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ABSTRACT

Introduction The WHO'’s Integrated Management of
Childhood lliness (IMCI) in young infants <2 months of age
includes the identification and management of signs of
possible serious bacterial infection (PSBI). However, equal
importance is given to all the PSBI signs, which signal

the need for referral and hospital management, except

for fast breathing in infants aged 7-59 days, for which
outpatient treatment by clinical staff working at a health
facility is recommended. Moreover, studies to validate

the importance of clinical signs of PSBI have mostly used
the need for hospitalisation as the outcome. There is a
need to further examine the association of signs of PSBI
individually and in combination with risk of mortality and to
analyse global data to inform global recommendations.
Methods and analysis We will create a dataset that
integrates data from population-based studies globally
with similar designs that have examined the presence

of signs of PSBI identified by frontline health workers
throughout the young infant period (days 0 to <60) and
that have also recorded infant vital status. We will conduct
pooled, individual-level analyses of the frequency of
identification of signs individually and in combinations and
will conduct three types of analyses of association of signs
of PSBI with mortality: (1) case fatality, which has been
used in a multisite study of mortality risk associated with
signs of PSBI in young infants in Africa; (2) Cox regression,
which will enable time-varying analysis of exposure in
relation to mortality, as has been done in a multisite study
in Asia and (3) machine learning analysis, which has not
previously been applied to any of the available data.
Ethics and dissemination All prior studies incorporated
into our pooled analysis were approved by the independent
local ethics committee/institutional review board (IRB) at
each study site in each country, and all study participants
provided informed consent. This project was approved by
the Stanford University School of Medicine IRB protocol
74456. Study findings will be disseminated through
publications in peer-reviewed journals, WHO documents,
and presentations at maternal and child health meetings.

STRENGTHS AND LIMITATIONS OF THIS STUDY

= Pooling of individual subject data available globally.

= Pooling of population-based studies using com-
mon designs for subject enrolment, baseline co-
variates and assessment of community health
worker (CHW)-identified clinical signs of the WHO’s
Integrated Management of Childhood lliness singly
and in combinations and vital status.

= Use of analytic methods to assess risk for mortality
that complement (case-fatality and regression) and
extend (machine learning) prior approaches.

= There may have been some variations in the assess-
ments of clinical signs by the CHWs across study
sites, although efforts were made to standardise
them.

INTRODUCTION

Neonatal deaths comprise nearly half of
all mortality in children before their fifth
birthday.! The most common causes of
neonatal mortality, based on modelled esti-
mates from global data, are complications
of preterm birth (0.88million, 36.0%);
intrapartum-related events (‘birth asphyxia’)
(0.58 million,  23.8%) and  infections
including pneumonia, sepsis and meningitis
(0.4million, 16.4%).? Based on data from
11 surveillance sites in Africa and Asia, the
Alliance for Maternal and Newborn Health
Improvement (AMANHI) mortality study
group found that perinatal asphyxia (40% in
South Asia and 35% in sub-Saharan Africa)
and severe infections (35% in South Asia and
37% in sub-Saharan Africa) were the most
common causes of deaths in the neonatal
period, followed by complications of preterm
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birth (19% in South Asia and 24% in sub-Saharan Africa).’
Similar results for rates and cause-specific mortality distri-
butions were found in a 5-site, 3-country study in South
Asia (Aetiology of Neonatal Infection in South Asia
(ANISA)).*

Estimates of the incidence of severe neonatal infec-
tions have varied, but they nevertheless emphasise the
magnitude of the burden. In 2012, a systematic literature
review with meta-analysis estimated that the incidence
of possible serious bacterial infection (PSBI) was 7.6%,
totalling 6.9 million cases, with a case-fatality rate (CFR)
of 9.8% in sub-Saharan Africa, South Asia and Latin
America.” A 6-country prospective study in 2010-2013
reported a 12.9% incidence of PSBI in the first 6 weeks
after birth and a CFR of 14.0%.°

Recognising the need to provide guidelines on the
identification and management of infections in young
infants, based on several studies of clinical signs of illness
associated with a need for hospitalisation of young infants
during days 0 to <60,”"® the WHO published Integrated
Management of Childhood Illness (IMCI) in 2014, which
included 7 signs of PSBI indicating the need for referral
of sick young infants for hospital care.'* These signs were:
not able to feed at all or not feeding well, convulsions,
severe chest indrawing, high body temperature (38°C
or above), low body temperature (less than 35.5°C),
movement only when stimulated or no movement at all,
or fast breathing (60 breaths per minute or more). In
2015, WHO further recommended outpatient treatment
of infants aged 7-59 days who present with isolated fast
breathing with oral amoxicillin without a referral,'” which
was included in the 2019 IMCI chart booklet for young
infants.'® WHO guidelines currently give equal impor-
tance to the other six PSBI signs. However, implementa-
tion of IMCI would be further aided by the identification
of young infants with signs of illness at a lower risk for
mortality who could potentially be treated on an outpa-
tient basis. In addition, using mortality as the outcome
in assessing the risk associated with signs of PSBI rather
than the need for hospitalisation may enhance policy
relevance.

We aimed to identify and pool individual subject data
from studies globally that used similar methods to system-
atically assess infants for signs of PSBI, conducted by
community-based frontline health workers, while also
recording vital status during the young infant period.
We will examine associations of signs individually and in
combination with mortality to further define a level of
risk for mortality and inform WHO IMCI global guidance
for the assessment and management of young infants.

