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Abstract

Each year, 2.4 million children die within their first month of life. Child Health and Mortality
Prevention Surveillance (CHAMPS) established in 7 countries aims to generate accurate
data on why such deaths occur and inform prevention strategies. Neonatal deaths that
occurred between December 2016 and December 2021 were investigated with MITS within
24-72 hours of death. Testing included blood, cerebrospinal fluid and lung cultures, multi-
pathogen PCR on blood, CSF, nasopharyngeal swabs and lung tissue, and histopathology
examination of lung, liver and brain. Data collection included clinical record review and fam-
ily interview using standardized verbal autopsy. The full set of data was reviewed by local
experts using a standardized process (Determination of Cause of Death) to identify all rele-
vant conditions leading to death (causal chain), per WHO recommendations. For analysis
we stratified neonatal death into 24-hours of birth, early (1-<7 days) and late (7-<28 days)
neonatal deaths. We analyzed 1458 deaths, 41% occurring within 24-hours, 41% early and
18% late neonatal deaths. Leading underlying causes of death were complications of intra-
partum events (31%), complications of prematurity (28%), infections (17%), respiratory dis-
orders (11%), and congenital malformations (8%). In addition to the underlying cause, 62%
of deaths had additional conditions and 14% had >3 other conditions in the causal chain.
The most common causes considering the whole causal chain were infection (40%), prema-
turity (32%) and respiratory distress syndrome (28%). Common maternal conditions linked
to neonatal death were maternal hypertension (10%), labour and delivery complications
(8%), multiple gestation (7%), placental complications (6%) obstructed labour and chor-
ioamnionitis (5%, each). CHAMPS’ findings showing the full causal chain of events that lead
to death, in addition to maternal factors, highlights the complexities involved in each death
along with the multiple opportunities for prevention. Highlighting improvements to prenatal
and obstetric care and infection prevention are urgently needed in high-mortality settings.

Introduction

The child is highly vulnerable during the neonatal period. In 2019, 2.4 million children globally
died in the first month of life, equivalent to 6,700 deaths per day [1]. Of those, about a third of
all neonatal deaths occurred within the first day of life, and close to three-quarters occurred
within the first week of life [1].

While neonatal death rates have dropped by 52% globally (from 38 to 17 deaths per 1000
live births between 1990-2019), neonatal deaths still comprise 45% of all child deaths under 5
year of age [2]. Marked disparities in neonatal mortality exist between countries and regions.
Sub-Saharan Africa (SSA) and South Asia had the highest neonatal mortality, 27 and 25 deaths
per 1000 live-births, respectively, in 2019 [1, 3]. A child born in SSA or South Asia was 10
times more likely to die in the first month of life than a child born in a high-income country
(1, 4].

Sustainable Development Goal (SDG) 3.2 aims to “end all preventable deaths under 5 years
of age” by 2030, with all countries aiming to reduce neonatal mortality to less than 12 deaths
per 1000 live births and under-5 deaths to less than 25 deaths per 1000 live births [5]. More
specific cause of death (CoD) information could help target prevention measures and achieve
these targets. Currently, causes of neonatal deaths in low-and-middle-income countries are
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mainly inferred from vital registration and limited verbal autopsy data [6]. In 2015, only 3% of
under-5 childhood cause-specific mortality fractions (CSMF) were based on adequate vital
registration data, primarily from high-income countries [7]. Also, CSMF are usually derived
considering only the underlying medical condition that led to death; examining the entire
chain of events leading to death, including immediate and antecedent medical events, might
identify more opportunities for targeted interventions and thus for preventing deaths.

The gold standard for obtaining accurate causes of death information is a complete diag-
nostic autopsy, more often, the procedure is not even suggested as it is not typically feasible in
LMICs because of the expense, required expertise and, in some settings many families decline
the procedure for personal, socio-cultural, and religious reasons [8-11]. During the past
decade, use of post-mortem specimens collected through minimally invasive tissue sampling
(MITS) has shed light on the sequence of events leading to deaths in children [12, 13]. MITS
allows post-mortem examination of critical tissues using histopathology, microbial culture,
molecular detection, and other diagnostic testing such as serology and rapid tests [14].

The Child Health and Mortality Prevention Surveillance (CHAMPS) network’s mission is to
generate scientific knowledge to save children’s lives by collecting, analyzing, and sharing accu-
rate, timely data about the causes of child mortality in the regions where it is highest. In this
manuscript, we describe conditions in the causal chain that led to neonatal deaths in our sites,
including assessments of conditions for both newborns and their mothers. In addition, we eval-
uate whether such deaths were from preventable causes and, if so, how they might be addressed.

Methods

The analysis included deaths enrolled in CHAMPS sites who had MITS collected and whose
death occurred between December 2016 and December 2021. CHAMPS protocol and methods
are described elsewhere (www.champshealth.org) [12, 15]. Briefly, enrollment occurred in
seven countries: Bangladesh, Ethiopia, Kenya, Mali, Mozambique, Sierra Leone; and, South
Africa [15].

Stillbirths and children under five years that were residing in catchment areas at the time of
death were eligible for CHAMPS enrollment [16]. Parents or guardians were approached for
written consent for the CHAMPS teams to conduct a standard verbal autopsy and clinical
chart abstraction; for deaths identified within 24 hours (or 72 hours if refrigerated), consent
was also sought for the MITS procedure. If parent were minor assent were approached from
the parents and consent were approached from parent’s guardians. The MITS procedure
included collection of tissue from liver, lungs, and brain (through posterior and transnasal
approaches) and collection of peripheral blood, cerebrospinal fluid (CSF), stool, and oropha-
ryngeal/nasopharyngeal (OP/NP) swabs [14]. Site laboratories tested post-mortem blood sam-
ples for Human Immunodeficiency Virus DNA or RNA using polymerase chain reaction
(PCR), Tuberculosis using GeneXpert and malaria using thick and thin smears and rapid diag-
nostic assays. Blood and CSF underwent microbial culture. PCR for screening of up to 116
pathogens was performed at each site using four custom-designed syndromic TagMan array
cards (TAC; ThermoFisher Scientific, Waltham, MA, USA) [17]. Tissue specimens were exam-
ined locally using routine histopathological techniques and, if indicated by histopathological
examination or TAC results, further diagnostic tests such as special stains, immunohistochem-
istry, and molecular testing targeting specific microorganisms were performed at the
CHAMPS Central Pathology Laboratory at the US Centers for Disease Control and Prevention
(CDC) Infectious Diseases Pathology Branch [18].

