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ABSTRACT

OBJECTIVE

To estimate cause specific mortality among neonates
and children under 5 for 195 countries from 2000 to
2024.

DESIGN

Secondary data analysis using a Bayesian multinomial
logistic regression model to estimate cause specific
mortality fractions.

DATA SOURCES

PubMed, Embase, Web of Science, SCOPUS, Cochrane,
Global Health Index Medicus, PAHO, Global Health
OVID, Africa-Wide Information, IndMed, WHO Mortality
Database, Demographic and Health Surveys (DHS),
Multiple Indicator Cluster Surveys (MICS), and Health
and Demographic and Surveillance Systems (HDSS).

INCLUSION CRITERIA

Studies in the general population reporting empirical
cause specific mortality for at least two causes in the
age groups of interest, with a specified method for
cause ascertainment. For studies identifying causes
of mortality with verbal autopsy, =25 deaths reported
with <25% of these deaths with unknown cause. For
vital registration, 280% population completeness
and <10% deaths assigned to ill defined causes
determined by the international classification of
diseases, 10th revision.

RESULTS

Cause specific mortality for countries with adequate
quality vital registration was estimated with their own
data with minor adjustments. For countries with low
mortality without adequate quality vital registration,
cause specific mortality was modeled by age group
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WHAT IS ALREADY KNOWN ON THIS TOPIC

Estimates of the causes of neonatal and under 5 deaths are based on national
high quality vital registration data when possible

Countries with the largest number of these deaths do not have adequate quality
vital registration with the causes of mortality

Estimates for the causes of neonatal and under 5 mortality in such countries
have previously been based on verbal autopsies as reported in publications

WHAT THIS STUDY ADDS

This study uses new methods to systematically correct for the biases of verbal
autopsy to estimate the causes of neonatal and under 5 deaths, presenting a
new estimate series for 2000-24

This new series also introduces a new estimate of severe acute malnutrition as
an underlying cause of under 5 mortality
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and based on vital registration. For high mortality
areas, cause specific mortality was modeled primarily
on the basis of verbal autopsy data identified in a
systematic review. Estimated cause distributions
were applied to all cause mortality rates and death
counts estimated by the United Nations Inter-agency
Group for Child Mortality Estimation. Among 4.9
million estimated global deaths in under 5sin 2024,
the most important cause of death was preterm birth
complications, with 0.82 (90% uncertainty interval
0.76 to 0.88) million deaths and 6.17 (5.93 to 6.42)
deaths for every 1000 live births. This was followed
closely by lower respiratory infections at 0.66 (0.60
to 0.71) million deaths, intrapartum related events
(0.48 (0.43 to 0.52) million), and malaria (0.45 (0.39
to 0.51) million). Analysis for trends over time showed
that the decline in most causes has slowed since
2016.

CONCLUSION

With the recent slowed pace of decline in under 5
mortality for most primary causes of death, many
high mortality countries are at risk of missing the
sustainable development goal targets of <12 neonatal
deaths and <25 under 5 deaths per 1000 live births
without acceleration. Estimates presented here can
help countries to determine the most appropriate
course of action to reduce under 5 mortality and
achieve these targets.

Introduction

In 2024 an estimated 4.9 (90% uncertainty interval 4.7
to 5.2) million deaths occurred among children before
their fifth birthday, including an estimated 2.3 (2.1
to 2.5) million in the first month after birth.! * These
numbers reflect steep declines in the under 5 mortality
rate during the millennium development goals period.’
The pace of investment in global health significantly
increased and the under 5 mortality rate more than
halved between 1990 and 2015, the end year of the
millennium development goals.” The sustainable
development goals were subsequently defined with a
target of <12 neonatal deaths and <25 under 5 deaths
per 1000 live births by the year 2030.*

Since the inception of the millennium development
goals in 2016, the global under 5 mortality rate has
decreased from 43 to 37 in 2024, and the neonatal
mortality rate has decreased from 19 to 17.! * With
this limited progress, a significant gap exists between
current levels of neonatal and child mortality and the
targets of the sustainable development goals. This
gap is evident globally and also in specific areas of
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persistently high neonatal and child mortality. To
better understand why progress is slowing, and to
identify the most appropriate measures for further
reduction, estimates of cause specific mortality are
needed.

