temperature
238.0 °C at home
or at emergency
department triage

Critically ill,
antibiotics in the
preceding 7 d,
prematurity (37
wk gestational
age), preexisting
medical conditions,
indwelling devices,
soft-tissue
infections, and
abnormal Pediatric
Assessment
Triangle result

Observation in
hospital, medical
record review, and
telephone
follow-up of all
infants 230 d after
discharge

Prospective
consecutive cohort

Single pediatric
emergency
department;
2008-2021

Infants <90 d
(n=1411<60d)?

Rectal temperature
238.0 °C at home
or at emergency
department triage;
fever without
source

Viral signs present
and parental
refusal to
participate

Observation in
hospital, telephone
follow-up of all
infants <30 d after
discharge, and
review of medical
record and public
health registry for
those not reached
by telephone

Prospective
consecutive cohort

11 Pediatric
emergency
departments (8
Spain, 2 Italy, 1
Switzerland);
2012-2014

Infants <90 d
(n=1166 <60d)

Rectal temperature
238.0 °C at home or
at emergency
department triage;
fever without source

Viral signs present
and parental refusal
to participate

Observation in
hospital, telephone
follow-up of all
infants <30 d after
discharge, and
review of medical
record and public
health registry for
those not reached by
telephone

Prospective cohort
convenience sample

30 Pediatric
emergency
departments;
2022-2023

Infants <90 d
(n =262 <60d)

Temperature 238.0 °C
at home or at
emergency
department triage
measured by any
means

Refusal to participate

Observation in hospital
and medical record
review

2 Excludes infants enrolled in the Umana et al study.??

uropathogen in a catheterized specimen with greater than
50 000 colony-forming units per milliliter (cfu/mL) or greater
than 10 000 cfu/mL with a positive urinalysis or urine dip-
stick result (any leukocyte esterase, nitrites, >5 white blood cells
per high-power field in a centrifuged sample, or >10 white blood
cells per high-power field in an uncentrifuged sample).'° Two
studies defined UTI as urine culture growth of at least 10 000
cfu/mL with associated leukocyturia?®-?! and 1 study defined
itas growth of at least 100 000 cfu/mL of a single organism.?2

All studies defined fever as a temperature of at least 38.0 °C
in the preceding 24 hours; 3 studies required rectal tempera-
ture measurement'®?! and 1 included temperature measure-
ment by any method.?2 The definition of non-ill-appearing var-
ied between studies. For this analysis, infants were excluded
for critical illness (eg, highest triage acuity level/Canadian Tri-
age Acuity Scalelevel 1), requiring emergent interventions such
as endotracheal intubation or vasopressors, emergency de-
partment death,'®-!71° abnormal appearance, and work of
breathing or circulation to skin according to the Pediatric As-
sessment Triangle®* tool.192!

Infants were classified as being at low risk for bacteremia
and/or bacterial meningitis if they met all 3 updated PECARN
prediction rule criteria: a negative urinalysis or urine dipstick
result, serum procalcitonin level less than or equal to 0.5 ng/
mL, and ANC less than or equal to 4000/mm?.16:'”

jama.com

Statistical Analysis

Lead investigators provided data from the primary studies re-
stricted to infants aged O to 28 days. To avoid biasing results
by double counting infants, investigators from the Spanish
cohort?° provided data after removing infants included in the
European cohort.?! Patient demographic and clinical charac-
teristics were summarized with frequencies and percentages
for dichotomous measures and medians and IQRs for continu-
ous measures.

Diagnostic accuracy of the updated PECARN prediction
rule was calculated within each study for sensitivity, specific-
ity, positive predictive value (PPV), and negative predictive
value (NPV), with 95% ClIs estimated using the exact bino-
mial method.