DeCoDe panels convened at each site and reviewed all post-mortem diagnostic test results,
pathology findings, clinical abstraction information from child and maternal health records
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and VA responses [15, 19] for each death before assigning causes of death, taking into account
all information, and using standard case definitions that include levels of diagnostic certainty
[19] (available at https://champshealth.org/wp-content/uploads/2021/01/CHAMPS-Diagnosis-
Standards.pdf). Level 1 was the most certain level, requiring the most evidence, and Level 3 the
least certain. Panels determined each CoD and provided a causal chain [15, 19], shedding light
on the sequence of events that led to the fatal outcome, using WHO ICD-10 and WHO applica-
tion of ICD-10 for perinatal deaths (ICD-PM) guidelines [20, 21]. Panels included a diagnosis
as a cause of death if the child may have survived if the condition had not occurred. For deaths
in neonates attributed to a single condition, that condition was considered the underlying CoD.
For deaths in which more than one condition played a role, underlying, antecedent, and imme-
diate causes were assigned. The underlying cause occurred before immediate or comorbid con-
ditions and may have predisposed the child to an immediate cause or co-morbid illnesses that
then led to death; the immediate cause was closest to the death and the comorbid causes were
in-between the underlying and immediate causes. We defined the causal chain to include all
conditions listed as underlying, antecedent, and immediate causes of death. For neonatal deaths,
the main maternal condition that contributed to the main or underlying condition in the neo-
nate was also documented. For each death, the DeCoDe panel through expert consensus deter-
mined whether the death was preventable in the local context by considering the clinical,
pathological, microbiological, and verbal autopsy information. The definition of preventability
captures the conditions immediately surrounding the death of that particular child and not the
broader political, financial, and societal influences. If the death was deemed preventable, the
panel recommended health system improvements that could have prevented the death [22].

Ethics committees overseeing investigators at each site and at Emory University approved
overall and site-specific protocols (Emory IRB#: 00091706). Protocols are available at: https://
champshealth.org/resources/protocols.

Data analyses examined neonatal deaths for which CoD determinations were completed by
a DeCoDe panel. Cases were stratified by age; death in the first 24-hours of life, early neonatal
death (24-hours -<7 days; END), and late neonatal death (7-27 days; LND). Descriptive statis-
tics and comparative chi-squared or fisher exact where appropriate were performed using
Stata software version 16 (StataCorp, College Station, Texas).

Results

Between December 2016 and December 2021, CHAMPS sites received 3821 CHAMPS eligible
neonatal death notifications of which 2787 (73%) were enrolled in CHAMPS; of these, 61%
(1702/2787) consented for MITS. MITS was conducted on 1673 (98%); 1458 (87%) had com-
plete DeCoDe results available for this analysis (Fig 1). There is no difference in sex and age
group distribution between MITS vs non-MITS cases, however more non-MITS deaths were
from community (S1 Table). Of 1458 neonates, 31%, 21%, 12%, 12%, 10%, 8% and 5% were
from South Africa, Mozambique, Kenya, Bangladesh, Sierra Leone, Ethiopia, and Mali, respec-
tively (Table 1), with similar characteristics (S2 Table). The proportion of deaths occurring in
the first 24-hours, the next 6 days and the subsequent 21 days was 41%, 41% and 18%, respec-
tively (Table 1). Overall, 57% were male; median time between death and MITS collection was
12 hours (IQR 4, 21 hours).

One in five (20%, n = 290/1458) who were enrolled were born to women living with HIV,
including 16% (n = 94) of deaths within 24-hours, 20% (n = 120) END, and 28% (n = 76)
LND. Deaths in neonates from HIV-infected mothers were from South Africa (58%, n = 169),
Mozambique (29%, n = 83), Kenya (10%, n = 30), Bangladesh (1%, n = 4), and Sierra Leone
(1%, n = 4). Only seven neonatal deaths (1% [n = 7/1458] of all, 2% [n = 5/290] of those with
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3821 CHAMPS-eligible death
notifications in neonates

»| 1034 neonatal deaths not enrolled:
\ 4 ® 66 not approached at all

2787 neonatal deaths enrolled in o 968 refused
CHAMPS (MITS & non-MITS)

1085 neonatal deaths consented for non-
> MITs (consented only for verbal autopsy
v and clinical abstraction)
1702 neonatal deaths consented
for MITS
» 29 MITS was not performed after consent
\ 4

1673 neonatal deaths with MITS
procedure conducted

»| 152 neonatal deaths with MITS pending for
v DeCoDe

1521 neonatal deaths with MITS
conducted and DeCoDe results

»| 63 neonatal deaths under quality check
\ 4 after DeCoDe
1458 neonatal deaths with
DeCoDe results included in this
analysis

Fig 1. Flowchart of enrolled neonatal deaths from CHAMPS sites between December 2016 -December 2021, that had minimally invasive tissue samples
(MITS) and consent only for verbal autopsy and clinical abstraction (Non-MITS) and included in the analysis.

https://doi.org/10.1371/journal.pgph.0001612.9001

known HIV exposure) had acquired HIV from their mother (two of the seven mothers were
treated with ART; 5 had data documenting mode of delivery, of which one was born by C-sec-
tion) (Table 1).