Several different estimates of cause specific mortality
have been developed by this research group, starting in
2010 and most recently including a time series from
2000 up to 2021.° ® A limitation of previous estimates
was their omission of severe acute malnutrition as a
cause of under 5 mortality.” In addition, despite the
use of the best quality data available at the time and
rigorous analytical methods,®’ these estimates, similar
toother estimatesseries, '® have been dependent on cause
specific mortality assessed by verbal autopsies. Verbal
autopsy, an interview with the family of the deceased
about the signs, symptoms, and circumstances of the
mortal event, is an invaluable tool for measuring cause
specific mortality in areas where many deaths occur
outside the health system.'! However, causes of death
based only on verbal autopsies may be incorrectly
classified."? For example, verbal autopsies are unlikely
to detect conditions that are difficult to diagnose
without medical testing, such as cancer or congenital
heart disease.'® The availability of information on the
causal chain of conditions leading to death, derived
from extensive immediate postmortem evaluation of
neonatal and child deaths,'* enables us for the first
time to adjust for misclassification of verbal autopsy
based causes, as found in recent publications.!®
We present here an updated series of cause specific
estimates of neonatal and child mortality from 2000 to
2024, using an updated framework with adjustment for
the misclassification of verbal autopsy and inclusion
of the number of under 5 deaths due to severe acute
malnutrition.

Methods
We identified countries with adequate quality cause
specific mortality registration for each age group
by using publicly available vital registration data
compiled by the World Health Organization.'” We
assumed country years with 280% completeness
of age specific deaths relative to the United Nations
Inter-agency Group for Child Mortality Estimation
(UNI IGME) all cause mortality envelopes and <10% of
deaths assigned to ill defined causes to be of adequate
quality."® We assumed countries with at least three
years of adequate quality vital registration since 2000
to have overall adequate quality vital registration. For
these countries, we estimated cause specific mortality
by using vital registration with minor adjustments,
which was interpolated between gaps in reported
vital registration and extrapolated to cover the time
period from 2000 up to 2024. We then applied these
cause specific mortality fractions estimated from
vital registration to the all cause, age specific deaths
estimated by the UN IGME."

For countries without adequate quality vital
registration, representing most global deaths, our
estimation process paralleled that for previous
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estimates.’ '®'° 2° We modeled cause specific mortality
separately by age group (0-27 days and 1-59 months)
and mortality level. We developed a model for low
mortality settings based on cause specific mortality
from vital registration and a separate model for high
mortality settings based on verbal autopsy studies.
We applied these models to each country by year,
such that country years with low neonatal or under 5
mortality were estimated separately from country years
with high neonatal or under 5 mortality. Country years
with moderate all cause mortality (10-20 per 1000
live births for neonates and 25-35 per 1000 live births
for under 5s) were interpolated between low and high
mortality estimates. Thus, cause specific mortality for
low mortality country years was extrapolated from
vital registration data, and cause specific mortality for
high mortality country years was extrapolated from
verbal autopsies. Further details follow.

We incorporated several notable improvements to
previous methods in this approach. For both neonates
and 1-59 month olds, we used the verbal autopsy
misclassification rate based on under 5 deaths with
highly enriched cause ascertainment from minimally
invasive tissue sampling as collected in the Child Health
and Mortality Prevention Surveillance (CHAMPS)
study.?! We estimated setting specific misclassification
error by bayesian modeling of misclassification error,
allowing for heterogeneity across settings where
available.”® We also introduced estimates of under
5 mortality due to severe acute malnutrition as an
additional underlying cause.

Data curation

For countries with low mortality rates (defined as
neonatal mortality below 10 per 1000 live births
or under 5 mortality below 25 deaths per 1000 live
births), we used vital registration data to represent
cause specific under 5 mortality in countries that
have adequate quality vital registration for children
under 5 as defined above. We also used these data
to create the statistical models to predict the cause
specific distributions in countries without adequate
vital registration data but with low mortality rates,
as explained below. A few countries with adequate
quality vital registration had neonatal or 1-59 month
mortality higher than these thresholds, and these data
were included.