Methods and analysis

Study populations

A literature review in consultation with WHO child
health staff was conducted to identify population-based
studies which assessed clinical signs of PSBI as defined
by WHO'"'® and recorded the timing of deaths of young
infants aged 0 to <60 days. We identified 6 studies which

met these criteria, including the Simplified Antibiotic
Treatment Trial (SATT) Pakistan,'”® the African Neonatal
Sepsis Trial (AFRINEST),'" Aetiology of Neonatal Infec-
tion in South Asia (ANISA),* ** a community-based study
in Pakistan,” the Projahnmo-2 study in Bangladesh,'****’
and the National Institute of Child Health and Human
Development (NICHD) Global Network’s Maternal and
Newborn Health Registry study.® The SATT Pakistan trial
used community health workers (CHWs) to assess young
infants for signs of PSBI in the community, but infants
identified with signs were referred to health clinics and, if
eligible, were enrolled in an antibiotic treatment trial and
subsequently followed by nurses at the clinic.'® Since our
study is aimed at assessing the risk of mortality associated
with any sign of PSBI, alone or in combination, identi-
fied by CHWs and not physicians, and because data on
CHW assessments across the entire young infant period
were not available on infants enrolled in the SATT Paki-
stan study (as determined through discussion with the
study principal investigators), this study was excluded.
Zaidi et al evaluated young infants in Karachi, Pakistan,
for PSBI identified using an algorithm-based approach
that included signs overlapping with current IMCI signs
of PSBL.* Among infants identified with PSBI, families of
infants who refused hospital admission were consented
and enrolled in a three-arm community-based anti-
biotic treatment trial; however, because reporting on
mortality outcomes was limited to these infants and was
not population-based, this study was not included in our
analysis. The NICHD Global Network’s Maternal and
Newborn Health Registry study enrolled infants across
seven rural sites in six countries who were assessed for
the presence of various signs of serious infections and
vital status over the first 6 weeks after birth. However, the
variables in the site registries were not designed for the
diagnosis of PSBI, and information for identifying infants
with PSBI was not uniform across sites; thus, this study was
excluded from our analysis.’

The two remaining studies (AFRINEST and ANISA)
each used CHWs to conduct population-based surveil-
lance to identify pregnancies, births and pregnancy
outcomes and collected data through household
visits on WHO signs of PSBI in young infants aged
0-59 days (tables 1 and 2). Young infant clinical signs
were assessed by similarly trained CHWs or commu-
nity health extension workers (CHEWsS, in the Nigeria
site of AFRINEST) at the same time intervals over the
first 60 days after birth. Home visits to assess young
infants for signs of PSBI were an entry point into anti-
biotic treatment trials for the AFRINEST study®' **
or an observational study of infectious aetiology for
ANISA.** The management of infants with signs of
PSBI differed across these studies—with randomisa-
tion of infants in the AFRINEST®' ** trials to various
antibiotic treatment regimens, while ANISA** focused
on the identification of the aetiology of infection,
and staff at the study sites managed infants according
to local standard practice—which could have led
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Table 1

young infants in Africa and Asia

Summary of studies to be included in pooled analysis of associations between clinical signs of PSBI and mortality of

AFRINEST'®22

ANISAZ 24

Study design
Study years
Study sites

Study aim

Frontline health worker
training

Pregnancy surveillance

Birth surveillance

Young infant inclusion
criteria in PSBI
surveillance

Young infant exclusion
criteria in PSBI
surveillance

Baseline data collection

Prospective, open-label equivalence RCTs
2011-2013

The DRC (Equateur province)
Kenya (Busia, Bungoma and Kakamega counties in
Western Kenya), Nigeria (Ibadan, lle-Ife, Zaria)

To evaluate simpler antibiotic regimens for the provision
of safe and effective treatment of 0- to 59-day-old
young infants with signs of clinically severe infection
whose families do not accept or cannot access referral-
level care. One trial had four arms and evaluated
simplified antibiotic regimens for young infants with
signs of clinical severe infections.?® Another trial had
two arms and evaluated whether young infants with fast
breathing alone can be safely and effectively treated in
the community with oral antibiotics alone.?!

CHWs were used in DRC and Kenya; CHEWSs were
used in Nigeria.

CHWSs and CHEWSs were trained by supervisory staff
from the study sites. CHEWs had 2-3 years of formal
training in government-supported training institutes on
basic issues of maternal and child health, child nutrition,
treatment of infections, immunisation and environmental
health and oral and mental health. CHWs had been
trained for a few weeks. Refresher training and
standardisation exercises were conducted quarterly.

Established a pregnancy surveillance system in all
study sites. CHWs and TBAs identified and followed up
on pregnancies in DRC and Kenya; TBAs and CHEWSs
identified and followed up on pregnancies in Nigeria.

CHWs and TBAs identified births in DRC and Kenya,
and TBAs and CHEWs identified births in Nigeria within
24 hours of delivery.

Liveborn infants in the study area who were visited at
least twice by CHWs/CHEWSs.

Moved away for delivery or died before follow-up by
CHWSs/CHEWSs after birth.

CHWs collected data using standardised questionnaires
during pregnancy and home visits after childbirth.

The first visit was as soon as the pregnancy was
confirmed, and the second was 2 months before the
expected delivery date. At the first home visit after

the birth of liveborn infants, CHWs/CHEWSs recorded
pregnancy outcomes, date of birth, place of birth, birth
attendant, postpartum status of the mother, participant
demographics, home environment, birth weight,
postpartum neonatal characteristics at birth, history of
any complaints and examination of the baby to identify
any signs of illness. CHW/CHEWSs recorded maternal
deaths, miscarriages, stillbirths and infant deaths in the
first 2months after birth.

