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ABSTRACT
Introduction Existing risk assessment tools to identify 
children at risk of hospitalised pneumonia- related mortality 
have shown suboptimal discriminatory value during 
external validation. Our objective was to derive and validate 
a novel risk assessment tool to identify children aged 2–59 
months at risk of hospitalised pneumonia- related mortality 
across various settings.
Methods We used primary, baseline, patient- level 
data from 11 studies, including children evaluated 
for pneumonia in 20 low- income and middle- income 
countries. Patients with complete data were included 
in a logistic regression model to assess the association 
of candidate variables with the outcome hospitalised 
pneumonia- related mortality. Adjusted log coefficients 
were calculated for each candidate variable and assigned 
weighted points to derive the Pneumonia Research 
Partnership to Assess WHO Recommendations (PREPARE) 
risk assessment tool. We used bootstrapped selection with 
200 repetitions to internally validate the PREPARE risk 
assessment tool.
Results A total of 27 388 children were included in the 
analysis (mean age 14.0 months, pneumonia- related 
case fatality ratio 3.1%). The PREPARE risk assessment 
tool included patient age, sex, weight- for- age z- score, 

body temperature, respiratory rate, unconsciousness 
or decreased level of consciousness, convulsions, 
cyanosis and hypoxaemia at baseline. The PREPARE risk 
assessment tool had good discriminatory value when 
internally validated (area under the curve 0.83, 95% CI 
0.81 to 0.84).
Conclusions The PREPARE risk assessment tool had 
good discriminatory ability for identifying children at risk 
of hospitalised pneumonia- related mortality in a large, 
geographically diverse dataset. After external validation, 
this tool may be implemented in various settings to 
identify children at risk of hospitalised pneumonia- related 
mortality.

INTRODUCTION
Pneumonia is the leading cause of mortality 
among children 1–59 months of age, causing 
more than 800 000 deaths in this age group 
every year worldwide.1–3 Four risk assessment 
tools have been developed to identify chil-
dren at risk of hospitalised pneumonia- related 
mortality in sub- Saharan Africa, South Asia 
and Southeast Asia.4–7 These risk assessment 
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tools have important limitations, including the use of vari-
ables that are not routinely collected in clinical practice,5 
being limited to single sites4–6 and the reliance on auscul-
tatory findings with variable inter- rater reliability.4 6 Addi-
tionally, these risk assessment tools have not been widely 
implemented; thus, their potential to reduce hospitalised 
pneumonia- related mortality among children is unclear.8

We recently validated three of these risk assessment 
tools in a large, globally representative dataset using the 
demographic and clinical features of children at the time 
of admission.9 In that external validation, only the Respira-
tory Index of Severity in Children–Malawi (RISC- Malawi) 
score demonstrated fair discriminatory value (area under 
the curve (AUC) 0.75, 95% CI 0.74 to 0.77), while the 
Respiratory Index of Severity in Children (RISC) score 
and a modified Pneumonia Etiology Research for Child 
Health (PERCH) score had limited discriminatory value 
in identifying hospitalised children at risk of pneumonia- 
related mortality (AUC 0.66, 95% CI 0.58 to 0.73%, and 
AUC 0.55, 95% CI 0.37 to 0.73, respectively). The subop-
timal performance of these prediction rules when applied 
externally raises questions on whether a novel tool incor-
porating different combinations of widely available clinical 

indicators could perform better across broad settings. 
Such a risk assessment tool should incorporate practical 
and commonly recorded clinical parameters to facilitate 
broad use and improved recognition of children at risk of 
hospitalised pneumonia- related mortality.

Given the limited discriminatory ability of prior risk 
assessment tools for pneumonia- related mortality when 
applied externally, our objective was to derive and vali-
date a novel, widely applicable, risk assessment tool to 
identify children aged 2–59 months at risk of hospitalised 
pneumonia- related mortality. A risk assessment tool that is 
not region- specific may be useful to guide clinical care for 
children at greatest risk of hospitalised pneumonia- related 
mortality across settings.