From countries with high under 5 mortality, very
few adequate vital registration data were available, so
we did a systematic review for cause specific mortality
from sources other than vital registration,’? aiming
to identify high quality, population representative
surveys with empirical age and cause specific
mortality. In brief, we searched public databases
including PubMed, EMBASE, and Web of Science
for primary verbal autopsy studies in high mortality
settings. Two reviewers screened identified literature
for studies with =25 deaths in the neonatal or 1-59
month periods, identifying causes of mortality with
a discernible verbal autopsy method, and <25% of
deaths having an undetermined cause. Two reviewers
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did title and abstract screening and full text extraction
concurrently, and a third reviewer resolved conflicting
reports. These public sources were supplemented by
data from investigators known by the authors to be
working in the area of causes of under 5 mortality.
This systematic review was documented and described
in detail elsewhere.”> The systematic review was not
registered. We combined these data with previous
systematic reviews conducted from 2012 to 2021.'¢"7

Cause of death data pre-calibration

Before incorporating cause specific mortality data from
the systematic review in modeling and cause estimates,
we made adjustments for the bias in verbal autopsy.
We calibrated all reported causes of death determined
by verbal autopsy for area and algorithm specific
misclassification error. We estimated this setting
specific misclassification error by using a bayesian
model among neonatal and 1-59 month deaths from
the CHAMPS study.*> *°

Neonates estimation
For low mortality countries without adequate vital
registration data, we estimated the distribution
of causes with bayesian multinomial regression
incorporating adequate quality vital registration data
from the WHO Mortality Database (for specific countries
and sources used, see supplementary material S1).
We modeled cause specific mortality for deaths in the
first week separately from deaths in the latter three
weeks.??> Using a multinomial regression model, we
extrapolated cause specific mortality from areas with
low mortality and adequate vital registration to areas
with low mortality but without vital registration via
covarying factors. We focused on a small set of factors
reflecting socioeconomic as well as health system
level conditions for neonates and controlled the
amount of influence of these covariates by using the
bayesian least absolute shrink and selection operator
(LASS0).” 2* We identified the most appropriate level of
shrinkage (parameterized as 1) for the bayesian LASSO
by using the lowest apparent out of sample prediction
error determined by 10-fold cross validation. Further
details are described in supplementary material S2.
For countries with high neonatal mortality,
similarly to the methods for those with low neonatal
mortality, we estimated the distribution of causes by
using bayesian multinomial regression. We identified
the empirical data underpinning this model in the
systematic review described above from high mortality
settings, much of which ascertained causes of death by
using verbal autopsy and were pre-calibrated to correct
for misclassification. We incorporated covarying
factors related to socioeconomic and health system
circumstances in high mortality settings. Similarly to
estimates in low mortality areas, we used the bayesian
LASSO to control over-fitting while estimating the
degree of shrinkage (A) with 10-fold cross validation
across a range of A.° We also incorporated hierarchical
random effects as part of the bayesian LASSO
multinomial regression, such that empirical data
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from nationally representative verbal autopsy studies
were systematically given additional influence in that
country’s estimated cause distribution. We fitted the
bayesian LASSO multinomial regressions with the
pre-calibrated causes of death and used the resulting
parameters to estimate country and year specific
distributions in the neonatal period. We then applied
these estimated cause distributions to the number of
neonatal deaths by country and year produced by UN
IGME for the number of estimated deaths by cause in
all high mortality countries.

For countries with moderate neonatal mortality >10
per 1000 live births but <20, we used an average of the
cause distribution estimated by the low mortality and
the high mortality models, weighted by the relative
distance in the neonatal mortality rate from 10 to 20
for the low and high mortality models, respectively.’ In
addition, to estimate neonatal cause specific mortality
in China, we used estimates from well established
sample surveillance systems with adjustments.?

1-59 month old children estimation

We estimated cause specific mortality for 1-59 month
olds in parallel to neonatal mortality by using similar
methods. We estimated causes of deaths in countries
with adequate vital registration for 1-59 month olds by
using cause specific mortality from vital registration
applied to the all cause number of deaths in this age
group with minor adjustments. For countries without
adequate vital registration, we estimated causes of
death in low mortality countries separately from
those in high mortality areas; both were estimated as
a multinomial distribution of fractions which were
then applied to the number of deaths in this age group
estimated by UN IGME.