Prospective observational cohort study
2010-2015

India (Vellore, Odisha)
Bangladesh (Sylhet)
Pakistan (Karachi, Matiari)

(1) To establish community-based surveillance to identify
cases of PSBI among infants aged 0-59 days and collect
specimens for aetiological evaluation; (2) to determine
community-acquired aetiology-specific incidence of
bacterial and viral infections among infants by using
standard and molecular diagnostic tools; (3) to identify the
risk factors for community-acquired serious bacterial and
viral infections in young infants and (4) to identify clinical
features predictive of invasive viral and bacterial infections
among ill-appearing young infants in the community.

The study protocol was harmonised across sites, and
project staff were trained similarly, using a two-stage
training programme. In the first stage, experts from WHO
trained the supervisory staff from the sites and provided
them with training guides, videos and booklets. These
trained personnel then trained CHWs from their respective
sites for 15-21 days, with the length depending on the
experience of the CHWs, local procedures and capacity.
Refresher training was given ad hoc as CHWs were
followed by a supervisor.

CHWs identified MWRA and followed them via bi-monthly
home visits to identify pregnancies based on the passage
of >2months since the last menstrual period.

CHWs recorded the date of the last menstrual period,
facilitated or encouraged accessing antenatal care, built
rapport and arranged visits to assess newborn infants
immediately after birth.

CHW followed up with pregnant women during two
scheduled visits, immediately after identification of the
pregnancy and at the 29th week of pregnancy. The CHWs
provided their mobile phone numbers to family members
and traditional birth attendants so that they could inform
them about the delivery. The CHWs phoned the family
every other day starting in the 37th week of pregnancy to
enquire whether the mother had delivered.

MWRA in the study area gave consent and gave birth to a
liveborn infant that a CHW visited within 7 days of birth.

Infants born live to MWRA in the study area but were not
reached by a CHW within 7 days of birth.

CHWs collected data using standardised questionnaires
during pregnancy and the first home visit of liveborn
infants on participant demographics, home environment,
pregnancy and birth history, postpartum maternal
characteristics and neonatal characteristics at birth.

Continued
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Table 1 Continued

AFRINEST'®2?

ANISAZ3 24

Clinical sign assessment
(see table 2 for
definitions of signs)

CHWs in DRC and Kenya and CHEWSs in Nigeria visited
infants at home on days 0, 2, 6, 13, 20, 27, 34, 41, 48
and 59. They identified sick young infants with PSBI

CHWs made 10 scheduled home visits over the first 60
days after birth, ideally on days 0, 2, 6, 13, 20, 27, 34, 41,
48 and 59.

signs and referred them to registered nurses at the
health centres for further assessment and management.
All infants continued to be assessed for all signs of
PSBI at the community level by the CHWs and CHEWS,
whether or not they were enrolled in a treatment trial.

Management of infants

trial protocols.'®2?

Mortality assessment

Young infants enrolled 84759 infants

(N)

Young infant deaths (N) 587 deaths

Infants identified with >1sign of PSBI and enrolled in
antibiotic treatment trials were managed according to

The study outcome was the status of the child as alive
or dead (all-cause) recorded by CHWs/CHEWSs during
home visits to assess infants for signs of PSBI.

Infants were managed according to standard care at
the study sites.?®?* Blood and respiratory cultures were
obtained from infants with signs of PSBI to identify the
aetiology of infections.

CHWs assessed vital status at each home visit. Death
cases were referred to supervisors of the verbal autopsy
study, who conducted a verbal autopsy to determine the
cause of death.

63017 infants

1635 deaths

AFRINEST, African Neonatal Sepsis Trial; ANISA, Aetiology of Neonatal Infections in South Asia; CHEW, community health extension worker; CHW,
community health worker; DRC, Democratic Republic of Congo; MWRA, married women of reproductive age; PSBI, possible serious bacterial

infection; RCT, randomised controlled trial; TBA, traditional birth attendant.

to differential mortality risk across the studies. It is
notable that the young infant mortality rate in the
AFRINEST study (9.2 deaths in infants <60days of
age per 1000 live births)*® was substantially lower than
the neonatal mortality rate for sub-Saharan Africa
reported by AMANHI (20.1 per 1000 live births),’
which may reflect the treatment provided to infants
in the AFRINEST study and may limit generalisability
of the results of our analysis. ANISA confirmed young
infant deaths and determined the cause of death
using verbal autopsy, but AFRINEST did not.

Study design

Given the similarities between the AFRINEST and
ANISA studies, we will construct an analytical dataset
which allows for pooling the data at an individual
level while controlling for study and study sites. The
assembly of the dataset began in October 2024, and
the analysis will extend to December 2025. We will
extract information from each study on baseline
demographic and maternal and young infant char-
acteristics. We will also extract temporal data on the
presence of clinical signs and young infant mortality.
The Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) guidelines for
reporting will be followed, with consideration given
to Strengthening the Reporting of Observational
Studies in Epidemiology for Newborn Infection
(STROBE NI),* as these will be observational data.

Data analysis

Exposures and outcomes

We will identify baseline covariates that are common
across the studies for use in adjusting regression

analyses of risk for mortality and for inclusion in
machine learning (ML) models. The study’s expo-
sure is the presence of any of the seven clinical signs
of PSBI. The study outcome is all-cause young infant
mortality.

Analysis

Descriptive analyses will be performed to examine the
frequency of visits where each of the signs of PSBI was
found alone, as well as where signs were found in combi-
nations. Three types of analyses of risk for mortality will
be performed: case fatality, Cox regression and ML. A
sensitivity analysis of mortality risk will be carried out at
the study (ANISA and AFRINEST) and site levels. When
infants were hospitalised, CHWs did not continue to visit
the patients and document PSBI signs while the infants
were in the hospital; however, CHWs did continue to assess
these infants according to the standard visit schedule
after discharge from the hospital, and these infants will
be retained in the analysis. In ANISA, 4% of infants were
hospitalised, while in AFRINEST, 5% of infants were
hospitalised. Due to lack of information on the individual
identification of CHW assessments, interrater reliability
among CHWSs cannot be determined; however, CHWs
were regularly standardised for the assessment of clinical
signs, as described preViously.SO 3

Case fatality analysis

AFRINEST data were initially analysed using case fatality
analysis, as described previously.®® This analysis has the
advantage of simplicity of interpretation but lacks consid-
eration of the time-varying risk of mortality. We will use
data from the AFRINEST and ANISA studies for infants
up to 2 months of age with at least one visit to assess the
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Table 2 Clinical signs of PSBI assessed in the studies included in pooled analysis

PSBI sign AFRINEST

ANISA

Classification
CHEWs for all seven signs of PSBI.