For the primary analysis, we applied a meta-analytic ap-
proach using a random-effects model to produce a pooled es-
timate of diagnostic accuracy across the 4 international co-
horts, accounting for heterogeneity in case mix and invasive
bacterial infection prevalence. We used logit transformation
with maximum-likelihood estimation of between-study vari-
ance. Statistical heterogeneity was assessed using Cochran Q
and quantified as I? with 95% CIs. We also performed a sec-
ondary analysis of diagnostic accuracy across all 6 cohorts,
pooling the 2 PECARN cohorts with the 4 international
cohorts.
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We then estimated PPV and NPV across the range of ob-
served and plausible invasive bacterial infection prevalences?
from 0% to 8% (in 1% increments) using the meta-pooled sen-
sitivity and specificity. To quantify uncertainty, we applied a
parametric bootstrap with 10 000 random draws from logit-
normal distributions for sensitivity and specificity, parameter-
ized by their meta-pooled estimates and 95% CIs. The result-
ing distributions were used to derive 95% CIs for PPV and NPV.

The same approach was applied for an analysis of point es-
timates for bacterial meningitis. However, when estimating
95% CIs for PPV and NPV across a range of meningitis preva-
lences, all cohorts observed zero false-negative cases (ie, sen-
sitivity of 100%). This boundary condition resulted in meta-
pooled sensitivity with a 95% CI spanning 0% to 100%, which
prevented use of parametric bootstrapping on the logit scale.
To address this, we instead applied a B-posterior simulation
based on the aggregated counts of true-positive, false-
positive, true-negative, and false-negative results across all 6
cohorts. Using Jeffrey prior (a = .5, B = 0.5), we generated
10 000 random draws for sensitivity and specificity. For each
draw, 95% CIs of PPV and NPV were calculated across ob-
served and plausible meningitis prevalences?® from 0% to 2%
(in 0.25% increments) and 95% ClIs were defined as the 2.5th
and 97.5th percentiles of the simulated distributions. All 95%
CIs were 2-sided. Analyses were performed in R version 4.4.1
(R Core Team 2024).

.|
Results

The pooled sample came from 4 studies conducted in pediat-
ric emergency departments in 6 countries (Table 1). Clinical
characteristics of infants in each study are shown in Table 2.
Overall, data were available for 1537 infants aged O to 28 days;
69 (4.5%) had invasive bacterial infections, including 58 (3.8%)
with bacteremia alone and 11 (0.7%) with bacterial meningi-
tis with or without bacteremia. The prevalence of invasive bac-
terial infections ranged from 2.5% to 7.3% between the stud-
ies. The majority of infants were male (905 [58.9%]), presented
within 12 hours of fever (1027 [66.8%]), and were hospital-
ized (1324 [86.1%]). All infants had blood and urine cultures
obtained, and 1080 (70.3%) had cerebrospinal fluid cultures
available. No infants without cerebrospinal fluid obtained were
later found to have bacterial meningitis.

The Figure summarizes the diagnostic accuracy of the PE-
CARN rule. In the 4-cohort primary analysis, 632 infants (41.1%)
were classified as being at low risk of invasive bacterial infec-
tion. The PECARN rule performed with a sensitivity of 94.2%
(95% CI, 85.6%-97.8%), specificity of 41.6% (95% CI, 36.7%-
46.7%), PPV of 6.9% (95% CI, 4.8%-9.9%), and NPV of 99.4%
(95% ClI, 98.1%-99.8%) for invasive bacterial infections. Rule
performance was similar in the secondary analysis including
the 2 PECARN cohorts (sensitivity, 94.8% [95% CI, 88.1%-
97.8%]; specificity, 43.3% [95% CI, 38.7%-48.0%]; PPV, 6.1%
[95% CI, 4.5%-8.2%]; NPV, 99.6% [95% CI, 98.7%-99.9%]), with
1079 of 2531 (42.6%) classified as low risk. The pooled sensi-
tivity and specificity were used to estimate PPVs and NPVs for
invasive bacterial infection across a range of prevalences (0%
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to 8%) and are shown in Table 3. Confusion matrices of inva-
sive bacterial infection frequencies for all 6 cohorts appear in
eTable 1in Supplement 1.