METHODS
Study design
We used the World Health Organization’s (WHO) Pneu-
monia Research Partnership to Assess WHO Recommen-
dations (PREPARE) dataset to derive and validate a novel 
risk assessment tool for hospitalised pneumonia- related 
mortality among children 2–59 months of age across 
many global settings. We have described the details of the 
construction of the PREPARE dataset previously.10 Briefly, 
the PREPARE dataset includes primary data of individual 
patients from 30 study groups comprising 41 datasets of 
children evaluated for pneumonia in studies conducted 
from 1994 to 2014 in over 20 low- income and middle- 
income countries in Asia, Africa and Latin America, as 
well as the USA and Australia. We adhered to the Trans-
parent Reporting of a Multivariable Prediction Model for 
Individual Prognosis or Diagnosis guidelines.11

Patient and public involvement statement
The development of the research question was informed 
by the large burden of pneumonia- related mortality 
among children worldwide. Patients neither were advisers 
in this study nor were involved in the design, recruitment 
or conduct of the study. Results of this study will be made 
publicly available through open- access publication where 
study participants may access them.

Study population
As pneumonia is the leading cause of mortality among 
children aged 1–59 months and pneumonia is defined 
differently in infants aged <2 months,12 13 we restricted 
the derivation and validation of our risk assessment tool to 
infants and children aged 2–59 months. We also restricted 
our analysis to studies that included hospitalised patients 
as our outcome was in- hospital mortality in children with 
suspected pneumonia (ie, pneumonia- related mortality). 
We excluded community- based studies, hospital- based 
studies that did not report survival data and any deaths 
that occurred outside the hospital. Pneumonia was 
defined according to the 2013 WHO Pocket Book of Hospital 
Care for Children (ie, based on age- adjusted tachypnoea, 
presence of lower chest indrawing, general danger signs 
or signs of respiratory distress including head nodding/

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ In external validation of existing risk assessment tools to identi-
fy children at risk of hospitalised pneumonia- related mortality in 
varied settings, only the Respiratory Index of Severity in Children–
Malawi score demonstrated fair discriminatory value (area under 
the curve (AUC) 0.75, 95% CI 0.74 to 0.77), while the Respiratory 
Index of Severity in Children score and a modified Pneumonia 
Etiology Research for Child Health score had limited discriminatory 
value (AUC 0.66, 95% CI 0.58 to 0.73, and AUC 0.55, 95% CI 0.37 
to 0.73, respectively).

WHAT THIS STUDY ADDS
 ⇒ Using data from 27 388 children in 20 low- income and middle- 
income countries, the Pneumonia Research Partnership to Assess 
WHO Recommendations (PREPARE) risk assessment tool was de-
veloped to identify children aged 2–59 months at risk of hospital-
ised pneumonia- related mortality across various settings.

 ⇒ The PREPARE risk assessment tool had good discriminatory value 
when internally validated (AUC 0.83, 95% CI 0.81 to 0.84) and in-
corporates practical and commonly recorded clinical parameters to 
identify children at risk of hospitalised pneumonia- related mortal-
ity in various settings (ie, patient age, sex, weight- for- age z- score, 
body temperature, respiratory rate, unconsciousness or decreased 
level of consciousness, convulsions, cyanosis and hypoxaemia at 
baseline).

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE 
AND/OR POLICY

 ⇒ After external validation, the PREPARE risk assessment tool may 
be implemented in various hospital settings in low- income and 
middle- income countries to identify children at risk of hospitalised 
pneumonia- related mortality.

