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Abstract

Diarrhea continues to be a leading cause of death for children under-five. Amongst children

treated for acute diarrhea, mortality risk remains elevated during and after acute medical

management. Identification of those at highest risk would enable better targeting of interven-

tions, but available prognostic tools lack validation. We used clinical and demographic data

from the Global Enteric Multicenter Study (GEMS) to build clinical prognostic models

(CPMs) to predict death (in-treatment, after discharge, or either) in children aged�59

months presenting with moderate-to-severe diarrhea (MSD), in Africa and Asia. We

screened variables using random forests, and assessed predictive performance with ran-

dom forest regression and logistic regression using repeated cross-validation. We used

data from the Kilifi Health and Demographic Surveillance System (KHDSS) and Kilifi County

Hospital (KCH) in Kenya to externally validate our GEMS-derived CPM. Of 8060 MSD

cases, 43 (0.5%) children died in treatment and 122 (1.5% of remaining) died after dis-

charge. MUAC at presentation, respiratory rate, age, temperature, number of days with diar-

rhea at presentation, number of people living in household, number of children <60 months

old living in household, and how much the child had been offered to drink since diarrhea

started were predictive of death both in treatment and after discharge. Using a parsimonious

2-variable prediction model, we achieved an area under the ROC curve (AUC) of 0.84 (95%

CI: 0.82, 0.86) in the derivation dataset, and an AUC = 0.74 (95% CI 0.71, 0.77) in the exter-

nal dataset. Our findings suggest it is possible to identify children most likely to die after
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presenting to care for acute diarrhea. This could represent a novel and cost-effective way to

target resources for the prevention of childhood mortality.

Introduction

Close to 500,000 children under 5 years of age die from diarrhea every year, mostly in low-

and middle-income countries (LMICs) [1]. While children at higher risk of severe outcomes

are more likely to be admitted to treatment [2], there is also growing recognition that the risk

of death remains elevated even after treatment discharge [2–6]. In fact, some evidence suggests

that young children may be at the greatest risk of death after being discharged from care [7, 8].

Clinicians may benefit from tools to help identify children at greater risk of death, in order to

target them for additional care or follow-up interventions [6, 7].

In this study, we aimed to develop clinical prognostic models (CPMs) to identify those

most likely to die among community-dwelling children under 5 years presenting to care for

acute diarrhea. CPMs are algorithms that aid clinicians in interpreting clinical findings and

making clinical decisions [9]. Building on this body of literature, we used machine learning

methods on data from two large multi-center studies to derive and validate prediction models

for death, both during treatment and post-discharge from treatment, with the hopes of reliably

identifying children that would most benefit from intervention.

Methods

Ethics statement

This study used existing datasets and involved no additional data collection or interaction with

study participants. Participants’ caregivers provided informed consent, in writing or witnessed

if caregivers were illiterate. The Global Enteric Multicenter Study (GEMS) study protocol was

approved by ethical review boards at each field site and the University of Maryland, Baltimore,

USA. The study from the Kilifi Health and Demographic Surveillance System (KHDSS) and

Kilifi County Hospital (KCH) in Kenya was approved by the Kenya Medical Research Institute

(KEMRI) National Ethical Review Committee. All possible diarrhea cases were included in the

analysis.

Study population for derivation cohort 1 (GEMS)

We derived CPMs for death using data from cases from The Global Enteric Multicenter Study

(GEMS), which has previously been described in-depth [8, 10]. GEMS was a prospective case-

control study of acute moderate to severe diarrhea (MSD) in children 0–59 months of age in 7

sites in Africa and Asia (Mali, The Gambia, Kenya, Mozambique, Bangladesh, India, and Paki-

stan). It is amongst the largest multi-country studies of diarrhea illness to date. Data were col-

lected in December 2007 –March 2011. MSD was defined as 3 or more looser than normal

stools in the previous 24 hours lasting 7 days or less, and had to be new-onset (after�7 days

diarrhea-free) accompanied by one or more of the following: dysentery (blood in stool

observed by the caretaker, clinician, or laboratory), dehydration (decreased skin turgor,

sunken eyes more than normal, or IV rehydration prescribed or given), or hospital admission.