Most (63%, n = 794/1265 with available birth weights) neonatal deaths occurred in babies
who weighed <2500 gm at birth, and 39% (n = 497) weighed <1500 gm (37% <1500 gm
among deaths in the first 24-hours, 38% END, and 48% LND). Neonatal deaths occurring
within the first 24-hours of life (210/512; 41%) were more likely to have a normal birth weight
(>2500 gm) than neonatal deaths occurring later (261/753; 35%), p = 0.024. Nearly all (95%)
deaths occurred in health facilities (Table 1).
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Table 1. Characteristics of deaths enrolled in CHAMPS that occurred during the neonatal period, by age at death (2016-2021).

Characteristics Total Death in first 24 hours Early Neonate (24 hours—<7 days) | Late Neonate (7-27 days)
(N =1,458) (N =596) (N =593) (N =269)
Median (range) age at death, in days 2(0,5) 0(0,1) 3(2,4) 11 (9, 17)
Gender, n (%)
Female 620 (42.5) 240 (40.3) 260 (43.8) 120 (44.6)
Male 835 (57.3) 353 (59.2) 333 (56.2) 149 (55.4)
Indeterminate 3(0.2) 3(0.5) 0(0) 0(0)
HIV Status, n (%)
HIV infected 7(0.5) 1(0.2) 6 (1.0) 0 (0)
HIV exposed uninfected 285 (19.5) 94 (15.8) 115 (19.4) 76 (28.3)
HIV uninfected 1166 (80.0) 501 (84.1) 472 (79.6) 193 (71.7)
Mode of delivery, n (%)
Normal vaginal delivery 875 (60.0) 367 (61.6) 346 (58.3) 162 (60.2)
Cesarean section 397 (27.2) 161 (27.0) 174 (29.3) 62 (23.0)
Instrumentation (e.g., forceps) 1(0.1) 1(0.2) 0(0) 0(0)
Unknown 185 (12.7) 67 (11.2) 73 (12.3) 45 (16.7)
Gestational age, n (%)
< 28 weeks 278 (19.1) 111 (18.6) 108 (18.2) 59 (21.9)
28-33 weeks 225 (15.4) 73 (12.2) 94 (15.9) 58 (21.6)
34-36 weeks 130 (8.9) 43 (7.2) 59 (9.9) 28 (10.4)
37-42 weeks 348 (23.9) 142 (23.8) 150 (25.3) 56 (20.8)
unknown 477 (32.7) 227 (38.1) 182 (30.7) 68 (25.3)
Birth weight, n (%)
Extremely low birth weight (<1000 gm) 249 (17.1) 109 (18.3) 98 (16.5) 42 (15.6)
Very low birth weight (1000-1499 gm) 248 (17.0) 81 (13.6) 97 (16.4) 70 (26.0)
Low birth weight (1500-2499 gm) 297 (20.4) 112 (18.8) 137 (23.1) 48 (17.8)
Normal weight (2500-4000 gm) 459 (31.5) 204 (34.2) 183 (30.9) 72 (26.8)
Macrosomia (>4000) 12 (0.8) 6 (1.0) 4(0.7) 2(0.7)
Missing 193 (13.2) 84 (14.1) 74 (12.5) 35 (13.0)
Median (range) weight at MITS*, in grams 1870 (1100, 2028 (1070, 2900) 1830 (1140, 2750) 1700 (1139, 2643)
2800)
Median (range) of hours between death and 12 (4, 21) 11 (4, 20) 12 (4, 20) 15 (7, 24)
MITS done
Location of birth, n (%)
Hospital 862 (59.1) 339 (56.9) 361 (60.9) 162 (60.2)
Health Centre 165 (11.3) 52 (8.7) 74 (12.5) 39 (14.5)
Health Post 12 (0.8) 8(1.3) 2(0.3) 2(0.7)
Home 54 (3.7) 15 (2.5) 25 (4.2) 14 (5.2)
On the way to health center 13 (0.9) 6 (1.0) 4(0.7) 3(1.1)
Other location 10 (0.7) 2(0.3) 4(0.7) 4(1.5)
Not recorded 342 (23.5) 174 (29.2) 123 (20.7) 45 (16.7)
Location of death, n (%)
Community 77 (5.3) 29 (4.9) 20 (3.4) 28 (10.4)
Health facility 1381 (94.7) 567 (95.1) 573 (96.6) 241 (89.6)
Median (range) of hours in hospital** 34 (11, 101) 9 (4, 20) 54 (33, 96) 219 (157, 316)
CHAMPS sites
Bangladesh 180 (12.3) 88 (14.8) 76 (12.8) 16 (5.9)
Ethiopia 110 (7.5) 58 (9.7) 41 (6.9) 11 (4.1)
Kenya 181 (12.4) 104 (17.4) 47 (7.9) 30 (11.2)
(Continued)
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Table 1. (Continued)
Characteristics

Mali

Mozambique

Sierra Leone
South Africa

*7 missing values

**210 missing values

https://doi.org/10.1371/journal.pgph.0001612.t001

Total Death in first 24 hours Early Neonate (24 hours—<7 days) Late Neonate (7-27 days)
(N =1,458) (N =596) (N =593) (N =269)
74 (5.1) 27 (4.5) 29 (4.9) 18 (6.7)
306 (21.0) 129 (21.6) 132 (22.3) 45 (16.7)
144 (9.9) 41 (6.9) 80 (13.5) 23 (8.6)
463 (31.8) 149 (25.0) 188 (31.7) 126 (46.8)

Underlying causes of death

The DeCoDe panel assigned an underlying cause for all except 21 (1%) deaths in which a CoD
could not be determined (Table 2). Overall, 11 different WHO ICD-PM categories were
assigned for the underlying cause of the death (Table 2 and S3 and S5 Tables). The level of data
supporting each underlying CoD diagnosis was strong; 82.3% (1161/1410) had level 1 evi-
dence, 13.0% (183/1410) had level 2 evidence, and 4.7% (66/1410) had level 3 evidence.
Strength of evidence was not provided for underlying CoD for 3.4% (48/1410) of deaths. The
most common underlying CoD categories assigned were complications of intrapartum events
(446/1458 [31%]), low birth weight (LBW)/prematurity complications (404/1458 [28%]),
infections (254/1458 [17%]), respiratory disorders (159/1458 [11%]), and congenital malfor-
mations (118/1458 [8%]; [Table 2]). Diagnoses in the complications of intrapartum events
group were intrauterine hypoxia (233/446, 52%) and birth asphyxia (207/446, 46%). Among
underlying causes of deaths in the congenital malformation group, 18% (n = 21/118) had con-
genital malformations of the nervous system, including 17 with neural tube defects, and
among those with respiratory disorders, 79% (125/159) had respiratory distress syndrome of
the newborn and 16% (25/159) had neonatal aspiration of meconium (Table 2).