Young infants in the community were assessed at each home visit by CHWs/

Any one sign of PSBI was defined as
a case of PSBI.

Young infants with signs of critical illness (inability to feed according to the
mother, reported convulsions, no movement at all) were referred to a higher-level
hospital for appropriate management. Those who refused referral to a hospital
were treated with injectable antibiotics that day and advised for referral again on
subsequent days. If they still did not accept the referral, they were treated with

injectable antibiotics.

Young infants with only fast breathing (infants aged 0-59 days with a respiratory
rate >60 breaths per minute) were enrolled and randomised in the fast-breathing
AFRINEST trial after the parents refused referral to a higher-level health facility/
hospital for management and consented to be enrolled in the RCT.%°?’

Young infants with 1 or more of 5 signs of clinical severe infection (stopped
feeding well (observed by a nurse at the health facility), high body temperature
(axillary temperature >38°C), low body temperature (axillary temperature <35.5°C),
severe chest indrawing and movement only on stimulation) were enrolled and
randomised in the clinical severe infection AFRINEST trial after the parents
refused referral to a higher-level health facility/hospital for management and

consented to be enrolled in the RCT.'® 22

Young infants with signs of local infection (ie, pus in the umbilicus, skin or eye)
were treated by a nurse at the health facility according to the WHO guidelines.

Fast breathing

Severe chest Severe chest indrawing

indrawing
Fever “High body temperature”: Axillary temperature >38.0°C
Hypothermia “Low body temperature”: Axillary temperature <35.5°C

No movement

Convulsions Reported or observed convulsions

Poor feeding
observation

Respiratory rate >60 breaths per minute in 0- to <69-day-old infants

Movement only on stimulation or no movement at all

Stopped feeding well or unable to feed, according to the mother; confirmed by

Respiratory rate >60 breaths per
minute

Severe chest indrawing: Inward
movement of the lower chest wall
when the child breathes in

Axillary temperature >38°C
Axillary temperature <35.5°C

No movement or movement only on
stimulation
Convulsions (reported or observed)

The child is not able to feed at all or
stopped feeding well (parental report
and observed)

AFRINEST, African Neonatal Sepsis Trials; ANISA, Aetiology of Neonatal Infections in South Asia; CHEW, community health extension worker; CHW,
community health worker; PSBI, possible serious bacterial infection; RCT, randomised controlled trial.

presence of clinical signs and the outcome following
that visit. We will assume infants were alive for all visits
until and unless a death is recorded. The case fatality
rate will be calculated by sign or a combination of signs
as the percentage of young infants who die within 7 days
after showing that sign or a combination of signs of PSBI,
divided by the total number of young infants who had
shown that same sign or a combination of signs during
their previous (reference) visit. We specify a 7-day window
period to avoid the risk of misclassification or recall bias
when no visit data were available for the extended period.

Cox regression analysis

ANISA data were initially analysed using time-to-event
Cox hazards regression models, as described previously.”
This same approach will be applied to the pooled data
across the AFRINEST and ANISA studies. We will investi-
gate the association between finding a sign of PSBI from
the first visit to the end of 60 days after birth and the risk
of all-cause mortality compared with not finding such a
sign. Infants who were never visited or who died before

a CHW visit will be left censored, and exposure periods
of unknown status pertaining to the presence of signs of
PSBI before the first visit will be eliminated. The period
of risk for mortality will be defined as extending for 7 days
after finding a sign of PSBI; a sensitivity analysis will be
performed using a 14-day period of risk for mortality. We
previously showed that for the ANISA data, results were
similar for these two periods of risk for mortality.”* We will
also calculate Kaplan-Meier probabilities of mortality over
the young infant period. We will use Cox regression anal-
ysis to examine patterns of CHW identification of each
sign as follows: a single sign found alone, the sign found
with at least one other sign or any sign(s) found other
than the particular sign compared with not finding any
sign in association with all-cause mortality. Cox regression
will also be used to examine the association between the
presence of clinical signs and the occurrence of mortality
during time frames of the first CHW visit to the end of
day 3 (days 0 to <3), the first visit to the end of day 7 (days
0 to <7) and day 7 to the end of the 60th day (days O to
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<60). Analyses will be adjusted for covariates that are in
common across all datasets.

Machine learning analysis
ML models will be trained to predict the risk of death for
infants with signs of PSBI. The presence/absence of PSBI
signs recorded over multiple visits, as well as available clin-
ical and treatment data, will be used as input features. See
supplemental table S1 (in online supplemental file 1) for
a preliminary list of available predictors that are common
to the ANISA and AFRINEST studies (which includes all
predictors in AFRINEST) and supplemental table S2 (in
online supplemental file 1) for alist of predictors available
in the ANISA dataset. We will use two approaches. First,
multivariate modelling will be applied to obtain precise
contributions of each sign and combinations of signs to
the mortality rate. In this approach, models will be built
by applying standard ML models, specifically Elastic Net,
XGBoost and Stabl,**° Presence/absence of PSBI signs
at different times will be treated as separate features, and
the model will predict the risk of death on a specific day
given the signs on that day and in the previous 6 days.