Four of 69 infants (5.8%) with invasive bacterial infec-
tions in the primary analysis, and 5 of 95 (5.3%) in the second-
ary analysis, were misclassified as low risk. All 5 missed in-
fants with invasive bacterial infections had bacteremia without
meningitis, including 1 with blood cultures growing S aureus
and a urine culture growing Escherichia coli, suggesting a pos-
sible blood culture contaminant (eTable 2 in Supplement 1).

There were no missed cases of bacterial meningitis among
low-risk infants in either the 4-cohort primary analysis (11 cases)
orin the 6-cohort secondary analysis (22 cases). Estimated PPVs
and NPVs for bacterial meningitis across a range of preva-
lences (0% to 2%) are shown in Table 3, accounting for the zero
observed infants with false-negative results for bacterial men-
ingitis. At the prevalence observed in the primary analysis
(0.7%), NPV was estimated to be greater than 99.96% (95% ClI,
99.82%-100%) for ruling out bacterial meningitis. Confusion
matrices of bacterial meningitis frequencies for all 6 cohorts
appear in eTable 3 in Supplement 1.

|
Discussion

In this analysis of pooled data from 4 international prospec-
tive cohort studies, the updated PECARN prediction rule per-
formed with excellent diagnostic accuracy for ruling out in-
vasive bacterial infections among febrile infants 28 days or
younger. The updated prediction rule identified 41% of in-
fants as being at low risk of bacteremia and meningitis based
on 3 widely available laboratory tests that do not require lum-
bar punctures. The pooled risk of missing any invasive bacte-
rial infection was approximately 0.6%. Importantly, none of
the 11 cases of bacterial meningitis among more than 1500 in-
fants in the primary analysis were misclassified, nor were any
of the 22 cases among more than 2500 infants in the second-
ary analysis.

This is the largest and most geographically diverse study
of the updated PECARN prediction rule for invasive bacterial
infection among infants 28 days or younger, enabling more pre-
cise and generalizable estimates than prior studies. These data
are critical to inform risk estimates for shared parent-
clinician decision-making and guideline development. Re-
sults may be used to support individualized, risk-based treat-
ment that may reduce unnecessary lumbar punctures,
hospitalization, and antibiotic exposure while maintaining pa-
tient safety, even among the youngest infants. Such an ap-
proach would constitute a substantial departure from previ-
ous teaching.

Clinicians must balance the risk of missing invasive bac-
terial infections against the potential harms of invasive test-
ing such aslumbar punctures in infants. In this study’s sample,
more than 70% of infants had cerebrospinal fluid available, and
in 26 US pediatric emergency departments from 2008 to 2013,
93% of 1517 febrile infants aged O to 28 days underwent lum-
bar punctures.?® Lumbar punctures can be technically chal-
lenging and frequently unsuccessful or uninterpretable, lead-
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Table 2. Characteristics and Outcomes of Infants Aged 28 Days or Younger From Individual Study Cohorts

uste us'’ Canada®® Spain?° Europe?! UK/Ireland??
Infants <28 d, No. 548 446 571 460 412 94
Age, No. (%), d
0-7 70 (12.8) 33(7.4) 75 (13.1) 35(7.6) 46(11.2) 3(3.2)
8-14 128 (23.4) 88(19.7) 131(22.9) 104 (22.6) 105 (25.5) 30(31.9)
15-21 153 (27.9) 145 (32.5) 176 (30.8) 157 (34.1) 134 (32.5) 26 (27.7)
22-28 197 (35.9) 180 (40.4) 189 (33.1) 164 (35.7) 127 (30.8) 35(37.2)
Male sex, No. (%) 324 (59.1) 263 (59.0) 339(59.4) 272 (59.1) 243 (59.0) 51 (54.3)
CSF culture available, 511(93.2) 393(88.1) 466 (81.6) 291 (63.3) 254 (61.6) 69 (73.4)
No. (%)
Fever duration, No. (%), h
<6 203 (35.6) 261 (56.7) 230 (55.8) 68 (72.3)
6to<12 378 (69.0)? 324 (72.6)* 104 (18.2) 71(15.4) 74 (18.0) 16 (17.0)
12t0<24 132 (24.1) 86 (19.3) 93 (16.3) 49(10.7) 79(19.2) 7(7.4)
>24 31(5.7) 29 (6.5) 24 (4.2) 21 (4.6) 9(2.2) 1(1.1)
Unknown 7(1.3) 7 (1.6) 147 (25.7) 58 (12.6) 20(4.9) 2(2.1)
CRP, median (IQR), mg/L
Infants without IBI 2.6 (0.6-9.9) 5.2(1.1-18.2) 8.0(3.1-18.3) 5.0(2.0-14.5)