MSD cases were enrolled at initial presentation to a sentinel health center or hospital serving

the site’s censused population. Participants received care consistent with WHO guidelines,

including antibiotic treatment for dysentery and suspected cholera, zinc therapy, and
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nutritional support for children with severe acute malnutrition. Using standardized question-

naires, demographics, epidemiological, and clinical information was collected at presentation

from caregivers. In addition, clinic staff conducted physical exams, including anthropometry

and stool sample collection which have undergone conventional and molecular testing to

ascertain diarrhea etiology. After approximately 60 (up to 91) days after enrollment, fieldwor-

kers visited the homes of participants to repeat anthropometry and collect standardized clini-

cal and epidemiological information. All possible diarrhea cases were included in the analysis.

Study population for validation cohort (Kilifi)

We externally validated our CPMs using data from the Kilifi Health and Demographic Surveil-

lance System (KHDSS) and Kilifi County Hospital (KCH) in Kenya [3]. Children 2–59 months

of age who presented with diarrhea to KCH and were resident within the KHDSS were

enrolled between January 2007 and December 2015. Similar systematic demographic, epidemi-

ological, and clinical information was collected at admission to KCH. Diarrhea was defined as

3 or more looser than normal stools in the previous 24 hours. Inpatient treatment was pro-

vided as per WHO guidelines, including treatment for severe acute malnutrition. Their sur-

vival status after hospital discharge was followed through quarterly census in the KHDSS up to

August 2017.

Predicted outcomes

We examined three similar but distinct outcomes: death anywhere after enrollment at the

health facility (after admission to the health center) within 91 days post-enrollment, death at

the enrolment health center (after admission, before discharge), and post-discharge death

(reported by caregiver (GEMS) or census (KHDSS) reported death after being discharged

from medical care within 91 days post-enrollment). If a child died at the enrolment health cen-

ter, they were not included in the analysis of post-discharge death. Children were also excluded

from the post-discharge death analysis if post-discharge follow-up data were missing.

Predictive variables

Over 130 potential GEMS predictors were considered, including descriptors of the child,

household, and community (Table A in S1 Text). We did not consider aggregate scores as

potential predictors (e.g. wealth index), as their clinical use would necessitate collecting multi-

ple variables, each of which were already individually considered in the CPM.

Statistical analysis

We developed our CPMs using a multistep process. First, we screened variables using random

forests to rank possible predictors by their predictive importance. Random forests are an

ensemble learning method that reduces variability. In random forests analysis, bootstrapped

samples of data with a random subset of potential predictors are considered at each split of

multiple decision trees [11]. This decorrelates the trees, reducing variability. Here, we used

1000 decision trees in each iteration. We determined the number of potential predictors con-

sidered at each split as the square root of the total number of potential predictors, rounded

down.

We defined predictive importance as the reduction in mean squared prediction error that

would be achieved by including the variable in the predictive model on out-of-bag samples

(i.e. observations not in the bootstrapped sample).
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Second, we used repeated cross-validation to assess generalizable model discrimination.

For each of 100 iterations, separate logistic regression and random forest regression models

were fit to a random 80% sample of the full analytic dataset (training set) using a subset of the

top-ranked predictive variables. We examined the top 1–10, 15, 20, 30, 40, and 50 of predic-

tors. Each of these models were then used to predict the outcome on the remaining 20% of the

analytic data (testing set). We used the receiver operating characteristic (ROC) curves and the

cross-validated C-statistic (area under the ROC curve (AUC)) to assess model discrimination.

Discrimination is defined as how well a model can separate individuals who will or will not

experience the outcome, in this case death.