LBW/prematurity complications were more common as an underlying cause in END (178/
593 [30%]) and LND (110/269 [41%]) than in deaths in the first 24-hours (116/596 [20%]);
infections and congenital malformations were found more often among underlying causes of
death in LND (79/269 [29%] and 31/269 [12%]) compared to END (100/593 [17%] and 41/593
[7%]) and deaths in the first 24-hours of life (75/596 [13%] and 46/596 [8%]), respectively. In
contrast, complications of intrapartum events were more common as underlying causes
among deaths in the first 24-hours of life (252/596 [42%] compared to END (176/593 [30%]
and LND (18/269 [7%]), respectively (Table 2, Fig 2).

Among HIV exposed neonate prematurity (39.3%, 114/290) and infection (19.3%, 56/290)
was more prevalent underlying CoD as compared HIV unexposed neonates 24.8% (290/1168)
and 17.0% (198/1168), respectively (S4 Table).

Maternal conditions

Among all neonatal deaths, 60% (873/1458) were determined to be related to a maternal con-
dition (Table 3). The category of ICD-PM classification of maternal conditions most identified
was maternal medical and surgical conditions (M4) (233/1458, 16%; S6A Table). The most
common specific conditions looking across the M1-M4 categories were maternal hypertension
(10%, 149/1458), labour/delivery complications (8%, 112/1458), multiple gestation (7%, 99/
1458), placental complications (6%, 84/1458), obstructed labour and fetal malpresentation
(5%, 67/1458) and chorioamnionitis (3%, 48/1458) (S7 Table).
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Table 2. Underlying causes of death for newborn deaths enrolled in CHAMPS, by age at death and WHO ICD 10 Perinatal Mortality (PM) category (2016-2021).
Criteria used to define each cause available at: https://champshealth.org/wp-content/uploads/2021/01/CHAMPS-Diagnosis-Standards.pdf.

Underlying Cause of Death ICD-10 Total Death in first 24 Early Neonate (24 Late Neonate (7-
(N =1,458)n | hours (N =596) n hours—<7 days) 27 days) (N = 269)
(%) (%) (N =593) n (%) n (%)
Congenital malformations, Q00-Q99 118 (8.1) 46 (7.7) 41 (6.9) 31 (11.5)
deformations & chromosomal
abnormalities N1
Congenital malformation of Q00-Q07 21(1.4) 13 (2.2) 6 (1.0) 2(0.7)
nervous system
Congenital malformations of Q20-Q28 12 (0.8) 3(0.5) 5(0.8) 4(1.5)
circulatory system
Congenital malformation of Q38-Q45 5(0.3) 0(0) 2(0.3) 3(1.1)
digestive system
Congenital malformation of Q60-Q64 7(0.5) 4(0.7) 1(0.2) 2(0.7)
urinary system
Congenital malformations & Q65-Q79 29 (2.0) 9(1.5) 13 (2.2) 7 (2.6)
deformations of musculoskeletal
system
Other congenital malformations | Q18, Q33, Q80-Q89, D48 24 (1.6) 12 (2.0) 7(1.2) 5(1.9)
Chromosomal abnormalities, not | Q90-Q99 20 (1.4) 6(1.0) 7 (1.2) 7 (2.6)
elsewhere classified
Congenital myopathies G71.2 1(0.1) 0(0) 0(0) 1(0.4)
Disorders related to fetal growth PoO5 11 (0.8) 4(0.7) 4(0.7) 3(1.1)
N2
Birth trauma N3 P15 1(0.1) 0(0) 1(0.2) 0(0)
Complications of intrapartum P20, P21, P02, O14.2 446 (30.6) 252 (42.3) 176 (29.7) 18 (6.7)
events N4
Intrauterine hypoxia P20 233 (16.0) 143 (24.0) 81 (13.7) 9 (3.3)
Birth asphyxia P21 207 (14.2) 104 (17.4) 94 (15.9) 9(3.3)
Complications of placenta, cord P02 5(0.3) 5(0.8) 0(0) 0(0)
and membranes
Hemolysis, Elevated Liver 014.2 1(0.1) 0 (0) 1(0.2) 0(0)
enzymes and Low Platelets (HELLP)
syndrome
Convulsion and disorder of P90-P96 16 (1.1) 6 (1.0) 8(1.3) 2(0.7)
cerebral status N5
Infections N6 254 (17.4) 75 (12.6) 100 (16.9) 79 (29.4)
Other gastroenteritis and colitis of | A09 2(0.1) 0(0) 1(0.2) 1(0.4)
infectious and unspecified origin
Other bacterial diseases A40, A41 6(0.4) 2(0.3) 1(0.2) 3(1.1)
Congenital syphilis A50 7 (0.5) 3(0.5) 4(0.7) 0(0)
Viral infection of central nervous | A86 1(0.1) 0(0) 0(0) 1(0.4)
system
Viral infections characterized by | B00-B09 1(0.1) 0 (0) 0(0) 1(0.4)
skin and mucous membrane lesions
Human immunodeficiency virus | B20-B24 1(0.1) 0 (0) 1(0.2) 0(0)
Other viral diseases B33.8 1(0.1) 0 (0) 0(0) 1(0.4)
Bacterial meningitis G00, G03.9 5(0.3) 1(0.2) 1(0.2) 3(1.1)
Bacterial & viral pneumonia J12,7J15,]16,]J18 28(1.9) 3(0.5) 9 (1.5) 16 (5.9)
Congenital pneumonia P23 33 (2.3) 22 (3.7) 11 (1.9) 0(0)
Infection related to perinatal P35-P39 166 (11.4) 43(7.2) 72 (12.1) 51 (19.0)
period
COVID-19 U07.1 2(0.1) 0(0) 0(0) 2(0.7)
(Continued)
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Table 2. (Continued)