 ⇒ The impact of the implementation of existing risk assessment tools 
to identify children at risk of hospitalised pneumonia- related mor-
tality must be compared with routine clinical care.
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bobbing, nasal flaring or grunting in children with a 
cough or difficulty breathing).14

Candidate variables
All candidate variables were selected a priori. As hypox-
aemia has been shown to be highly predictive of 
pneumonia- related mortality among children15–17 and to 
avoid potential selection bias, we prioritised the inclusion 
of studies within the PREPARE dataset that had oxygen 
saturation (SpO2) measurements in at least 70% of he 
participants. Other candidate variables including age, 
sex, weight- for- age z- score, temperature, respiratory rate, 
presence of chest indrawing, unconsciousness/decreased 
consciousness, convulsions and cyanosis were selected 
based on the results of a systematic review evaluating risk 
factors for pneumonia- related mortality in children <5 
years of age,18 prior clinical prediction models,4–7 as well 
as availability of data in the PREPARE dataset. Further-
more, hypoxaemia, presence of chest indrawing, uncon-
sciousness or decreased consciousness, convulsions and 
cyanosis are signs and symptoms of severe pneumonia 
or danger signs according to the 2013 WHO Pocket Book 
of Hospital Care for Children.14 Studies in the PREPARE 
dataset with >25% missing data points were excluded 
from our analysis to reduce selection bias. We did not 
include apnoea, gasping, grunting, nasal flaring, head 
nodding or stridor, which are general danger signs in the 
2013 WHO Pocket Book of Hospital Care for Children14 due to 
high levels of missing data.

We defined tachypnoea as 0–9, 10–19 and >20 breaths/
min above age- specific cutoffs (ie, >50 breaths/min for 
children aged 2–11 months and >40 breaths/min for 
children aged 12–59 months).12 14 We categorised weight- 
for- age z- scores as <−3 for severe malnutrition, −3 to −2 
for moderate malnutrition and >−2 for normal weight19; 
temperature as <35.5°C for hypothermia, 35.5°C to 
37.9°C for normothermia and ≥38°C for fever12; and 
SpO2 as <90% for severe hypoxaemia, 90%–92% for mild 
hypoxaemia, and 93%–100% as normal.20 These contin-
uous variables were converted into categorical variables 
based on recommended thresholds before developing 
our model to facilitate the use of this risk assessment tool 
in clinical practice. All variables included in our analysis 
were recorded at enrolment or as baseline data in each of 
the included studies in the PREPARE dataset. All deaths 
included in this analysis occurred during the hospitalisa-
tion from which baseline data were collected.

Statistical analyses
We restricted our analyses to patients with no missing values 
for any candidate variables. We calculated the effective 
sample size required for the development of a new clinical 
prediction model21 based on the inputs R2 of <0.05, shrinkage 
factor of 0.9, 26 parameters and outcome (pneumonia- 
related mortality) prevalence of 3%. The minimum sample 
size required was 23 270, with 699 events (events per candi-
date predictor parameter of at least 26.8).

For the derivation of the PREPARE risk assessment 
tool, we constructed a multivariable backward regres-
sion model, including all candidate variables to assess 
the strength of the association of each candidate variable 
on hospitalised pneumonia- related mortality. Associa-
tions with 95% CI for adjusted ORs (aORs) that did not 
cross 1 were considered significant. Then, to determine 
the weighted points assigned to each candidate variable, 
we calculated the adjusted log coefficient of each candi-
date variable from the multivariable model, rounded it 
to the nearest 0.5 and then doubled the rounded log 
coefficients to form an integer.4 7 22 23 As the PREPARE 
risk assessment tool is intended to be used by clinicians 
in settings with all levels of resources, weighted points 
were assigned to each candidate variable to create a user- 
friendly risk assessment tool that can be simply calculated 
without the use of a computer or an application.24

To assess the discriminatory ability of the PREPARE risk 
assessment tool to identify children at risk of hospitalised 
pneumonia- related mortality, we internally validated the 
risk assessment tool using bootstrapping methodology 
with 200 repetitions and calculated the area under the 
receiver operating characteristic (ROC) (AUC).21 25 26 As 
pulse oximetry is not available in all settings, we conducted 
a sensitivity analysis of the performance of the PREPARE 
risk assessment tool excluding pulse oximetry. We used 
the Hosmer- Lemeshow test to assess the goodness of fit 
of the PREPARE risk assessment tool by testing the null 
hypothesis that the fitted values from the model were the 
same as observed.