For countries with low under 5 mortality without
adequate vital registration data, we used adequate
quality vital registration data reported to WHO with
bayesian multinomial regression. We also used a
selection of covarying factors related to the health
system and conditions likely related to the health of
young children in low mortality settings. These factors
were chosen on the basis of interventions and health
system factors relevant to this age group and so were
different from those for neonates. The remainder of
the estimation process paralleled that for neonates.
Similarly to methods used for cause estimation among
neonates, we estimated cause specific mortality for
1-59 month old children in China by adjusting results
from the established sample registration system.2®

For countries with high under 5 mortality (>35 per
1000 live births), we used mortality data identified from
high mortality areas as described above. For countries
with high under 5 mortality, we have included severe
acute malnutrition among the underlying causes
of 1-59 mortality for the first time. To estimate the
deaths due to severe acute malnutrition, we included
the prevalence of wasting (having weight for height
Z score more than two standard deviations below the
median of the WHO growth standard?®) in our bayesian
multinomial regression, given the strong evidence



GLOBAL PATTERNS IN NEONATAL, CHILD, AND ADOLESCENT MORTALITY

Table 1 | Summary of new and total cause of death input by age and estimation method

New input data

Total input data

Data points Deaths Countries Data points Deaths Countries

Neonates

High quality vital registration 286 313070 72 1232 1601768 72

Low mortality model 693 353126 72 3110 2719660 72

High mortality model 97 61030 23 332 250772 47
Children aged 1-59 months

High quality vital registration 355 356023 71 1317 2745731 71

Low mortality model 255 254274 50 1097 1614987 60

High mortality model 76 54085 20 411 241048 42

indicating that the prevalence of wasting is related to
the level of mortality due to severe acute malnutrition.?’
For countries with low under 5 mortality, we assumed
that no 1-59 month deaths were due to severe acute
malnutrition. For countries with under 5 mortality >25
but <35 per 1000 live births, we used an average of the
cause distribution estimated by the low mortality and
the high mortality models, weighted by the relative
distance in the mortality rate from 25 and 35 for low
and high mortality models, respectively.” Additional
details related to these methods are included in
supplementary material S2, including ICD-10
(international classification of diseases, 10th revision)
codes corresponding to all causes, model parameters,
selected covariates, and out of sample cross validation
results. Matrices used for calibrating verbal autopsy
error for neonates and 1-59 month olds are available in
supplementary material S3 and S4 for all data points.
In addition to examining the trends over time in
cause specific mortality graphically, we used the

Table 2 | Estimated number of deaths by age, cause, and cause specific mortality rate in

2024

Neonates aged 0-27 days

Cause specific mortality
rate (90% UI*; per 1000
live births)

Estimated number
(90% UI*; millions)

Preterm birth complications

0.82 (0.76 t0 0.88)

6.17 (5.93t0 6.42)

Intrapartum related events

0.48 (0.43 10 0.52)

3.60 (3.40 t0 3.79)

Sepsis/meningitis

0.26 (0.23 t0 0.29)

1.96 (1.75 to 2.15)

Lower respiratory infectionst

0.25 (0.23 t0 0.27)

1.88 (1.76t0 2.01)

Congenital abnormalities

0.22 (0.20 to 0.24)

1.65 (1.56 to 1.75)

Diarrhea

0.04 (0.04 to 0.05)

0.33 (0.30 t0 0.37)

Tetanus

0.02 (0.02 to 0.02)

0.14 (0.12t0 0.17)

Injury

0.01 (0.01 to 0.01)

0.05 (0.03 to 0.06)

Other conditions

0.18 (0.17 to 0.20)

1.39 (1.27 to 1.49)

Children aged 1-59 months

Malaria

0.45 (0.39 t0 0.51)

3.40 (2.99 t0 3.81)

Lower respiratory infectionst

0.41 (0.36 to 0.46)

3.10 (2.78t0 3.42)

Diarrhea

0.33 (0.30to 0.36)

2.50 (2.28't0 2.71)

Injury 0.17 (0.16 t0 0.19) 1.31 (1.22 to 1.40)
Congenital abnormalities 0.14 (0.13t0 0.15) 1.07 (1.02t0 1.13)
Meningitis 0.12 (0.11t0 0.14) 0.93 (0.83 t0 1.03)

Severe acute malnutrition

0.12 (0.11 t0 0.14)

0.91 (0.81 to 1.01)

Tuberculosis

0.10 (0.07 t0 0.12)

0.73 (0.51t0 0.96)

Measles

0.09 (0.06 t0 0.12)

0.68 (0.45 t0 0.92)

HIV

0.05 (0.04 to 0.06)

0.38 (0.27 t0 0.49)

Other conditionst

0.65 (0.59 t0 0.72)