Infants with IBI

ANC, median (IQR), /mm3

Infants without IBI
Infants with IBI

Procalcitonin, median
(IQR), ng/mL
Infants without IBI

Infants with IBI

3993 (2546-6265)
8280 (5520-10039)

0.23(0.16-0.39)
5.89(1.17-13.51)

3470 (2279-5460)
8531 (5286-12 096)

0.15(0.10-0.42)
2.24(1.11-18.60)

52.0(47.0-114.9)

3170 (2070-4850)
7185 (5635-9335)

0.17 (0.11-0.33)
7.81(2.06-19.09)

28.1(5.0-147.1)

4310 (2795-6700)
10325 (5376-13 500)

0.20(0.10-0.40)
1.20(0.20-24.80)

18.0(7.0-88.9)

4440 (2800-7360)
6400 (3400-9150)

0.20(0.11-0.49)
1.28(0.30-14.59)

123.0(66.0-129.0)

3920 (2810-5750)
6410 (3610-7415)

0.16 (0.11-0.32)
12.70(11.55-22.45)

Hospitalized, No. (%) 532(97.1) 432 (96.9) 513 (89.8) 353(76.7) 368 (89.3) 90 (95.8)
Bacterial infection, No. (%)
UTI alone 57 (10.4) 30(6.7) 52(9.1) 67 (14.7) 70 (17.0) 10 (10.6)
Bacteremia alone 4(0.7) 1(0.2) 2(0.4) 9(2.0) 12(2.9) 3(3.2)
Bacterial meningitis 3(0.5) 1(0.2) 1(0.2) 2(0.4) 0 0
alone
Bacteremia and 3(0.5) 3(0.7) 0 0 5(1.2) 0
bacterial meningitis
UTI and bacteremia 4(0.7) 7 (1.6) 10(1.8) 9(2.0) 13(3.1)
uTI e}nd_bgcterial 0 0 1(0.2) 1(0.2) 0
meningitis
UTI, bacteremia, and 1(0.2) 0 0 1(0.2) 0 0
bacterial meningitis
Any IBI, No. (%) 15(2.7) 12(2.7) 14(2.5) 22 (4.8) 30(7.3) 3(3.2)
Aged 0-7d 1(1.4) 1(3.0) 0 2(5.7) 5(10.9) 0
Aged 8-14 d 5(3.9) 3(3.4) 3(2.3) 8(7.7) 10(9.5) 1(3.3)
Aged 15-21d 6(3.9) 6(4.1) 4(2.3) 7 (4.5) 7(5.2) 1(3.8)
Aged 22-28d 3(1.5) 2(1.1) 7@3.7) 5(3.0) 8(6.3) 1(2.9)

Abbreviations: ANC, absolute neutrophil count; CRP, C-reactive protein; CSF, cerebrospinal fluid; IBI, invasive bacterial infection; UTI, urinary tract infection.

2 Fever duration categorized as <12 hours.

ing to downstream harms including repeat lumbar punctures,
prolonged hospitalizations,?® and adverse events.'®1* Par-
ents and physicians have fundamental differences in values
for diagnostic testing, diagnostic error, and short- and long-
term morbidity.2”?® Moreover, parents have identified lum-
bar punctures as one of the most stressful aspects in the man-
agement of febrile infants.