Underlying Cause of Death ICD-10 Total Death in first 24 Early Neonate (24 Late Neonate (7-
(N=1,458)n | hours (N =596) n hours—<7 days) 27 days) (N = 269)
(%) (%) (N =593) n (%) n (%)

Other infectious or parasitic P00.2 1(0.1) 1(0.2) 0(0) 0(0)
diseases
Respiratory and cardiovascular P20-P29 159 (10.9) 80 (13.4) 66 (11.1) 13 (4.8)
disorders N7

Respiratory distress syndrome of | P22 125 (8.6) 62 (10.4) 55 (9.3) 8 (3.0)
newborn

Neonatal aspiration syndromes P24 30 (2.1) 16 (2.7) 10 (1.7) 4 (1.5)

Pulmonary haemorrhage P26 3(0.2) 1(0.2) 1(0.2) 1(0.4)
originating in the perinatal period

Other respiratory conditions P28 1(0.1) 1(0.2) 0(0) 0(0)
originating in the perinatal period
Other neonatal conditions N8 E41,E87.0, E88.9, K76.9,P03.4,P51.0,P52.4, 25 (1.7) 8(1.3) 7 (1.2) 10 (3.7)

P55.1,P55.9,P56.9,P57.9,P59.0,P59.2,
P70.1,P76.9,P77,P83.2,P83.3,R10,R62.8

Low birth weight/prematurity Po7 404 (27.7) 116 (19.5) 178 (30.0) 110 (40.9)
complications N9

Low birth weight P07.0-P07.1 353 (24.2) 97 (16.3) 152 (25.6) 104 (38.7)

Prematurity P07.2-P07.3 51(3.5) 19 (3.2) 26 (4.4) 6(2.2)
Miscellaneous N10 T71, W75, G93.4 3(0.2) 0(0) 2(0.3) 1(0.4)
Unspecified condition N11 R99 21 (1.4) 9 (1.5) 10 (1.7) 2(0.7)

https://doi.org/10.1371/journal.pgph.0001612.t002

Among neonates who had LBW/prematurity as their underlying cause of the death, 93%
(378/404) had a maternal condition identified; most common were preterm labor or delivery
(62%, 252/404), HIV (27%, 110/404), and maternal hypertension (22%, 89/404). Among neo-
nates who had an intrapartum event as their underlying CoD, common maternal conditions
were labour/delivery complications (23%, 102/446) and obstructed labour (16%, 71/446). Con-
versely, maternal conditions were only noted in 66% (170/254) of neonates who had an infec-
tion as underlying cause of the death, most common was preterm labor or delivery (17%, 44/
254; Table 3A and S6B Table). Neonatal deaths that occurred close to birth more frequently
had a maternal condition identified as contributing to the death. Among neonatal deaths in
the first 24-hours of life, 72% (431/596) had a maternal condition determined to cause the
death; most common were labour/delivery complication (12%, 73/596) and maternal hyper-

tension (8%, 49/596). Among END and LND, 61% (359/593) and 43% (117/269) had a mater-
nal condition listed, respectively. In both age groups, the common was maternal hypertension,
13% (76/593) and 9% (24/269), respectively (S7 Table and S1 Fig).

Number and types of antecedent and immediate causes of death

DeCoDe panels determined that at least one other (antecedent/immediate) neonatal condition
was responsible in addition to the underlying cause for 62% of deaths; 14% had 3 or more
other conditions in the causal chain (Table 4). When the underlying cause was LBW/prematu-
rity, 95% of neonatal deaths had at least one antecedent/immediate condition in addition to
the underlying cause in the causal chain, and 33% had 3 or more other conditions. When the
underlying cause of the death was infection, 53% of deaths had at least one other cause of the
death. In contrast, for neonates with complications of an intrapartum event as the underlying
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Fig 2. Relative proportion of neonatal deaths enrolled in CHAMPS, 2017-2021, attributed to the 5 most common categories of
underlying causes (n = 826), overall and for deaths in the first 24 hours of life, early neonatal period (1-6 days), and late neonatal
period (7-27 days).

https://doi.org/10.1371/journal.pgph.0001612.g002

cause of the death, little more than half (52%) did not have other causes of death, and only 4%
had 3 or more other (antecedent/immediate) causes. Multiple conditions in the causal chain
were more common among LND (77%) and END (65%) compared to deaths in the first
24-hours (45%, p<0.001 vs late and END combined; S2 Fig). When we excluded deaths from
South Africa, the site with most capacity to provide neonatal intensive care, multiple condi-
tions remained more common among deaths after the first 24-hours (59% among LND and
52% among END versus 36% among deaths in the first 24-hours, P<0.001).
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Table 3. Maternal conditions identified for CHAMPS deaths that occurred in the neonatal period, by WHO ICD 10 PM underlying cause of the death for the new-

born (2016-2021).