Three models will be analysed, each specifying how the
risk of death depends on PSBI signs with increasing levels
of detail. We denote the predicted (dependent) variable
asYe {0,1}

where

1, ifinfant dies in the 7 — day window

0, otherwise

In our first (simplest) model 1, we will assume a standard
logistic model for the probability of infant death given
the signs in the previous 7days.”® We include interaction
terms between two different signs to quantify the effect
of the presence of two signs on the probability of infant
death. The probability that an infant dies given signs in
the previous 7 days is then given by

o <P(Y=1|X1,... ) ﬂwzﬂl)ﬂz Z ﬁszX-FZﬁz f

P(Y:OIXI’” =1 =2, pi

where input features X;, i = ., 7are given by

X 1, if sign i is present at any time during 7 days
;=
0, otherwise

and X;,i=8,...,
baseline covariates.

The output of the ML model will provide adjusted ORs
for the risk of death for each sign and the interaction of
signs. ORs for each sign ¢ will be obtained as: OR; = P A
limitation of model 1 is that the risk of death depends
only on the presence/absence of each of the signs at any
time during the 7-day window but does not account for
the time lag between the sign and the outcome. Conse-
quently, the probability in model 1 will be the same for

p are input features for each of the

two infants that died on different days but had the same
signs.

In our second model, we will capture the day in the
7-day window when the death occurred, as follows. For
each infant indexed by b that died on day k; € {O, ce, 6} s
we define k; outcomes Yy, € {0,1} ,k=1,...,k

where

1,ifk=k
Yy = Y b =1,..., k.
0,k< ky
For infants that survived, we have Yy, = 0,for k=0,...,6.

We then consider model 2, which, similar to model 1, is
a logistic model:

lg(w> MZ& S 8 Mx“zﬁx

P (Y =0IXi,..., X, —

where Xj;, i = .,7 denotes the presence or absence of
sign ¢ at any tlme before or at day k:

X 1, if sign i is present at any day before day k or at day k
ik =
0, otherwise

In our third model, we capture the timing of each clin-
ical sign. To achieve this, we consider separate features
for the presence/absence of PSBI signs for each day:

(Yi=11X,.. )) 50+51Xk+ﬂflx}1rl n -'+5f6Xf76+

log (P(Yk 0%, X))

P
BIXE+... B, X0 4 ..+6;6X§_6+251‘Xi
=8
where input features sz= 1,...,7,k=0,...,6 are given
by
X 1, if sign i is present at any day before day k or at day k
ik =

0, otherwise

In the case of model 3, 1-hot encoding will be used to
construct matrix X containing all input features.

We will next perform a survival analysis to estimate the
time to death. The standard al?proach is to apply the Cox
proportional hazards model.”” In the case where a large
number of covariates (and specifically in the case p> N,
where N denotes the size of the cohort) the Cox model
can experience degenerate behaviour.™ To avoid this
problem and handle a large number of covariates, we will
use a regularised Cox proportional hazards model regula-
rised by Elastic Net.” The Cox model assumes semipara-
metric hazard in which the hazard for patient i at time ¢
is:

() = () 79

where X; = (X;1,...,X;p) is a vector of covariates at time
t, B is a vector of coefficients of length p and #y(¢) is the
shared baseline hazard. The vector of coefficients, 3, is
determined by maximising the partial likelihood

6
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T
m eX/(’> B

L) =1]

— X'B
1 2jer, €7

which in this case will be subject to the Elastic Net
constraint that combines Lasso®’ and Ridge Regression.*’

for some threshold ¢. Here, m denotes the total number
of time instances in the observation window, j(i) denotes
observations failing at time ¢ and R; is a set of indices for
which failure occurs at or after time 1.

Equivalently, coefficients 8 will be determined by
solving the following:

~ 2 L. T
B = argmaxg N Zl X]l(l),@ — logEZR P YN (8)
= JER:

where
4 1 4
Py (B) =a [Bi+5 (1-a) D57
i=1 =1

is the Elastic Net penalty. The R package glmnet*' will
be used for the ML analysis.

The results from these analyses will enable us to gain
additional insights, particularly from ML analysis, into
combinations of signs of PSBI and potentially other
factors that identify young infants with particularly
heightened risk for mortality. This information will
be taken into account in considering modifications
to IMCI for young infants. We will also consider the
development of an app—starting, for example, with
fast breathing in the first week after birth—to be used
by CHWs to guide the management of infants based
on information that is useful in predicting risk for
mortality.

Patient and public involvement
Patients and/or the public were not involved in the
design or dissemination plans of this research.

Ethics and dissemination

This pooled analysis will not collect any primary data.
All study site protocols were approved by the inde-
pendent local ethics committee/institutional review
board (IRB) at each study site or country, and all
study participants gave informed consent. Patient data
will be deidentified before inclusion in our analysis.
This project was approved by the Stanford University
School of Medicine IRB protocol 74456. The anal-
ysis was deemed to be exempt from human subjects
review by the WHO Ethics Review Committee.

The authors will disseminate the findings of this
study through publications in peer-reviewed journals,
WHO documents, and presentations at maternal and
child health meetings.