The current analysis found a sensitivity of 94.2% and NPV
of 99.4% for any invasive bacterial infection. For uncommon
diseases, NPVs are high due to disease prevalence being low,

jama.com

and their clinical interpretation depends on risk tolerance. A
clinician may consider a 1% risk of meningitis sufficient to war-
rant a lumbar puncture, whereas a parent may have a higher
risk threshold.® This study estimated NPVs for both invasive
bacterial infection and bacterial meningitis across a range of
prevalences. For bacterial meningitis, even if the pretest preva-
lence was 2%, more than twice that observed in this study, the
prediction rule NPV would be 99.9% (95% CI, 99.5%-
100.0%). The observed PPV (approximately 7%) was similar
to the derivation cohort (approximately 5%)'”; PPVs in this
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Table 3. Positive and Negative Predictive Values

Prevalence PPV (95% Cl), %

Prevalence of invasive bacterial infections®

NPV (95% Cl), %

0.0 0(0-0) 100 (100-100)

1.0 1.60 (1.42-1.77) 99.86 (99.64-99.95)
2.0 3.19(2.82-3.51) 99.72(99.28-99.89)
3.0 4.75(4.22-5.23) 99.57 (98.91-99.84)
4.0 6.30 (5.60-6.92) 99.42 (98.54-99.78)
5.0 7.83(6.97-8.58) 99.27(98.16-99.72)
6.0 9.33(8.33-10.22) 99.12 (97.78-99.66)
7.0 10.83 (9.68-11.83) 98.96 (97.40-99.60)
8.0 12.30(11.02-13.42) 98.80 (97.00-99.54)
Prevalence of bacterial meningitis®

0.0 0 (0-0) 100 (100-100)

0.25 0.44 (0.40-0.46) 99.99 (99.94-100)
0.50 0.87 (0.79-0.92) 99.98 (99.88-100)
0.75 1.31(1.19-1.37) 99.96 (99.82-100)
1.00 1.74(1.58-1.82) 99.95 (99.76-100)
1.25 2.17 (1.98-2.28) 99.94 (99.70-100)
1.50 2.60(2.37-2.73) 99.92 (99.64-100)
1.75 3.02(2.76-3.17) 99.91 (99.57-100)
2.00 3.45(3.15-3.62) 99.90 (99.51-100)

Abbreviations: NPV, negative predictive value; PPV, positive predictive value.

2 Estimated PPVs and NPVs with 95% Cls for invasive bacterial infections across
arange of prevalences (0%-8%), with assumed prediction rule sensitivity of
94.2% (95% Cl, 85.6%-97.8%) and specificity of 41.6% (95% Cl,
36.7%-46.7%).

b Estimated PPVs and NPVs with 95% Cls for bacterial meningitis across a range

of prevalences (0%-2%), with assumed prediction rule sensitivity of 97.8%
(95% Cl, 89.4%-100%) and specificity of 44.1% (95% Cl, 42.1%-46.1%).

range would be expected for a prediction model derived torule
out an uncommon disease. Infants not classified as being low
risk would merit lumbar punctures given the gravity of bac-
terial meningitis. Specificity is the percentage of infants with-
outinvasive bacterial infection correctly classified as being at
low risk. The observed specificity was relatively low (approxi-
mately 42%), but would identify a large minority of low-risk
infants and enable clinicians and parents to avoid lumbar punc-
tures if desired.