Underlying cause of the Number of Maternal condition
death for the neonate neonatal M1: Complications of M2: Maternal M3: Other M4: Maternal MS5: No Other
deaths Placenta, cord, and complications of complications of medical and maternal
membranes pregnancy labour and delivery surgical condition
conditions
N =1,458 N =157 n (%) N =202n (%) N =236n (%) N =233n (%) N=585n N=45
(%) n (%)

N1—Congenital N=118 2(1.3) 2(1.0) 6 (2.5) 5(2.1) 99 (16.9) 4(8.9)
malformations,
deformations, and
chromosomal abnormalities
N2—Disorders related to N=11 1(0.6) 2(1.0) 1(0.4) 5(2.1) 2(0.3) 0(0)
fetal growth
N3—Birth trauma N=1 0(0) 0(0) 0(0) 0 (0) 1(0.2) 0(0)
N4—Complications of N =446 52 (33.1) 38 (18.8) 143 (60.6) 61 (26.2) 146 (25.0) 6(13.3)
intrapartum events
N5—Convulsions & N=16 1(0.6) 2 (1.0) 4(1.7) 0(0) 8 (1.4) 1(2.2)
disorders of cerebral status
N6—Infection N =254 28 (17.8) 30 (14.9) 20 (8.5) 35 (15.0) 140 (23.9) | 1(22)
N7—Respiratory and N =159 14 (8.9) 32(15.8) 31(13.1) 20 (8.6) 61 (10.4) 1(22)
cardiovascular disorders
N8—Other neonatal N =25 1(0.6) 1(0.5) 0 (0) 2(0.9) 21(3.6) 0(0)
conditions
N9—Low birth weight and N =404 57 (36.3) 95 (47.0) 31 (13.1) 104 (44.6) 85 (14.5) 32
prematurity (71.1)
N10—Miscellaneous N=3 0(0) 0(0) 0 (0) 0(0) 3(0.5) 0(0)
N11—Neonatal death of N=21 1(0.6) 0(0) 0(0) 1(0.4) 19 (3.2) 0(0)
unspecified cause

https://doi.org/10.1371/journal.pgph.0001612.t003

Among neonatal deaths attributed to congenital malformation as the underlying cause of
the death, neonatal sepsis and lower respiratory infection were the most common immediate
and antecedent conditions in the causal chain, 30% (35/118) and 21% (25/118), respectively.
Among deaths in the first 24-hours of life who had congenital abnormality as the underlying

Table 4. Number of immediate and antecedent conditions in the causal chain for CHAMPS deaths that occurred in the neonatal period, by each WHO ICD 10 PM

underlying cause of the death (2016-2021).

Underlying cause of death

Number of immediate & antecedent causes of death in causal chain

N =1,458 0 1 2 3+

553 (37.9) 442 (30.3) 255 (17.5) 208 (14.3)
N1—Congenital malformations, deformations, and chromosomal abnormalities N=118 30 (25.4) 54 (45.8) 18 (15.3) 16 (13.6)
N2—Disorders related to fetal growth N=11 0(0) 6 (54.5) 3(27.3) 2(18.2)
N3—Birth trauma N=1 0(0) 0(0) 1 (100.0) 0 (0)
N4—Complications of intrapartum events N =446 233 (52.2) 137 (30.7) 57 (12.8) 19 (4.3)
N5—Convulsions & disorders of cerebral status N=16 11 (68.8) 4(25.0) 1(6.2) 0(0)
N6—Infection N =254 119 (46.9) 73 (28.7) 36 (14.2) 26 (10.2)
N7—Respiratory and cardiovascular disorders N =159 110 (69.2) 27 (17.0) 12 (7.5) 10 (6.3)
N8—Other neonatal conditions N =25 8 (32.0) 11 (44.0) 5(20.0) 1 (4.0)
N9—Low birth weight and prematurity N =404 19 (4.7) 129 (31.9) 122 (30.2) 134 (33.2)
N10—Miscellaneous N=3 2 (66.7) 1(33.3) 0(0) 0 (0)
N11—Neonatal death of unspecified cause N=21 21 (100.0) 0(0) 0(0) 0(0)
https://doi.org/10.1371/journal.pgph.0001612.t004
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Immediate and antecedent causes of the death when underlying cause was congenital malformation N1 (N=118)
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Fig 3. Immediate and antecedent causes of the death when the underlying cause of the death was: Congenital malformation (N1, Fig 3), complication of
intrapartum event (N4, Fig 4), infection (N6, Fig 5), respiratory and cardiovascular disorder (N7, Fig 6), and low birth weight and prematurity (N9, Fig
7). There may be multiple immediate and antecedent causes of death for any individual, so the total number of causes may be greater than is listed in the figure

titles.

https://doi.org/10.1371/journal.pgph.0001612.9003

cause of death, perinatal hypoxia (26%, 12/46) and neonatal preterm birth complications (17%,
8/46) were the most common immediate and antecedent conditions (Fig 3). Infections (sepsis
[20/31, 65%], lower respiratory infection [18/31, 58%], and meningitis [7/31, 23%]) were com-
mon among LND who had congenital abnormality as underlying cause of the death (Fig 3, S9
Table). When complications of an intrapartum event were the underlying cause of the death,
the most common immediate and antecedent condition was neonatal encephalopathy (56/446,
13%), which was more predominant among END (39/176, 22%) than in the other age groups
who had complication of intrapartum event as underlying cause of the death (Fig 4, S9 Table).
Among deaths attributed to an infection as the underlying cause, neonatal sepsis and lower
respiratory infection were most common among immediate and antecedent conditions (56/
254 [22%] and 40/254, [16%], respectively; [Fig 5, S9 Table]). When respiratory disorder was
the underlying cause of the death, neonatal sepsis was most common immediate and anteced-
ent condition (32/159 [20%]; Fig 6, SO Table). Among deaths attributed to LBW/prematurity
complications as the underlying cause, neonatal preterm birth complications were the most
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Fig 4. Immediate and antecedent causes of death when underlying cause was complications of intrapartum event N4 (N = 446). Immediate and
antecedent causes of death.

https://doi.org/10.1371/journal.pgph.0001612.9004

common immediate and antecedent condition in the causal chain (272/404, 67%) overall;
among LND with LBW/prematurity complications as the underlying cause, sepsis (96/110,
87%) was an immediate/antecedent condition for nearly all cases (Fig 7, S9 Table).