Third, we assessed model calibration, or agreement between the predicted and observed

risk of the outcome. We estimated the true mean using logistic regression while subtracting

out the estimate (model the log-odds of the true status, offset by the CPM-predicted log-odds)

to assess the calibration intercept, or calibration-in-the-large. We assessed the spread of the

estimated probabilities using calibration slope. To do this, we fit a logistic regression model

CPM-predicted log-odds as the independent variable and log-odds of the true status as the

dependent variable. We also graphically assessed “moderate calibration.” In each iteration of

each n-variable model fit, we calculated the predicted probability of death for each child. We

then binned these predicted probabilities into deciles, and calculated the proportion of each

decile who truly experienced the outcome for each iteration of each n-variable model. We then

calculated the mean predicted probability and mean observed proportion for each decile

across iterations, and then plotted these averages for each n-variable model [12] (see our full

analytic code at https://github.com/LeungLab/MortalityCPR).

Sensitivity analyses

We undertook a variety of sensitivity and subgroup analyses in the GEMS data to validate our

predictive models. First, we explored age-strata specific CPMs for children 0-11months, 12-

23months, and 24–59 months. Second, we explored site-specific CPMs. Finally, we fit a model

to one continent and validated it on the other as a quasi-external validation. All analysis was

conducted in R 4.0.2 using the packages “ranger,” “cvAUC,” and “pROC.”

External validation and comparison to known risk factors

We fit our final CPM in GEMS data, and then applied it to the Kilifi data to evaluate its perfor-

mance in a new population. As a sensitivity analysis, we fit our CPM to GEMS data only from

Kenya, and evaluated its performance in Kilifi data. As an additional evaluation, we assessed

how our CPM would have performed as a screening test to identify children at highest risk of

dying after presenting to care. We evaluated this by using the final CPM to calculate the pre-

dicted probability of death for children in GEMS. We then explored test performance (sensi-

tivity, specificity, etc.) of different predicted probability cutoffs. Previous studies have

identified age and MUAC as key risk factors for death following diarrhea [13]. Given the vari-

ables identified as top predictors (see Results), we also compared the performance of our CPM

as a screening tool to specific patient subpopulations known to be at elevated mortality risk,

namely children 0–6 months of age, and children with MUAC<12.5.

Results

Death in children following acute diarrhea in GEMS

There were 9439 children with MSD enrolled in GEMS. Of these, 840 children were excluded

for having missing follow-up data, and 79 were excluded for having follow-up data outside of
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the 91 day study follow-up period, leaving an analytic sample of 8520. An additional 460 obser-

vations were dropped for missing predictor data, leaving 8060. Of these, 165 (2.0%) of children

died by 91 days after enrollment at the health facility, including 43 (0.5%) during treatment,

and 122 (1.5% of remaining) after discharge (Fig A in S1 Text).

Derivation of a CPM to identify children likely to die following acute

diarrhea using GEMS data

In GEMS data, the top predictors of death after enrollment are listed in Table 1 and were: mid-

upper arm circumference (MUAC), respiratory rate, temperature, age (months), number of

people living in the household, number of days of diarrhea at presentation, how much the

child has been offered to drink since diarrhea began, number of children <60 months old liv-

ing in the household, abnormal hair (e.g. sparse, loose, straight, etc.), and number of rooms

used for sleeping, with an AUC of 0.83 (95% CI: 0.81, 0.86) for a 10-variable model. The logis-

tic regression models consistently performed better than the random forest regressions (see

Fig B in S1 Text), so we present only the logistic regression models moving forward.

The maximum AUC attained with the model predicting any death after enrollment was

0.88 (95% CI: 0.87, 0.90) with a model of 30 variables, while an AUC of 0.84 (95% CI: 0.82,

0.86), 0.86 (95% CI: 0.84, 0.88) and 0.86 (95% CI: 0.84, 0.88) was obtained with a CPM of 2, 5,

and 10 variables, respectively (Fig B in S1 Text). At a sensitivity of 0.80, we achieved a specific-

ity of 0.75 with 10 predictors, and at a sensitivity of 0.90, a specificity of 0.62 (Fig 1). For the

CPM predicting any death after enrollment, the calibration-in-the-large, or intercept, was con-

sistently close to 0 for models with 1 to 10 predictor variables, indicating the predicted proba-

bility of death was close to the average observed probability of death. The calibration slope was

consistently close to 1, indicating the spread of predicated probabilities of death was similar to

the spread of observed probabilities for models including 1 to 10 predictor variables (Table 2,