Guidelines that historically recommended routine lumbar
punctures for febrile infants 28 days or younger were based on
small studies using subjective clinical findings and traditional
laboratory markers at preexisting cutoffs rather than accurate
serum biomarkers at statistically derived thresholds.” The up-
dated PECARN rule incorporates newer biomarkers, and in-
fant age did not add predictive value.'® Infants 28 days and
younger are excluded from recent World Health Organization
guidelines on meningitis.>® Many current guidelines, includ-
ing those from the National Institute for Health and Care
Excellence!® used in the UK and Europe,3° the American Acad-
emy of Pediatrics,® and the Sociedad Espafiola de Urgencias de
Pediatria® all recommend routine lumbar punctures for febrile
infants aged 30 days or younger'® or 21 days or younger.®° In
contrast, a Canadian guideline®' and a US-based network-wide
care process model*? recommend shared decision-making with
parents for low-risk infants aged 28 days or younger, although
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both advise lumbar puncture if initiating antibiotics. For hos-
pitalized low-risk infants under observation, automated con-
tinuous blood culture detection can facilitate prompt lumbar
puncture if true bacteremia is later identified.

The updated PECARN rule is intended for use among fe-
brile infants who do not appear unwell, because unwell ap-
pearance is an important predictor of invasive bacterial
infection.?! However, the assessment of febrile young infants
can be challenging,* and the studies included in this analysis
used varying approaches. Two studies classified infants as un-
well using the Pediatric Assessment Triangle tool.2%-?! One ex-
cluded both critically ill infants and those with abnormal Pe-
diatric Assessment Triangle results.!® The smallest study?2 (94
infants; 3.7% of total pooled study sample) included unwell
infants. However, if this had any effect on the results, it would
have lowered the diagnostic accuracy because these infants
would be expected to have a higher rate of invasive bacterial
infection.

There were additional differences between study co-
horts. Two of the studies?-*! excluded infants with symp-
toms of viral illnesses. This likely contributed to the range of
invasive bacterial infection prevalences observed between the
studies. The same 2 studies also used urine dipstick, but these
test results have comparable diagnostic accuracy to
urinalysis®3*2* and likely had minimal impact on the rule per-
formance in the pooled sample.

Limitations

This study has limitations. First, all primary studies were con-
ducted in pediatric emergency departments, and results may
not be generalizable to other settings. However, the preva-
lence of serious bacterial illness is often lower in general emer-
gency departments than pediatric emergency departments,
which would be expected to further improve NPV. Second, gen-
eralizability is limited to settings where procalcitonin results
are rapidly available.? Third, the definitive risk of bacterial
meningitis among low-risk infants 28 days or younger would
best be established by a single large prospective study. How-
ever, this analysis is likely the largest sample of prospective
data on this topic available to date. Fourth, although interna-
tional data were pooled, low- to middle-income countries were
not represented.

Fifth, among all 6 cohorts, 1 of 5 infants classified as hav-
ing a missed invasive bacterial infection had blood cultures sug-
gestive of contaminant growth rather than true bacteremia.
However, this would have led to underestimating the NPV and
sensitivity reported. Sixth, C-reactive protein was not col-
lected in all studies, and therefore it was not possible to evalu-
ate risk-stratification strategies requiring that biomarker.?' Sev-
enth, due to zero false-negative results observed for bacterial
meningitis, pooled-count 3 posterior simulation was used to
estimate predictive values and 95% CIs. This method treats data
as arising from a single combined population and does not ex-
plicitly account for between-study heterogeneity. Therefore,
the pooled predictive value estimates may not fully reflect vari-
ability in diagnostic performance for bacterial meningitis across
settings. Eighth, this study did not assess the risk of herpes sim-
plex virus infections, which affect an estimated 0.17% of in-
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fants in this age group,>® because the PECARN rule is meant
to identify infants with serious bacterial rather than viral

infections.

Prediction of Bacteremia and Bacterial Meningitis Among Febrile Infants Aged 28 Days or Younger

limited but clinically acceptable specificity for ruling out in-
vasive bacterial infections. Importantly, there were no missed

cases of bacterial meningitis among low-risk infants, challeng-
ing decades of practice and current guidelines recommend-
ing routine lumbar punctures for febrile infants 28 days or

Conclusions

In this large, international sample of febrile infants 28 days or
younger evaluated in emergency departments, the updated PE-
CARN prediction rule performed with high sensitivity and more
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