The most common causes of death, including underlying, antecedent, and immediate causes,
were LBW (473 deaths, 32%; S8 Table) and respiratory distress syndrome (412 deaths, 28%); 273
(19%) deaths had both LBW and respiratory distress in the causal chain. Deaths attributed to
LBW were more common among END (205/593, 35%) and LND (118/269, 44%) as compared to
deaths in the first 24-hours (150/596, 25%), p<<0.001 vs LND and END combined. Among neona-
tal deaths that did not have LBW in the causal chain (n = 985), the most common underlying
causes of death were intrapartum events (n = 426, 43%), infection (n = 225, 23%), and congenital
malformation (n = 111, 11%). Intraventricular hemorrhage was found in 103 deaths; for 60 of
these deaths, intraventricular hemorrhage was determined to be a cause of death.

Just under half (590/1458, 40%) of the neonatal deaths had an infectious syndrome in the
causal chain, either sepsis (504/590, 85%), pneumonia (254/590, 43%), meningitis (143/590,
24%) and /or other infections (33/590, 6%); note that the sum of infectious syndromes is >590
because the majority of deaths had >1 infectious syndrome in the causal pathway (S10 Table).
The most common Gram-negative bacterial pathogens were Klebsiella pneumoniae (K. pneu-
moniae; 45% (268/590) of all infectious deaths), Acinetobacter baumannii (A. baumannii; 36%,
213/590), and Escherichia coli (E. coli; 13%, 75/590). K. pneumoniae and A. baumannii were
more common among END (50% [137/272] and 40% [110/272]; respectively) and LND (46%
[99/214] and 46% [98/214], respectively), than among deaths in the first 24-hours (Fig 4 and
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Fig 5. Immediate and antecedent causes of death when underlying cause was infection N6 (N = 254). Immediate and antecedent causes of death.
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S10 Table). Most (79%, 168/213) A. baumannii infections were identified in the South Africa
site, mainly driven by hospital-acquired infections. E. coli infections were more common
among infectious deaths in the first 24-hours compared to END and LND, 21% (22/104) vs
11% (29/272) and 11% (24/214), respectively. Streptococcus agalactiae (Group B streptococcus)
and Staphylococcus aureus were most common among Gram-positive bacteria, accounting for
8% (47/590) and 5% (32/590), respectively, of all infectious deaths. Streptococcus agalactiae
was more common among infectious deaths in the first 24-hours compared to END and LND,
27% (28/104) vs 4% (11/272) and 4% (8/214), respectively. Staphylococcus aureus was only
found among END (5%, 13/272) and LND (9%, 19/214). Only 33 (6%) deaths had viruses and
43 (7%) had fungi noted as causing death among those who had infectious conditions in the
causal chain (Fig 8 and S10 Table).

Assessment of preventability

DeCoDe panels determined that three-fourths (75%, 1100/1458) of all neonatal deaths were
potentially preventable or preventable under certain conditions; 72% (428/596) of deaths in
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the first 24-hours, 75% (447/593) of END, and 84% (225/269) of LND (Fig 9, S11A Table). Rec-
ommendations for how to prevent similar deaths in the future were available for 91% (997/
1100) of all preventable deaths. These recommendations most often included improved clini-
cal management and quality of care for neonates (49%, 537/1100), improved antenatal and
obstetric care and management (49%, 538/1100), and improved infection prevention and con-
trol (27%, 300/1100; Fig 10, S11B Table). Improved antenatal and obstetric care and manage-
ment were more relevant to deaths in the first 24-hours (63%, 269/428) and improved clinical
management and quality of care to END (52%, 231/447). Infection prevention and control
were more relevant for LND (56%, 127/225). Among the 339 deaths that were deemed unpre-
ventable, the most common causes were preterm birth complications (n = 165), sepsis

(n =93), congenital birth defects (n = 84), and perinatal asphyxia/hypoxia (n = 62).
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Fig 7. Immediate and antecedent causes of death when underlying cause was low birth weight and prematurity complications N9 (N = 404). Immediate
and antecedent causes of death.
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Discussion

Our investigation of causes of death from 1458 neonates in high child mortality settings found
that 5 main groups of causes (LBW, complications of intrapartum events, infections, congeni-
tal malformations, and respiratory disorders) accounted for 95% of underlying causes of death
in this age group. Similar to CHAMPS findings, WHO figures state that 75% of neonatal
deaths occur in the first-week of life (82% in CHAMPS), and preterm births, perinatal
asphyxia, infections, and congenital defects are recognized as being the leading causes of neo-
natal deaths [1, 2]. Likewise, modeling by IHME estimates that preterm birth, encephalopathy
due to birth asphyxia and trauma, and sepsis and other infections caused about three-fourths
of disability adjusted life years lost among neonatal deaths in 2019 [23] and in recent publica-
tion it has been mentioned that birth asphyxia is under rated in LMICs [24]. CHAMPS meth-
ods add to existing reports by showing the full causal chain of events in newborns that lead to
death, in addition to maternal factors, providing a clearer picture of the complexities involved
in these deaths than studies or estimates that apply a single, underlying cause. Among those
newborns who survive their first 24-hours, a large majority had more than one condition in
the casual chain leading to death, which implies more opportunities and complexities to pre-
vent such deaths [25]. In addition, we found that the most prevalent underlying causes of
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Fig 8. Pathogens identified in neonatal deaths in which infection was determined in the causal pathway, by age at
death.

https://doi.org/10.1371/journal.pgph.0001612.9008

death shifted with the timing of the death; intrapartum events caused 42% of deaths in the first
day of life but only 7% of neonatal deaths after the first week of life. Among those neonates
who survived their first week but who died before reaching a month of life, most were LBW/
preterm and many succumbed to infections that may have been linked to their hospital stays.
The young median age at death (2 days) among those who underwent MITS shows the dis-
proportionate risk in the period immediately after birth, as has been reported in previous
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Not reported (N=19)

Fig 9. Expert (DeCoDe) panel determination of whether neonatal deaths were preventable (Fig 9) and recommended
improvements that could prevent such deaths (Fig 10).

https:/doi.org/10.1371/journal.pgph.0001612.9g009

studies [26, 27]. During the first 24-hours of life, intrapartum complications that might have
been preventable with better fetal monitoring and prompt intervention—such as birth
asphyxia [26, 28, 29] and intrauterine hypoxia [30]—caused 42% of deaths [4]. Most newborns
whose deaths were attributed to intrapartum complications had no other cause of death identi-
fied and most were normal birth weight; in other words, these babies would have been healthy