4.95 (4.64 t0 5.28)

*Uncertainty interval, defined as 5th-95th centile.

tFormerly referred to as “pneumonia.”
$O0ther conditions among children aged 1-59 months included causes that originated during perinatal period,

cancer, and other specified causes.

average annual rate of reduction (AARR) to describe
the change in cause specific mortality over time,
defined by AARR=100*In(CSMR,/CSMR,)/(Year,—
Year,), where Year, >Year;, CSMR, is the cause specific
mortality rate in Year,, and CSMR, is the cause specific
mortality rate in Year,, such that a positive AARR
indicates a decrease in the cause specific mortality rate
and a negative AARR indicates an increase in the cause
specific mortality rate.

Public involvement

As for previous estimates,” the estimates presented
here have been reviewed by representatives for all
countries, of whom many have provided feedback and
additional country specific data sources that will be
incorporated in future estimates.

Results

Table 1 shows a summary of new empirical data
incorporated in these estimates relative to previous
estimates.”” A total of 1.6 million deaths from 72
countries with adequate quality vital registrations
were incorporated into these estimates for neonatal
mortality, as well as 251000 neonatal deaths from
high mortality areas. For children aged 1-59 months,
71 countries with adequate quality vital registration
contributed 2.7 million deaths, and areas with high
under 5 mortality contributed 241 000 deaths. In 2024
neonatal cause specific mortality in 50 countries (0.12
million deaths) was estimated using the low mortality
model, 44 countries (1.34 million deaths) using the
high mortality model, and 28 countries (0.69 million
deaths) by a mixture of the high and low mortality
models. We included 0.02 million neonatal deaths
from China, with causes estimated from their sample
registration system. The remaining 72 countries (0.09
million deaths) had cause specific neonatal mortality
estimated directly from vital registration.

For 1-59 month old children in 2024, cause specific
mortality in 59 countries (0.15 million deaths) were
estimated using the low mortality model, 53 countries
(2.05 million deaths) using the high mortality model,
and 11 countries (0.34 million deaths) by a mixture of
the high and low mortality models. We included 0.03
million 1-59 month deaths from China, with causes
estimated from their sample registration system. The
remaining 71 countries (0.07 million deaths) had

doi: 10.1136/bm;j-2025-088686 | BMJ 2026;393:e088686 | thebhmj



Tuberculosis

Meningitis

Preterm birth 25%

complications
1.0%

RESEARCH

Neonatal

deaths
Intrapartum related events

7%

Sepsis/meningitis

Congenital
4.5%

Fig 1 | Estimated global causes of under 5 mortality in 2024. Causes of death among those aged 0-27 days are on the
right, and causes among children age 1-59 months are on the left. LRI=lower respiratory infection

cause specific 1-59 month mortality estimated directly
from vital registration.

Neonates

The most common cause of death globally among
neonates in 2024 was preterm birth complications,
at 0.82 million (90% uncertainty interval (UI) 0.76 to
0.88), corresponding to a cause specific mortality rate
of 6.17 (90% UI 5.93 to 6.42) per 1000 live births.
Intrapartum related events was the second most
common global cause of neonatal mortality, with 0.48
(0.43 to 0.52) million deaths and 3.60 (3.40 to 3.79)
deaths per 1000 live births. Sepsis and meningitis
together were also a common cause of global neonatal
mortality at 0.26 (0.23 to 0.27) million deaths and 2.00
(1.79 to 2.19) neonatal deaths per 1000 live births.
The eight most common causes of neonatal mortality
are shown in table 2 and figure 1.

The trends over time in neonatal cause specific
mortality rates are shown in the top panel of figure 2,
and the annual average rate of reduction by cause for
two time periods for the seven most important causes
by age in figure 3. Most cause specific mortality rates
decreased among neonates in the period between 2000
and 2015, indicated by positive annual average rates of
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reduction in figure 3. The exception is mortality due to
congenital abnormalities, which is largely unchanged
over the time period. During 2015 to 2024, however,
estimated annual average rates of reduction are low
across causes, indicating that mortality rates were
not declining in this period as fast as in 2000-15. This
slowdown in progress is also indicated by the change
in the all cause neonatal mortality rate, which did not
notably decrease in 2024 (17.2, 90% UI 16.3 to 18.8)
from 2015 (19.4, 18.9 to 20.1).