Author affiliations

1Department of Pediatrics, Stanford University School of Medicine, Stanford,
California, USA

%Department of Epidemiology and Population Health, Stanford University School of
Medicine, Stanford, California, USA

3Department of Computer Science, Stanford University, Stanford, California, USA
“Child Health Research Foundation, Dhaka, Bangladesh

%Independent Consultant Paediatrician, Geneva, Switzerland

®Department of Population, Family and Reproductive Health, Johns Hopkins
University, Baltimore, Maryland, USA

"University of Kinshasa, Kinshasa, Congo (Democratic Republic of the Congo)
8Department of Child Health and Paediatrics, Moi University, Eldoret, Uasin Gishu
County, Kenya

University of Ibadan College of Medicine, Ibadan, Oyo, Nigeria

10Department of Paediatrics and Child Health, Obafemi Awolowo University, lle-Ife,
Osun, Nigeria

"'Ahmadu Bello University Teaching Hospital, Zaria, Kaduna state, Nigeria, Zaria,
Kaduna, Nigeria

'2Department of Maternal, Newborn, Child and Adolescent Health and Ageing, World
Health Organization, Geneve, Switzerland

X Gary L Darmstadt @gdarmsta

Contributors GLD and YBN conceived the study concept and design, with input
from Sl and SAQ. GLD, VB and KA reviewed the literature and abstracted the
data. IM, SA and YBN led the development of the data analysis plan. GLD and VB
developed the first draft of the manuscript. All authors provided critical revisions
and approved the manuscript. GLD is the study guarantor.

Funding The ANISA study was supported by a grant (OPPGH5307) from the Bill

& Melinda Gates Foundation to the Child Health Research Foundation, Dhaka,
Bangladesh. The AFRINEST study was funded by a grant from the Bill & Melinda
Gates Foundation to WHO, which sponsored the study. The idea for this secondary
analysis was supported by Grant NVF-NGDF-STA25-Subgrant-011147-2020-06-15
from the New Venture Fund for Global Policy and Advocacy to Stanford University.
VB was supported through the WHO internship programme at the Department of
Maternal, Newborn, Child and Adolescent Health and Ageing. KA was supported
through a Stanford King Center on Global Development Summer Full-Time and
Academic Year Part-Time Undergraduate Research Fellowship.

Competing interests None declared.

Patient and public involvement Patients and/or the public were not involved in
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication Consent obtained from parent(s)/guardian(s)
Provenance and peer review Not commissioned; externally peer reviewed.

Supplemental material This content has been supplied by the author(s). It has
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been
peer-reviewed. Any opinions or recommendations discussed are solely those

of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and
responsibility arising from any reliance placed on the content. Where the content
includes any translated material, BMJ does not warrant the accuracy and reliability
of the translations (including but not limited to local regulations, clinical guidelines,
terminology, drug names and drug dosages), and is not responsible for any error
and/or omissions arising from translation and adaptation or otherwise.

Open access This is an open access article distributed under the terms of the
Creative Commons Attribution IGO License (CC BY 3.0 1GO), which permits use,
distribution,and reproduction in any medium, provided the original work is properly
cited. In any reproduction of this article there should not be any suggestion that
WHO or this article endorse any specific organization or products. The use of the
WHO logo is not permitted. This notice should be preserved along with the article’s
original URL.

ORCID iDs

Gary L Darmstadt http://orcid.org/0000-0002-7522-5824
Ivana Mari¢ http://orcid.org/0000-0002-9441-521X

Yasir Bin Nisar http://orcid.org/0000-0002-9720-5699

REFERENCES
1 United nations inter-agency group for child mortality estimation
(UN IGME), levels & trends in child mortality: report 2023, estimates
developed by the united nations inter-agency group for child

mortality estimation. United Nations Children’s Fund; 2024. Available:

https://data.unicef.org/resources/levels-and-trends
2 Perin J, Mulick A, Yeung D, et al. Global, regional, and national
causes of under-5 mortality in 2000-19: an updated systematic

Darmstadt GL, et al. BMJ Open 2025;15:€097135. doi:10.1136/bmjopen-2024-097135

'saiIfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
“1s8nb Aq Gz0z ‘9T Jequisldas uo jwod fwg uadolway:dny woly papeojumod ‘520 dUNC ¥Z U0 SET/60-7202-uadolwa/9eTT 0T Se paysiignd sy :uadQ CING


https://x.com/gdarmsta
https://creativecommons.org/licenses/by/3.0/igo/
http://orcid.org/0000-0002-7522-5824
http://orcid.org/0000-0002-9441-521X
http://orcid.org/0000-0002-9720-5699
https://data.unicef.org/resources/levels-and-trends
http://bmjopen.bmj.com/

20

analysis with implications for the Sustainable Development Goals.
Lancet Child Adolesc Health 2022;6:106-15.

Alliance for Maternal and Newborn Health Improvement (AMANHI)
mortality study group. Population-based rates, timing, and causes
of maternal deaths, stillbirths, and neonatal deaths in south Asia and
sub-Saharan Africa: a multi-country prospective cohort study. Lancet
Glob Health 2018;6:¢1297-308.

Darmstadt GL, Abdalla S, Islam MS, et al. 2025 Causes and risk
factors for deaths in young infants in South Asia: ANISA prospective,
observational cohort study.

Seale AC, Blencowe H, Manu AA, et al. Estimates of possible severe
bacterial infection in neonates in sub-Saharan Africa, south Asia,
and Latin America for 2012: a systematic review and meta-analysis.
Lancet Infect Dis 2014;14:731-41.

Hibberd PL, Hansen NI, Wang ME, et al. Trends in the incidence of
possible severe bacterial infection and case fatality rates in rural
communities in Sub-Saharan Africa, South Asia and Latin America,
2010-2013: a multicenter prospective cohort study. Reprod Health
2016;13:65.

Clinical prediction of serious bacterial infections in young infants in
developing countries. Pediatr Infect Dis J 1999;18:S23-31.

Bang AT, Bang RA, Reddy MH, et al. Simple clinical criteria to
identify sepsis or pneumonia in neonates in the community needing
treatment or referral. Pediatr Infect Dis J 2005;24:335-41.