We created an ROC curve for the PREPARE risk 
assessment tool and repeated these analyses without 
pulse oximetry. We created a risk predictiveness curve 
to demonstrate the cumulative percentage of children 
at risk of hospitalised pneumonia- related mortality by 
predicted risk. We created a calibration plot of the agree-
ment between estimated and observed probabilities for 
hospitalised pneumonia- related mortality. We conducted 
decision curve analysis including all candidate variables 
to estimate the clinical utility of the PREPARE risk assess-
ment tool. We used descriptive statistics to describe char-
acteristics among children who were misclassified (ie, 
deemed low risk at optimal PREPARE risk assessment 
scores but died). All analyses were conducted using Stata 
V.16.1.

RESULTS
Of 41 datasets with a total of 285 839 children in the 
PREPARE dataset, 11 studies with 27 388 children met 
our inclusion criteria (figure 1). Six of the included 
studies were randomised controlled trials; two were 
prospective cohort studies; two were retrospective cohort 
studies; and one was a prospective case series (table 1). 
The included studies were conducted in 20 different 
low- income or middle- income countries in Asia, Africa, 
Central and South America, the Caribbean and the 
Middle East. The mean age was 14.0±12.1 months and 
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the case fatality ratio was 3.1%. Children included in the 
derivation and validation of the PREPARE risk assessment 
tool were slightly younger than those who did not meet 
the inclusion criteria (14.0±12.1 months vs 17.1±13.5 
months) but did not differ substantially by sex (male 15 
862 (57.9%) vs 100 023 (56.0%)), weight- for- age z- score 
(−1.12±2.00 vs −1.01±1.75) or mortality (n=856 (3.1%) 
vs n=6877 (3.8%)). Children with any missing param-
eter for any candidate variable were not included in the 
derivation or validation of the PREPARE risk assessment 

tool (online supplemental table 1). The risk predictive-
ness curve including all children who met the inclusion 
criteria demonstrated that most children were at low risk 
for mortality (online supplemental figure 1).

Derivation of the PREPARE risk assessment tool
Weight- for- age z- score of <−3 (aOR 5.16, 95% CI 4.37 to 
6.09), body temperature of <35.5°C (aOR 4.80, 95% CI 
3.05 to 5.57) and SpO2of <90% (aOR 2.99, 95% CI 2.51 
to 3.58) were most strongly associated with hospitalised 

Figure 1 Selection of hospital- based studies included in the derivation and validation of the novel PREPARE risk assessment 
tool to identify children 2–59 months of age at risk of hospitalised pneumonia- related mortality. *Candidate variables 
include age, sex, weight- for- age z- score, temperature, respiratory rate, oxygen saturation, presence of chest indrawing, 
unconsciousness/decreased consciousness, convulsions and cyanosis. PREPARE, Pneumonia Research Partnership to 
Assess WHO Recommendations.
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Table 2 Multivariable regression model for hospitalised pneumonia- related mortality among all included children aged 2–59 
months (n=27 388)

Factor Survived, n (%) Died, n (%) OR 95% CI
Adjusted 
OR 95% CI

All* 26 532 (96.9) 856 (3.1) – – – –

Age category

  12–59 months 10 927 (98.2) 201 (1.8) Referent – Referent –

  6–11 months 7064 (96.9) 222 (3.1) 1.71 (1.41 to 2.07) 1.68 (1.37 to 2.06)

  2–5 months 8541 (95.2) 433 (4.8) 2.76 (2.32 to 3.27) 2.35 (1.96 to 2.82)

Sex

  Male 15 412 (97.2) 450 (2.8) Referent – Referent –

  Female 11 120 (96.5) 198 (3.5) 1.25 (1.09 to 1.43) 1.36 (1.18 to 1.57)

Weight- for- age z- score

  >−2 19 869 (98.5) 302 (1.5) Referent – Referent –

  −2 to −3 3357 (94.4) 172 (4.9) 3.37 (2.78 to 4.087) 2.72 (2.23 to 3.31)

  <−3 3306 (89.6) 382 (10.4) 7.60 (6.51 to 8.88) 5.16 (4.37 to 6.09)