Fig 2). The CPM to predict any death (AUC = 0.86, 95% CI: 0.84, 0.88) had very similar dis-

criminative ability compared to the model only predicting death in treatment (AUC = 0.85,

Table 1. DEATH: Variable importance ordering and cross-validated average overall AUC, AUC by timing of death, and 95% confidence intervals for a 5 (bold) and

10 (italicized) variable logistic regression model for predicting death 60/90 days after acute diarrhea presentation (enrollment) in children 0-59mo in 7 LMICs

derived from GEMS data.

Death at any time Death in treatment Death after discharge

Variable n = 165/8060 43/8060 122/8017

1 MUAC MUAC MUAC

2 Respiratory rate Respiratory rate Respiratory rate

3 Temperature Age (months) Temperature

4 Age (months) Temperature Age (months)

5 Num. people living in household Num. people living in household Num. people living in household

6 Num. days of diarrhea at presentation Num. days of diarrhea at presentation Num. days of diarrhea at presentation

7 Since diarrhea starts, how much offering child to

drink

Num. children <60months live in household Since diarrhea starts, how much offering child to

drink

8 Num. children<60months live in household Dad_live Num. children <60months live in household

9 Abnormal hair (e.g. sparse, loose, straight) Num. rooms used for sleeping Num. rooms used for sleeping

10 Num. rooms used for sleeping Since diarrhea starts, how much offering child to

drink

Abnormal hair (e.g. sparse, loose, straight)

AUCs 0.86 (0.84, 0.88) 0.87 (0.84, 0.89) 0.85 (0.83, 0.87)

0.86 (0.84, 0.88) 0.85 (0.82, 0.88) 0.86 (0.84, 0.88)

https://doi.org/10.1371/journal.pgph.0001937.t001
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95% CI: 0.82, 0.88) and death post-discharge (AUC = 0.86, 95% CI: 0.84, 0.88). Top predictors

were similar across all three models. Odds ratios for the 10-variable model predicting any

death are shown in Table B in S1 Text.

Fig 1. ROC curves: Average ROC curves from the cross-validated logistic regression models predicting growth

faltering and death with 2, 5, and 10 predictors. The faded dashed lines represent examples of specificities (1- false

positive rate) that could be achieved with a sensitivity (true positive rate) of 0.80 for prediction of each outcome.

https://doi.org/10.1371/journal.pgph.0001937.g001

Table 2. Calibration intercept and slope.

Number of predictor

variables

GEMS 0-59mo Intercept (95%

CI)

Slope (95% CI) GEMS-derived model applied to KILIFI data Intercept (95%

CI)

Slope (95% CI)

1 3.6 x 10−2 (-3.4 x 10−1, 3.8 x 10−1) 1.0 (0.75, 1.3)

2 3.5 x 10−2 (-3.4 x 10−1, 3.8 x 10−1) 1.0 (0.76, 1.3) 0.82 (0.68, 0.97) 0.61 (0.52,

0.70)

3 2.7 x 10−2 (-3.5 x 10−1, 3.7 x 10−1) 1.0 (0.77, 1.3)

4 2.4 x 10−2 (-3.6 x 10−1, 3.7 x 10−1) 1.0 (0.79, 1.3)

5 2.1 x 10−2 (-3.6 x 10−1, 3.7 x 10−1) 1.0 (0.78, 1.3)

6 1.7 x 10−2 (-3.7 x 10−1, 3.6 x 10−1) 0.99 (0.75, 1.2)

7 2.7 x 10−3 (-3.8 x 10−1, 3.5 x 10−1) 0.95 (0.73, 1.2)

8 1.1 x 10−2 (-3.8 x 10−1, 3.6 x 10−1) 0.95 (0.73, 1.2)

9 1.8 x 10−2 (-3.7 x 10−1, 3.7 x 10−1) 0.94 (0.72, 1.2)