Figure 4 shows the percentages of cause specific
mortality by region. The global distribution of cause
specific mortality masks considerable heterogeneity
among regions in both the composition and level of
neonatal mortality. Although the largest proportion of
deaths in 2024 for all regions was from preterm birth
complications, the rates of mortality from these causes
ranges from 1.56 deaths per 1000 live births in North
America to 7.87 in West and Central Africa and 8.30 in
South Asia (supplementary material S5). Regions with
most deaths in high income countries such as North
America and Europe tend to have lower neonatal deaths
due to infectious causes including sepsis, meningitis,
and lower respiratory infections and a larger fraction
of neonatal mortality due to congenital abnormalities.
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1-59 month deaths per 1000 neonates

Neonatal deaths per 1000 live births
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Fig 2 | Global cause specific mortality rates by age from 2000 to 2024. The sustainable
development goals era is shaded in gray. LRI=lower respiratory infection

The cause specific mortality rate by region from 2000
to 2024 is shown in supplementary material S5.

The countries with the highest number of neonatal
deaths in 2024 include India, Nigeria, and Pakistan,
with 0.39, 0.30, and 0.25 million neonatal deaths,
respectively. In India, the most common cause of
neonatal mortality was premature birth complications
at 160000 deaths and 6.9 deaths per 1000 live
births, whereas in Nigeria the most common cause of
neonatal death was intrapartum related events (77 000
deaths; 10 per 1000 live births), and in Pakistan the
most common neonatal cause was preterm birth
complications (94000; 13.74 per 1000 live births).
The cause specific mortality rates over time are shown
for all countries in supplementary material S6.

1-59 month old children

The most common cause of death globally among 1-59
month olds in 2024 was malaria, at 0.45 (90% UI 0.39
to 0.51) million and 3.40 (2.99 to 3.81) deaths per
1000 1 month olds. This was closely followed by lower
respiratory infections at 0.41 (0.36 to 0.46) million
and 3.1 (2.8 to 3.4) per 1000. Diarrhea was the third
most common cause of death globally in 2024 in this

age group, at 0.33 (0.30 to 0.36) million and 2.5 (2.3
to 2.7) per 1000. Injury, congenital abnormalities,
meningitis, and severe acute malnutrition were also
important causes of 1-59 month old mortality, each
with >0.1 million deaths and at or near 1.0 death per
1000. The 12 most common causes of global 1-59
month mortality for this age group are shown in table
2 and in figure 1.

In the period 2000-24, the diarrhea specific
mortality rate declined steeply from 10.0 (9.5 to 10.4)
in 2000 to 2.50 in 2024. Sharp declines also occurred
in the mortality due to lower respiratory infections from
8.4 to 3.1 and in measles and HIV related mortality
from 4.6 to 0.8 and 2.2 to 0.4, respectively. Malaria
related mortality and mortality related to severe acute
malnutrition and injury have also declined since 2000,
although not as markedly as for other primary causes
in this age group (fig 2).

Much of the decline in cause specific mortality for
1-59 month olds since 2000 occurred in the years
leading up to 2015. In the nine years after 2015,
a marked reduction occurred in the annual rate of
decline in the mortality rate across most causes.
Malaria in particular has changed course, with
decreasing mortality during 2000-15 but increasing
mortality from 2015 to 2024.

Figure 4 shows the composition of 1-59 month
mortality across regions. The primary cause of 1-59
month mortality in 2024 was congenital abnormalities
in many low mortality regions, including East Asia
and Pacific at 1.2 deaths per 1000 neonates, Latin
America and the Caribbean (1.5), and Western Europe
(0.5). In North America and Eastern Europe/Central
Asia, the primary cause of 1-59 month mortality was
injury at 0.8 and 1.2, respectively. In West and Central
Africa, the region with the largest number of 1-59
month deaths, the cause with the highest fraction of
mortality was malaria at 17.8 (90% UI 16.5 to 19.0)
per 1000 neonates. The cause specific mortality rates
for HIV, lower respiratory infections, malaria, and
diarrhea have declined very substantially in West
and Central Africa since 2000, although most of this
decline occurred before 2015. Other regions have also
seen large declines in specific causes, whereas other
causes have not declined as substantially, including
tuberculosis in South Asia as well as injuries and
congenital abnormalities in low mortality regions
(supplementary material S5). See supplementary
material Sé6 for estimated cause specific mortality rates
for all countries.