Body temperature category

  <35.5°C 205 (87.6%) 29 (12.4%) 4.68 (3.14 to 6.97) 4.80 (3.05 to 7.57)

  35.5°C to 37.9°C 18 122 (97.1) 548 (2.9) Referent – Referent –

  >38°C 8205 (96.7) 279 (3.3) 1.12 (0.97 to 1.30) 1.04 (0.89 to 1.22)

Respiratory rate (breaths/
min)

  ≤Age- specific cut- off* 5345 (98.0) 107 (2.0) Referent – Referent –

  0–9 above age- specific 
cut- off*

8029 (97.5) 205 (2.5) 1.27 (1.01 to 1.61) 1.20 (0.93 to 1.55)

  10–19 beats/min above 
age- specific cut- off*

7882 (97.2) 225 (2.8) 1.42 (1.13 to 1.80) 1.03 (0.79 to 1.33)

  >20 above age- specific 
cut- off*

5276 (94.3) 319 (5.7) 3.02 (2.41 to 3.77) 1.72 (1.32 to 2.23)

Lower chest indrawing

  No 8346 (98.0) 167 (2.0) Referent – Referent –

  Yes 18 186 (96.4) 689 (3.6) 1.89 (1.60 to 2.25) 1.26 (1.00 to 1.48)

Unconscious/decreased 
consciousness

  No 25 587 (97.1) 760 (2.9) Referent – Referent –

  Yes 945 (90.8) 96 (9.2) 3.42 (2.74 to 4.27) 1.91 (1.49 to 2.44)

Convulsions

  No 25 100 (97.0) 786 (3.0) Referent – Referent –

  Yes 1432 (95.3) 70 (4.7) 1.56 (1.22 to 2.00) 2.87 (2.16 to 3.81)

Cyanosis

  No 25 628 (97.4) 679 (2.6) Referent – Referent –

  Yes 904 (83.6) 177 (16.4) 7.39 (6.18 to 8.83) 2.34 (1.90 to 2.88)

Oxygen saturation category

  <90% 4318 (90.4) 457 (9.6) 6.41 (5.52 to 7.45) 2.99 (2.51 to3.58)

  90%–92% 4342 (97.7) 104 (2.3) 1.45 (1.16 to 1.82) 1.23 (0.98 to 1.55)

  93%–100% 17 872 (98.4) 295 (1.6) Referent – Referent –

*≥50 breaths/min for children 2–11 months old or ≥40 breaths/min for children 12–59 months old.
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pneumonia- related mortality among all included chil-
dren (table 2). The PREPARE risk assessment tool had a 
score ranging from 0 to 17 and incorporated patient age, 
sex, weight- for- age z- score, body temperature, respiratory 
rate, unconsciousness or decreased level of conscious-
ness, convulsions, cyanosis and hypoxaemia at baseline 
(table 3).

Our sensitivity analysis excluding pulse oximetry 
demonstrated a weight- for- age z- score of <−3, body 
temperature of <35.5°C and cyanosis were most strongly 
associated with hospitalised pneumonia- related mortality 
among all children (online supplemental table 2). The 
PREPARE risk assessment tool including all children and 
excluding pulse oximetry had a score ranging from 0 to 
20 (online supplemental table 3).

Validation of the PREPARE risk assessment tool
The internal validation of the PREPARE risk assessment 
tool using the bootstrap method demonstrated an AUC of 
0.83 (95% CI 0.81 to 0.84) among all children (figure 2) 
and 0.81 (95% CI 0.79 to 0.82) when excluding pulse 
oximetry. The PREPARE risk assessment tool had maxim-
ised sensitivity with concurrent maximised specificity at 
a score of ≥5 (72.6% sensitivity, 76.5% specificity; +likeli-
hood ratio [LR] of 3.09 (95% CI 2.89 to 3.30) and −LR 
of 0.36 (95% CI 0.31 to 0.42)) in identifying children at 
risk of hospitalised pneumonia- related mortality. A score 
of ≥4 had 81.8% sensitivity, 65.4% specificity, +LR of 2.37 
(95% CI 2.25 to 2.49) and −LR of 0.28 (95% CI 0.23 to 
0.34), and a score of ≥6 demonstrated 61.3% sensitivity 
and 84.4% specificity with a +LR of 3.93 (95% CI 3.61 to 
4.29) and a −LR of −0.46 (95% CI 0.41 to 0.52).