10 2.5 x 10−2 (-3.6 x 10−1, 3.8 x 10−1) 0.93 (0.71, 1.2)

https://doi.org/10.1371/journal.pgph.0001937.t002
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External validation of a CPM to identify children likely to die following

acute diarrhea

Given the discriminative performance observed in Table 1 and Fig B in S1 Text, we elected to

proceed with a single parsimonious CPM for death after enrollment, with MUAC and respira-

tory rate as predictors. The CPM had good performance on internal cross-validation in GEMS

(AUC = 0.85, 95% CI: 0.82, 0.88), with a decrease in discriminative ability at external valida-

tion in Kilifi data (AUC = 0.74, 95% CI: 0.71, 0.77). On average, the CPM underestimated the

probability of death (calibration intercept = 0.82, 95% CI:0.68, 0.97), and predictions tended to

be too extreme (calibration slope = 0.61, 95% CI: 0.52, 0.70) (Table 2, Fig 2). Model perfor-

mance was similar when the CPM was derived only in GEMS data from Kenya and validated

on data from Kilifi (see Fig C in S1 Text and Table C in S1 Text).

Discriminative performance of the CPM to identify children likely to die

following acute diarrhea was generally consistent across age and location

subpopulations

The results of the sensitivity analyses are presented in Table D in S1 Text. Top predictor vari-

ables were highly consistent across models and included patient demographics, patient

Fig 2. 2-variable CPM for death after presentation: Calibration curve and discriminative ability of 2-variable (MUAC, respiratory

rate) model predicting death after presentation to care for acute diarrhea in LMICs.

https://doi.org/10.1371/journal.pgph.0001937.g002
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symptoms, and indicators of household wealth. While the CPM fit to patients age 24–59

months had a slightly higher AUC compared to the overall model (AUC = 0.91, 95% CI: 0.87,

0.95 for 2-variables for ages 24-59months vs AUC = 0.84, 95% CI: 0.82, 0.86), this is the patient

population with the lowest overall risk of death (Table E in S1 Text). The CPMs fit solely to

each of the GEMS sites in Africa all had similar performance to the overall model, whereas

there were too few outcomes in the GEMS sites in Asia to fit country-specific models (see

Tables D and F in S1 Text). In our quasi-external validation, the model was fit to GEMS data

from all the sites in Africa, the AUC was almost identical to the overall model, and performed

excellently in GEMS data from the Asian sites (AUC = 0.93, 95% CI 0.90, 0.96) (see Table D in

S1 Text).

A screening tool based on our CPM could improve upon risk-factor based

screening to identify children likely to die following acute diarrhea

Using the 2-variable CPM derived in GEMS described above, we explored how accurately our

CPM identified children who went on to die during our study period. Using a CPM-derived

predicted probability of�0.10 as a positive screen for risk of death, we observed a sensitivity

(Se) of 0.28 and a negative predictive value (NPV) of 0.98 in GEMS. In contrast, using an

observed MUAC of<12.5 as a positive screen for death resulted in a Se of 0.66 and a NPV of

0.99. However, almost 6 times as many children screened positive for risk of death using the

MUAC-based approach compared to our CPM-based approach (17.5% vs 3.1% of patients

screen positive). Increasing the predicted probability threshold of our CPM screen led to

decreasing sensitivity and fewer children screening positive (see Table G in S1 Text).

Discussion

We used a combination of machine learning and conventional regression methods to derive

and externally validate clinical prognostic models for death following acute diarrhea. Our

CPM to predict death in community-dwelling children at the time they present for care for

acute MSD had good discriminative ability in the derivation dataset (GEMS AUC = 0.84, 95%

CI: 0.82, 0.86) as well as at external validation (Kilifi AUC = 0.74, 95% CI: 0.71, 0.77). There

have previously been limited efforts to identify which children are more likely to die after pre-

senting to care for acute diarrhea. While a number of studies have explored risk factors of

post-discharge mortality after seeking care for diarrhea in LMICs [2, 3, 14], prediction tools

have been lacking. Our CPM for mortality suggests the potential for parsimonious clinical

prognostic model(s) to guide appropriate triage and follow-up for young children with acute

diarrhea.