The countries with the highest number of 1-59
month deaths in 2024 include Nigeria, the Democratic
Republic of Congo, and India, with 0.56, 0.28, and
0.23 million deaths, respectively. In Nigeria, the most
common 1-59 month cause of mortality was malaria
at 165000 deaths and 23.4 deaths per 1000 live
births, and malaria was also the most common cause
of 1-59-month death in the Democratic Republic of
Congo (105000; 22.1 per 1000 live births). In India,
the most common cause was tuberculosis (36 000; 1.6
per 1000 live births).
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Fig 3 | Estimated average annual rate of reduction (%) for cause specific mortality rates
in 2000-15 and 2015-24, for the top seven causes by age group. LRI=lower respiratory

infection

Discussion

We have identified the most common causes of
neonatal and 1-59 month mortality, identifying
the most important causes including preterm birth
complications, intrapartum related events, sepsis/
meningitis, and lower respiratory infections among
neonates and malaria, lower respiratory infections,
diarrhea, and injury among children aged 1-59
months. We found that the pace of decline for most
causes of under-5 mortality has slowed since 2015,
particularly malaria and preterm birth complications.

Strengths and limitations of study

We present a systematic approach to estimating cause
of death for children under 5, including a systematic
review to identify empirical cause specific mortality
information, a statistical approach that includes
automated covariate selection with the bayesian
LASSO and robust out of sample prediction with out
of sample error minimized by cross validation. We
have also improved the validity of verbal autopsy
with a robust calibration approach that incorporates
high quality cause of death determination based on
results from the multi-country CHAMPS study. We
have given nationally representative country mortality
data additional influence in country estimates by
using random effects. This systematic incorporation
of country specific data allows our estimates to more
sensitively reflect country data, which may further
motivate countries for more empirical data collection.
However, these estimates are no replacement for
consistent and timely high quality cause of death
information from vital registration systems, which
ideally would cover all populations with medically
certified reporting.
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These estimates also have limitations, particularly
around the causes that are difficult to measure with
verbal autopsy.'? *® These estimates may especially
underestimate causes that are difficult for lay
people to identify. For example, the importance of
congenital abnormalities in under 5 mortality may be
underestimated, primarily because verbal autopsies
are not a sensitive instrument for capturing congenital
abnormalities.?” ** The extrapolation of cause specific
mortality data from countries having verbal autopsy
studies to countries without verbal autopsy data is also a
limitation, even though the resulting estimates represent
the most likely scenario given the existing data related to
cause specific mortality in high mortality settings.

Comparison with other studies

Compared with other estimates of cause specific
mortality for these age groups, our estimates have
lower resolution by age and cause and use distinct
approaches and source data. The Global Burden
of Disease (GBD) project estimates cause specific
mortality for children under 5 for a larger number of
causes and for finer age resolution. GBD estimates
are not modeled simultaneously, but separately by
cause, which may affect precision.*" In addition, to our
knowledge, GBD has not publicly released its source
data, making comparison with other estimates difficult.
GBD estimates higher mortality due to HIV as well as
tuberculosis for children under 5 than the estimates
presented here. However, owing to differences in
both methods and data incorporated and inaccessible
details, determining from where these differences arise
is not possible.

These estimates differ from previous versions
from this research group in several important ways.
These include, using the definition provided by
the international classification of diseases,’? the
estimated mortality directly caused by severe acute
malnutrition. This information is new for many
countries and will make an important contribution to
health system planning. Under 5 mortality due to HIV
in countries with generalized HIV epidemics is higher
than in previous estimates, especially in Namibia,
Mozambique, and Botswana. These estimates
reflect updated country specific surveillance data
including lower coverage among pregnant women
of antiretrovirals to prevent vertical transmission to
their newborns.?’ These estimates were also developed
assuming a higher chance of vertical transmission
before retroviral therapy than previously.>> The sepsis
and meningitis specific mortality is also higher among
neonates than in previous estimates. This difference
is the result of both new input data and the statistical
adjustment for the misclassification of cause specific
mortality by verbal autopsy, resulting in more deaths
attributed to sepsis/meningitis.