Goodness of fit, calibration and decision curve analysis
The Hosmer- Lemeshow test to assess the goodness- of- fit 
demonstrated a p value of <0.001, meaning that the 
observed and expected proportions were not the same 
across all groups. The calibration plot of observed against 
expected probabilities for the assessment of prediction 
model performance demonstrated reasonably good 
model calibration (online supplemental figure 2). The 
PREPARE risk assessment tool had higher net benefit than 
individual candidate variables in predicting pneumonia- 
related mortality (online supplemental figure 3).

Misclassified patients in validation of the PREPARE risk 
assessment tool
At a PREPARE risk assessment tool score of <4, 75 chil-
dren (16.9% of all deaths) were classified as low risk but 
died (online supplemental table 4). At a score of <5, 113 
children died (25.5% of all deaths) and were misclas-
sified for their risk of hospitalised pneumonia- related 
mortality. At a score of <6, 160 children died (36.1% of 
all deaths) and were incorrectly classified for their risk 
of hospitalised pneumonia- related mortality. Misclas-
sified children commonly had a weight- for- age z- score 
of ≥2, normothermia and lower chest indrawing; were 
of normal consciousness; and were not cyanotic. No 

Table 3 Components of the PREPARE risk assessment 
tool including all children who met the inclusion criteria 
(n=27 388)

Factor
Adjusted log 
coefficient

PREPARE 
score*

Age category

  12–59 months – –

  6–11 months 0.52 +1

  2–5 months 0.85 +2

Sex

  Male – –

  Female 0.31 +1

Weight- for- age z- score

  >−2 – –

  −2 to −3 1.00 +2

  <−3 1.64 +3

Body temperature category

  <35.5°C 1.57 +3

  35.5°C to 37.9°C – –

  >38°C 0.04 +0

Respiratory rate (breaths/min)

  ≤Age- specific cut- off† – –

  0–9 above age- specific cut- off† 0.18 +0

  10–19 beats/min above age- 
specific cut- off†

0.03 +0

  ≥20 above age- specific cut- off† 0.54 +1

Lower chest indrawing

  No – –

  Yes 0.19 +0

Unconscious/decreased 
consciousness

  No – –

  Yes 0.65 +1

Convulsions

  No – –

  Yes 1.05 +2

Cyanosis

  No – –

  Yes 0.85 +2

Oxygen saturation category

  <90% 1.10 +2

  90%–92% 0.21 +0

  93%–100% – –

*To determine the weighted points assigned to each candidate 
variable from the multivariable model, we calculated the adjusted 
log coefficient of each candidate variable, rounded it to the 
nearest 0.5 and then doubled the rounded log coefficients to form 
an integer.
†≥50 breaths/min for children 2–11 months old or ≥40 breaths/min 
for children 12–59 months old.
PREPARE, Pneumonia Research Partnership to Assess WHO 
Recommendations.
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children with hypothermia were misclassified for their 
risk of hospitalised pneumonia- related mortality at a 
score of <4, <5 or <6.

DISCUSSION
Early identification of children at risk of mortality 
during hospitalisation may allow for the allocation of 
resources to potentially prevent such deaths.27 The 
PREPARE risk assessment tool was derived from the 
largest and most geographically diverse patient popula-
tion of all existing risk assessment tools for hospitalised 
pneumonia- related mortality and included variables 
that are routinely assessed in clinical practice. Our novel 
risk assessment tool demonstrated good discriminatory 
ability when internally applied to patients from a range 
of settings both with and without use of pulse oximetry. 
After external validation, the PREPARE risk assessment 
tool may be used to identify children at risk of hospital-
ised pneumonia- related mortality and could be used for 
monitoring of children hospitalised with pneumonia.