Recommendations for preventing deaths

Improved infection prevention _
Improved health-seeking behavior _

Improved health education

Improved family planning -
Improved transport system -

Improved nutritional support -I

Improved HIV prevention

|

1 1 1 1 1
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Number of deaths
. Death in first 24 hours . Early neonate Late neonate

Fig 10. Recommendations for preventing deaths.

https://doi.org/10.1371/journal.pgph.0001612.9010
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babies if not for delivery complications. Three of four neonatal deaths occurring during the
first 24-hours of life had a maternal condition noted, similar to findings from a study in Jordan
[25] and further highlighting opportunities for identifying conditions that, had they been
addressed, could have prevented deaths. Better delivery and availability of prenatal, intrapar-
tum, and early post-partum care could prevent most of these deaths in the first day of life [22,
31]. Newborns who were determined to have multiple conditions in the causal pathway lead-
ing to death commonly had neonatal encephalopathy, a condition linked to delivery complica-
tions [32], among their causes of death.

Infections played an important role in the neonatal deaths that we examined in preterm/
LBW newborns [33]. Group B Streptococcus and E. coli are known to be important causes of
sepsis in the first days of life, and those pathogens were most common among deaths in the
first 24-hours of life, consistent with in utero infection through vertical transmission. Our find-
ings differ in some ways from those in the 3-country Aetiology of Neonatal Infections in South
Asia (ANISA) study, which focused on community-acquired infections, used modelling to
attribute causes of sepsis, and largely included newborns who survived their illnesses. In
ANISA, neonatal sepsis was more often attributed to RSV and Ureaplasma, but they also
found K. pneumoniae, E. coli, and other pathogens noted by CHAMPS. The CHAMPS study
used much broader diagnostics and focused on neonates who died, resulting in a far higher
proportion of subjects with identified infection by recognized sepsis pathogens. Gram-negative
pathogens that are often resistant to first line antibiotics such as K. pneumoniae and A. bau-
mannii were most common overall in CHAMPS and particularly among deaths after the first
24-hours. Most newborns who died from K. pneumoniae and A. baumannii likely acquired
their infections after birth from the healthcare setting, given their prevalence among LNDs.
Nearly 80% of A. baumannii infections were identified in the South Africa site and were
mainly hospital-acquired infections. However, some of these infections caused deaths in the
early neonatal period. The ANISA study also identified community-acquired, early onset
infections attributed to K. pneumoniae and A. baumannii, suggesting the route of acquisition
may not always be through a healthcare setting [34]. Preventing neonatal deaths through better
infection prevention and control will be a challenge in facilities in LMICs as they gain greater
capacity to provide supportive care to LBW newborns [33, 35]. In addition to improved clini-
cal management and quality of care, healthcare systems in LMIC will need to address the lack
of equipment and reduce the number of patients each provider must manage to improve sur-
vival of LBW newborns [22].

CHAMPS’ methods enable a better understanding of events that led to newborn deaths in
high mortality areas, with causes of deaths confirmed by MITS [12]. Nonetheless, our methods
do have some limitations. First, our surveillance teams are required to identify deaths within
24-hours (72-hours if refrigerated) so that MITS can be collected before burial or tissues start
to degrade, 66 neonatal deaths that were not approached at all (shown in Fig 1), 28 (42%) were
deaths in the first 24 hours, 28 (42%) were END, and 10 (15%) were LND. Such requirements
mean that the deaths that are easiest to enroll, such as those that occur in health facilities, were
overrepresented compared to deaths occurring in the community. This creates a bias by
including only the deaths which could have a MITS completed and limits the generalizability,
however the cause of death for MITS vs non-MITS is quite comparable (S3 Fig). Second, our
study included broad health system improvement categories as recommendations for prevent-
ing deaths (e.g., improved clinical management and quality of care). The categories were devel-
oped from recommendations from the first DeCoDe panels and are being refined to be more
specific. “Lastly, diversity among our study populations make our aggregate data more gener-
alizable to high-mortality settings as a whole, although population characteristics might be dif-
ferent in each site. In particular, the main hospital in South Africa had more resources than
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facilities in other site, resulting in longer stays for low birth-weight newborns and more oppor-
tunity for exposure to hospital pathogens. In addition, each site’s catchment areas might not
be the exact representative of the whole country.” How and whether the distribution of causes
differs based on the location of death is unclear, although delivery complications might be
more common among home deliveries and low and very LBW newborns are unlikely to sur-
vive if not brought to a healthcare setting [36]. Next, data on gestational age were not available
for all deaths in our dataset; even when available the information may be inaccurate, as many
pregnancies in CHAMPS sites are not evaluated with early ultrasound or other reliable dating
methods. Designing interventions to prevent neonatal deaths will require more thorough
examination of the specific challenges observed in each setting.

Our findings highlight the complexities and remaining opportunities for prevention of neo-
natal deaths. WHO through the World Health Assembly has sought commitment from coun-
tries to implement a global strategy for women’s, children’s and adolescent’s health, including
an updated report on progress in 2021 [37]. The WHO/UNICEF Every Newborn Action Plan
has four components designed to end all preventable stillbirths and neonatal deaths by 2030:

1) at least four prenatal care visits for pregnant women, 2) births attended by skilled health per-
sonnel, 3) early routine postnatal care, and 4) functional level 2 inpatient units for small and ill
newborns [38]. Better implementation of these components may have prevented most of the
deaths we identified, as most neonatal deaths were related to pregnancy or childbirth compli-
cations and occurred in the first 2 days of life, and many had documented maternal conditions
contributing to death. As most of the neonatal deaths we enrolled occurred in health facilities,
health personnel should have been available; whether personnel lacked equipment they needed
or require more training are questions that need more investigation. Our findings also high-
light the need for better infection prevention and control for low-birth-weight newborns as
more level 1 and level 2 inpatient units become available.
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