Differences in estimates from previous versions also
reflect new nationally representative verbal autopsies
(five countries), as well as new vital registration
(255 country years). As described above, nationally
representative verbal autopsy studies have additional
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Fig 4 | Percentage of neonatal and 1-59 month mortality in 2024 by cause and region. LRI=lower respiratory infection

influence in a country’s estimated cause distribution
through hierarchical random effects, so countries with
nationally representative data are more likely to have
significantly updated cause of death estimates (see
supplementary material S7).

Policy implications

These estimates have implications for public health
programs, particularly at the country level. These
estimates are incorporated into the Lives Saved Tool,
which includes current information about health
interventions for specific causes of mortality and
morbidity and is publicly available.>* Many low cost
interventions with known effectiveness in low and
middle income countries are available to reduce
neonatal and under 5 mortality.

The pace of decline for all cause and cause
specific child mortality has slowed in the sustainable
development goal era since 2015 compared with
the millennium development goal era of 2000-
15. We speculate about possible reasons behind
such deceleration and organize them into distal
socioeconomic and demographic reasons versus
proximate reasons of public health investment and
interventions.>® For the distal reasons, compared with
2000-15, more countries have been affected by conflict
since 2015, and more children and women have been

displaced.>**° Economic growth in low and middle
income countries enabled support for child survival
programs in the millennium development goal era, but
growth has slowed since 2015 along with increased
government debt.** “! Demographically, the number of
deaths due to, for example, malaria has been gradually
increasing in sub-Saharan Africa even though the risk
(represented by probability of dying from malaria) has
plateaued, and this is partially due to an increasing
number of live births in the region as a result of
population momentum.*?

For proximate reasons of public health investment
and interventions, external financial aid for maternal
and child health increased greatly in the millennium
development goal era but plateaued from 2016 to 2024
except for aid related to covid-19.>® Global priority for
maternal and child health has stagnated since 2016,
with the sustainable development goals focusing on a
broader set of health targets compared with the maternal
and child survival focused millennium development
goals.*® Severe food insecurity has increased in low
and middle income countries, which could have led
to slower progress in mortality reduction.>® To further
improve neonatal survival, additional inpatient care
for small and sick newborns, tackling prematurity,
intrapartum complications, jaundice, infections, and
congenital abnormalities, needs to be scaled up.*’
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These interventions are not only financially more costly
toadopt and scale up but also require highly functioning
health system capacity to sustain operation. As a result,
scaling up these interventions has been slower than for
interventions scaled up in 2000-15. Coverage of key
maternal and child health services had substantial
increases in the millennium development goal era but
has been facing slower increases since 2015.>® This
may be expected in countries that have achieved high
coverage, but the slowdown was worse in low income
countries where coverage of a set of key maternal and
child interventions plateaued at about 50%.>® In the
millennium development goal era, declines in deaths
due to diarrhea, pneumonia, and malaria were major
drivers of the reduction in the 1-59 month mortality,
largely owing to increased coverage of prioritized
interventions such as oral rehydration salts, care
seeking for respiratory infections, and insecticide
treated bed nets for children in sub-Saharan Africa. The
coverage of these interventions has changed little in the
past 10 years. Taken together, these slower changes in
intervention coverage likely contributed to the slower
mortality reductions from diarrhea and pneumonia or
plateauing mortality from malaria in the past 10 years
compared with the millennium development goal era.*®

Future research needs

Future research is urgently needed to determine how
best to inform health systems in low resource settings.
The verbal autopsy approach is evolving in the face
of computational advances,** which will likely have
implications for downstream applications such as
estimation of cause specific mortality in low resource
areas. Beyond methods related to verbal autopsy,
research is needed on how to improve mortality
surveillance more broadly. This research agenda
includes how to improve sample registration systems
in areas with nascent mortality surveillance, how to
expand vital registration to low resource settings,
and how to digitize mortality surveillance to expedite
reporting and facilitate global coordination. Ideally
mortality information would come from high quality
national health information systems permitting
informed decisions for sub-national population
levels.*> Improved quality data on causes of newborn
and child mortality are needed to inform national
health policies and guide programs to improve survival
of these vulnerable populations.

Conclusions

With the recent slowed pace of decline in under 5
mortality for most primary causes of death, many
high mortality countries are at risk of missing the
sustainable development goal targets of <12 neonatal
deaths and <25 under 5 deaths per 1000 live births
without acceleration. The estimates presented here can
be used to guide countries and the international health
community to select the best interventions so that the
reduction in under 5 mortality can be accelerated to
meet the sustainable development goals by 2030.
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