The PREPARE risk assessment tool includes the assess-
ment of a patient’s age, sex, weight- for- age z- score, body 
temperature, respiratory rate, level of consciousness, 
presence of convulsions, cyanosis and SpO2. Weight- 
for- age z- score, level of consciousness and SpO2 of <90% 
were associated with mortality in the RISC- Malawi and 
PERCH scores.6 7 Younger age was also associated with 
mortality in the PERCH score.7 We additionally identify 
findings of hypothermia (ie, <35.5°C), tachypnoea and 
convulsions associated with mortality among children 
hospitalised with pneumonia. Hypothermia was strongly 
associated with mortality, second only to malnutrition. 
No children with hypothermia were misclassified for 
their risk of hospitalised pneumonia- related mortality 

at PREPARE risk assessment tool scores of <4, <5 or <6. 
Most variables included in the PREPARE risk assessment 
tool can be easily assessed by providers of many training 
levels in various settings. However, the assessment of 
SpO2 requires a pulse oximeter with paediatric probes 
and additional training in the accurate use of pulse 
oximetry. Prior studies demonstrate that community 
level health workers and first- level health facility workers 
can be trained to accurately use pulse oximetry.28 29 The 
PREPARE risk assessment tool also had good discrim-
inatory value in our sensitivity analysis excluding pulse 
oximetry. Therefore, the PREPARE risk assessment tool 
may be useful in identifying children at risk of hospital-
ised pneumonia- related mortality in settings with limited 
access to pulse oximetry.

Due to missing data in the included datasets, we were 
not able to assess if the presence of wheezing was poten-
tially protective. Wheezing has been associated with lower 
mortality rates among children,30 is more common in 
viral pneumonia and bronchiolitis than bacterial pneu-
monia,31–33 and serves as a protective variable in other 
clinical prediction models.4 6 However, accurate auscul-
tation requires a stethoscope and experienced clinicians. 
Moreover, prior studies demonstrate variable inter- rater 
reliability for the detection of wheezing in children.34–36 
Thus, the exclusion of wheezing from the PREPARE risk 
assessment tool may allow providers in various settings 
and with varying training levels to more easily use this 
risk assessment tool.

The WHO Integrated Management of Childhood 
Illness guidelines recommend that HIV- uninfected chil-
dren 2–59 months of age who have lower chest indrawing 
and no danger signs be treated with oral amoxicillin at 
home without hospital referral.12 This recommendation 
has been criticised with some calling for its revision.37 38 
The presence of lower chest indrawing was included in 
both the RISC and modified Respiratory Index of Severity 
in Children (mRISC), but not in the RISC- Malawi or 
PERCH risk assessment tools for hospitalised pneumonia- 
related mortality.4–7 Lower chest indrawing was not asso-
ciated with mortality in our risk assessment tool. The 
RISC and mRISC scores demonstrated an association 
between the presence of chest indrawing and mortality.4 5 
Accordingly, the PREPARE risk assessment tool should be 
externally validated prior to implementation with careful 
attention paid to the presence of lower chest indrawing, 
given the differing findings in prior models.

Our novel risk assessment tool demonstrated good 
discriminatory ability in this within- sample validation in 
children from 20 low- income and middle- income coun-
tries in Asia, Africa, Central and South America, the 
Caribbean and the Middle East. Prior clinical prediction 
models developed in single countries (ie, RISC, mRISC 
and RISC- Malawi) have demonstrated AUC from 0.80 to 
0.92 when internally validated,4–6 while the PERCH score, 
derived from five countries in sub- Saharan Africa as well 
as Thailand and Bangladesh, had an AUC of 0.76 on 
internal validation.7 However, when externally applied 