Opiyo N, English M. What clinical signs best identify severe illness in
young infants aged 0-59 days in developing countries? A systematic
review. Arch Dis Child 2011;96:1052-9.

Clinical signs that predict severe illness in children under age 2
months: a multicentre study. The Lancet 2008;371:135-42.

Baqui AH, Arifeen SE, Rosen HE, et al. Community-based validation
of assessment of newborn illnesses by trained community health
workers in Sylhet district of Bangladesh. Trop Med Int Health
2009;14:1448-56.

Darmstadt GL, Baqui AH, Choi Y, et al. Validation of community
health workers’ assessment of neonatal iliness in rural Bangladesh.
Bull World Health Organ 2009;87:12-9.

Darmstadt GL, Baqui AH, Choi Y, et al. Validation of a clinical
algorithm to identify neonates with severe illness during

routine household visits in rural Bangladesh. Arch Dis Child
2011;96:1140-6.

World health organization. Integrated management of childhood
illness (imci). In: Chart Booklet. Geneva, Switzerland: WHO, 2014.
Available: https://www.who.int/publications/m/item/integrated-
management-of-childhood-illness---chart-booklet-(march-2014)
World Health Organization. Guideline: managing possible serious
bacterial infection in young infants when referral is not feasible. WHO,
2015. Available: https://apps.who.int/iris/bitstream/handle/10665/
181426/9789241509268_eng.pdf ?sequence=1

World Health Organization. Integrated management of childhood
iliness. In: Management of the sick young infant aged up to 2 months
chart booklet. World Health Organization, 2019. Available: https://
apps.who.int/iris/bitstream/handle/10665/326448/9789241516365-
eng.pdf?ua=1

Zaidi AKM, Tikmani SS, Sultana S, et al. Simplified antibiotic
regimens for the management of clinically diagnosed severe
infections in newborns and young infants in first-level

facilities in Karachi, Pakistan: study design for an outpatient
randomized controlled equivalence trial. Pediatr Infect Dis J

2013;32 Suppl 1:519-25.

Mir F, Nisar I, Tikmani SS, et al. Simplified antibiotic regimens for
treatment of clinical severe infection in the outpatient setting when
referral is not possible for young infants in Pakistan (Simplified
Antibiotic Therapy Trial [SATT]): a randomised, open-label,
equivalence trial. Lancet Glob Health 2017;5:e177-85.

AFRIcan NEonatal Sepsis Trial Group. Simplified regimens for
management of neonates and young infants with severe infection
when hospital admission is not possible: study protocol for a
randomized, open-label equivalence trial. Pediatr Infect Dis J
2013;32 Suppl 1:526-32.

AFRIcan NEonatal Sepsis Trial Group. Treatment of fast breathing

in neonates and young infants with oral amoxicillin compared

with penicillin-gentamicin combination: study protocol for a
randomized, open-label equivalence trial. Pediatr Infect Dis J
2013;32 Suppl 1:S33-8.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

Tshefu A, Lokangaka A, Ngaima S, et al. Oral amoxicillin compared
with injectable procaine benzylpenicillin plus gentamicin for
treatment of neonates and young infants with fast breathing when
referral is not possible: a randomised, open-label, equivalence trial.
The Lancet 2015;385:1758-66.

Tshefu A, Lokangaka A, Ngaima S, et al. Simplified antibiotic
regimens compared with injectable procaine benzylpenicillin plus
gentamicin for treatment of neonates and young infants with clinical
signs of possible serious bacterial infection when referral is not
possible: a randomised, open-label, equivalence trial. The Lancet
2015;385:1767-76.

Islam MS, Baqui AH, Zaidi AK, et al. Infection Surveillance Protocol
for a Multicountry Population-based Study in South Asia to
Determine the Incidence, Etiology and Risk Factors for Infections
Among Young Infants of 0 to 59 Days Old. Pediatr Infect Dis J
2016;35:59-15.

Saha SK, Schrag SJ, El Arifeen S, et al. Causes and incidence

of community-acquired serious infections among young children

in south Asia (ANISA): an observational cohort study. Lancet
2018;392:145-59.

Zaidi AKM, Tikmani SS, Warraich HJ, et al. Community-based
treatment of serious bacterial infections in newborns and young
infants: a randomized controlled trial assessing three antibiotic
regimens. Pediatr Infect Dis J 2012;31:667-72.

Darmstadt GL, Saha SK, Choi Y, et al. Population-based incidence
and etiology of community-acquired neonatal bacteremia in Mirzapur,
Bangladesh: an observational study. J Infect Dis 2009;200:906-15.
Farzin A, Saha SK, Baqui AH, et al. Population-based Incidence
and Etiology of Community-acquired Neonatal Viral Infections in
Bangladesh: A Community-based and Hospital-based Surveillance
Study. Pediatr Infect Dis J 2015;34:706-11.

Puri D, Nisar YB, Tshefu A, et al. Prevalence of clinical signs of
possible serious bacterial infection and mortality associated with
them from population-based surveillance of young infants from birth
to 2 months of age. PLoS One 2021;16:€0247457.

Fitchett EJA, Seale AC, Vergnano S, et al. Strengthening the
Reporting of Observational Studies in Epidemiology for
Newborn Infection (STROBE-NI): an extension of the STROBE
statement for neonatal infection research. Lancet Infect Dis
2016;16:e202-13.

Connor NE, Islam MS, Arvay ML, et al. Methods Employed

in Monitoring and Evaluating Field and Laboratory Systems

in the ANISA Study: Ensuring Quality. Pediatr Infect Dis J
2016;35:5S39-44.

Wall SN, Mazzeo ClI, Adejuyigbe EA, et al. Ensuring quality in
AFRINEST and SATT: clinical standardization and monitoring. Pediatr
Infect Dis J 2013;32 Suppl 1:S39-45.

Darmstadt GL, Ahmed S, Islam MS, et al. Association of clinical
signs of possible serious bacterial infections identified by community
health workers with mortality of young infants in South Asia:

a prospective, observational cohort study. EClinicalMedicine
2025;80:103070.

Zou H, Hastie T. Regularization and Variable Selection Via the Elastic
Net. J R Stat Soc Series B Stat Methodol 2005;67:301-20.

Chen T, Guestrin C. XGBoost: a scalable tree boosting system. 22nd
ACM SIGKDD International Conference on Knowledge Discovery and
Data Mining; 2016:785-94.

Hédou J, Mari¢ |, Bellan G, et al. Discovery of sparse, reliable omic
biomarkers with Stabl. Nat Biotechnol 2024;42:1581-93.

Hastie T, Tibshirani R, Friedman J. The elements of statistical
learning: data mining, inference, and prediction. 2nd edn. Springer
Series in Statistics, 2009.

Cox DR. Regression Models and Life-Tables. Journal of the Royal
Statistical Society Series B 1972;34:187-202.

Simon N, Friedman J, Hastie T, et al. Regularization Paths for Cox’s
Proportional Hazards Model via Coordinate Descent. J Stat Softw
2011;39:1-13.

Tibshirani R. Regression Shrinkage and Selection Via the Lasso.
Journal of the Royal Statistical Society Series B 1996;58:267-88.
Hoerl A, Kennard R. Ridge regression. In: Encyclopedia of statistical
sciences. 8. Wiley, 1988: 129-36.

Friedman J, Hastie T, Tibshirani R. Regularization Paths for
Generalized Linear Models via Coordinate Descent. J Stat Softw
2010;33:1-22.

Darmstadt GL, et al. BMJ Open 2025;15:¢097135. doi:10.1136/bmjopen-2024-097135

'saiIfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn 1o} Buipnjoul ‘1ybliAdod Aq palosalold
“1s8nb Aq Gz0z ‘9T Jequisldas uo jwod fwg uadolway:dny woly papeojumod ‘520 dUNC ¥Z U0 SET/60-7202-uadolwa/9eTT 0T Se paysiignd sy :uadQ CING


http://dx.doi.org/10.1016/S2352-4642(21)00311-4
http://dx.doi.org/10.1016/S2214-109X(18)30385-1
http://dx.doi.org/10.1016/S2214-109X(18)30385-1
http://dx.doi.org/10.1016/S1473-3099(14)70804-7
http://dx.doi.org/10.1186/s12978-016-0177-1
http://dx.doi.org/10.1097/00006454-199910001-00005
http://dx.doi.org/10.1097/01.inf.0000157094.43609.17
http://dx.doi.org/10.1136/adc.2010.186049
http://dx.doi.org/10.1016/S0140-6736(08)60106-3
http://dx.doi.org/10.1111/j.1365-3156.2009.02397.x
http://dx.doi.org/10.2471/blt.07.050666
http://dx.doi.org/10.1136/archdischild-2011-300591
https://www.who.int/publications/m/item/integrated-management-of-childhood-illness---chart-booklet-(march-2014)
https://www.who.int/publications/m/item/integrated-management-of-childhood-illness---chart-booklet-(march-2014)
https://apps.who.int/iris/bitstream/handle/10665/181426/9789241509268_eng.pdf ?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/181426/9789241509268_eng.pdf ?sequence=1
https://apps.who.int/iris/bitstream/handle/10665/326448/9789241516365-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/326448/9789241516365-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/326448/9789241516365-eng.pdf?ua=1
http://dx.doi.org/10.1097/INF.0b013e31829ff7aa
http://dx.doi.org/10.1016/S2214-109X(16)30335-7
http://dx.doi.org/10.1097/INF.0b013e31829ff7d1
http://dx.doi.org/10.1097/INF.0b013e31829ff7eb
http://dx.doi.org/10.1016/S0140-6736(14)62285-6
http://dx.doi.org/10.1016/S0140-6736(14)62284-4
http://dx.doi.org/10.1097/INF.0000000000001100
http://dx.doi.org/10.1016/S0140-6736(18)31127-9
http://dx.doi.org/10.1097/INF.0b013e318256f86c
http://dx.doi.org/10.1086/605473
http://dx.doi.org/10.1097/INF.0000000000000726
http://dx.doi.org/10.1371/journal.pone.0247457
http://dx.doi.org/10.1016/S1473-3099(16)30082-2
http://dx.doi.org/10.1097/INF.0000000000001105
http://dx.doi.org/10.1097/INF.0b013e31829ff801
http://dx.doi.org/10.1097/INF.0b013e31829ff801
http://dx.doi.org/10.1016/j.eclinm.2025.103070
http://dx.doi.org/10.1111/j.1467-9868.2005.00503.x
http://dx.doi.org/10.1038/s41587-023-02033-x
http://dx.doi.org/10.1111/j.2517-6161.1972.tb00899.x
http://dx.doi.org/10.1111/j.2517-6161.1972.tb00899.x
http://dx.doi.org/10.18637/jss.v039.i05
http://dx.doi.org/10.1111/j.2517-6161.1996.tb02080.x
https://pubmed.ncbi.nlm.nih.gov/20808728
http://bmjopen.bmj.com/

	Mortality risk associated with clinical signs of possible serious bacterial infection (PSBI) in young infants in Africa and Asia: protocol for a secondary pooled analysis
	Abstract
	Introduction﻿﻿
	Methods and analysis
	Study populations

	Study design
	Data analysis
	Exposures and outcomes
	Analysis
	Case fatality analysis

	Cox regression analysis
	Machine learning analysis

	Patient and public involvement
	Ethics and dissemination

	References