Figure 2 Receiver operating characteristic curve for 
the PREPARE risk assessment tool for children at risk of 
hospitalised pneumonia- related mortality among children 
2–59 months of age (n=27 388). Area under receiver 
operating curve: 0.83 (95% CI 0.81 to 0.84). PREPARE, 
Pneumonia Research Partnership to Assess WHO 
Recommendations.
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to patients in various settings, only the RISC- Malawi 
score had fair discriminatory ability.9 The PREPARE 
risk assessment tool transcends region- specific issues, 
such as differing epidemiology of causative viruses or 
bacteria and variations in availability of measures such 
as chest radiography, supplemental oxygen, antibiotic 
availability and unmeasured variables that can contribute 
to morbidity, given its derivation and validation from a 
widely representative patient population. However, the 
PREPARE risk assessment tool must be externally vali-
dated prior to implementation. Though the PREPARE 
risk assessment tool had maximised test characteristics at 
a score of ≥5, some patients were misclassified for their 
risk of hospitalised pneumonia- related mortality at that 
score. Higher scores had fewer misclassified children 
but in turn had lower sensitivity. Thus, clinicians may use 
higher PREPARE risk assessment tool scores to identify 
children at high risk of hospitalised pneumonia- related 
mortality, but scores above 5 should not be reliably used 
to rule out the possibility of hospitalised pneumonia- 
related mortality. Future studies assessing the impact of 
the implementation of the PREPARE risk assessment tool 
must be compared with routine clinical care.

Limitations
Our study is subject to several limitations. As many 
studies in the PREPARE dataset used tachypnoea as an 
entry point sign to diagnose pneumonia, tachypnoea as 
a predictor of mortality may have been overestimated. 
However, we assessed the contribution of varying severity 
of tachypnoea to mortality, which may reduce potential 
bias introduced by including tachypnoea as a predictor. 
Furthermore, the WHO manual on oxygen therapy for 
children recommends oxygen therapy for children with 
severe lower chest wall indrawing, respiratory rate of ≥70 
breaths/min and head nodding in settings where pulse 
oximetry is not available.20 As we conducted an analysis 
of previously collected data, not all candidate variables 
for the novel risk assessment tool were available in large 
numbers in the PREPARE dataset. Specifically, we were 
not able to assess HIV infection status as a candidate vari-
able, which has been associated with mortality in other 
studies.4 39 40 Future studies incorporating HIV infection 
status into the PREPARE risk assessment tool in endemic 
regions may be needed. Furthermore, given the retro-
spective nature of this study, we were not able to assess 
several clinical variables that have been associated with 
mortality in other studies, such as grunting, duration of 
illness7 or signs such as apnoea, gasping, nasal flaring 
or head nodding,14 or anaemia and pallor.41 42 Apnoea, 
gasping, nasal flaring and head nodding have not been 
incorporated in other risk assessment tools.4–7 Future 
studies incorporating these signs into risk assessment 
tools may be warranted. The case fatality rate was higher 
among children with missing data than among those who 
had complete data. This may have been due to deaths 
that occurred early in the hospitalisation before time 
was granted to fully collect clinical data. Additionally, 

six of the datasets included in our analysis came from 
randomised controlled trials, which tend to be highly 
selective of patients and may explain part of the lower 
case fatality rate in our derivation and validation popu-
lations compared with children who were excluded from 
our analysis. An additional limitation is the possibility 
of confounding by disease severity and management 
variation across regions. For example, some variables 
included in the PREPARE risk assessment tool, such as 
SpO2, may be modified through interventions (eg, the 
use of supplemental oxygen). Lastly, our analysis did 
not assess the role of the quality of care, supplemental 
oxygen availability, regional variations in clinical care or 
antibiotics administered.

CONCLUSIONS
The PREPARE risk assessment tool is a novel tool that 
had good discriminatory ability at hospital admission 
to identify children at risk of hospitalised pneumonia- 
related mortality when applied to >27 000 children in 20 
low- income and middle- income countries. The PREPARE 
risk assessment tool may help direct resources to chil-
dren at highest risk of hospitalised pneumonia- related 
mortality in resource- limited settings. This novel tool 
includes routinely collected variables that can be assessed 
by healthcare providers of all levels. External validation 
of the PREPARE risk assessment tool and a comparison of 
its impact on hospitalised pneumonia- related mortality 
among children across various settings compared with 
standard clinical care may be warranted.
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