In our model derivation, we found a similar set of top predictors for the categories of: any

death after enrollment, death during treatment, and death after discharge, as well as for differ-

ent age subgroups and GEMS study sites. Mid upper arm circumference (MUAC) was the top

predictor for all CPMs. Low MUAC has previously been recognized as a good predictor of

mortality [15, 16]. While MUAC is somewhat affected by acute dehydration, it is much less

impacted than other markers of malnutrition (e.g. weight-for-length z-score) [17, 18]. In addi-

tion, MUAC is currently only recommended as an indicator of SAM in children 6 months of

age and above, there is growing evidence in support of its use in children <6 months [19–21].

The use of MUAC as a key predictor in risk of death is also supported by a recent prospective

cohort study (CHAIN) of children 2–23 months of age who presented to care for acute illness

in 6 LMICs. The authors found that nutritional status was directly associated with death 30

days from admission, capturing a range of underlying risks [6], and that MUAC was a top pre-

dictor of death [22].
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We found similar discriminative ability for predicting death at different time points (in

treatment, post-discharge), in different age subsets, and at different GEMS study sites. As pre-

dictors in our derivation dataset were collected only at enrollment, we were unable to examine

if updated values at discharge could improve our post-discharge mortality prediction. How-

ever, others have found no differences in cross-validated discriminative ability even with

updated predictors at discharge [6].

Our CPM is promising as a screening tool to identify children likely to die after presenta-

tion, and therefore who may benefit from more intensive care and follow-up. While young age

and poor nutritional status are known risk factors of poor diarrhea outcomes, our CPM per-

formed better than simple age and MUAC based cutoff screening criteria. The highest screen-

ing sensitivity was achieved by using MUAC<12.5 as a screening cutoff for all children age 0-

59mo (Se = 0.66), meaning this screening protocol correctly captured two-thirds of children

who died in the study period. Such screening at presentation would allow for early interven-

tion and intensive follow-up to potentially avoid these deaths. However, using these criteria,

17.5% of presenting children would have screened positive. This may be an unrealistically

large portion of children for whom to provide intensive treatment and follow-up care. In con-

trast, if our CPM-calculated predicted probability of death was used as a screening tool in

GEMS, we would have correctly identified 28% of children who went on to die within the

study period, while only having 3.1% of those presenting to care screen positive. Future

research should explore the effectiveness, viability, and ethics of using such predictive screen-

ing tools to allocate limited resource-intensive acute and follow-up care.

Utilization of a CPM at time of clinical presentation could offer a timely and efficient way

to identify children most likely to benefit from targeted, resource-intensive interventions such

as additional staffing during treatment, extended treatment at care facility, and at-home fol-

low-up care post-discharge. However, this assumes the children predicted to die would avoid

death with adequate intervention. A recent systematic review of interventions for post-acute

diarrhea sequelae suggests that the majority of existing intervention strategies are not effective

at reducing mortality [23]. While nutritional status (MUAC) was a top predictor of mortality

in our study, it is important to note that all cases of severe acute malnutrition were treated

according to WHO guidelines. This suggests that treating malnutrition at presentation is insuf-

ficient to avert the mortality seen in our study. Similarly, all cases of dysentery were treated

with antibiotics according to WHO guidelines, but previous research has shown that Shigella
spp was common among children without dysentery (and therefore did not meet antibiotic

recommendations) who died in GEMS [24]. Additional research is needed in this area to

develop effective interventions that reduce longer-term mortality risk following acute diarrhea

in young children.

Our study has a number of strengths and limitations. We derived CPMs for death from a

multi-site, prospective study that included longitudinal follow-up with extensive etiologic test-

ing. While our data are older, GEMS remains one of the largest and most comprehensive stud-

ies of pediatric diarrhea, which is necessary for conducting extensive predictor variable

exploration. We used random forests for variable selection, which do not require assumptions

to be made about the underlying variables. They also tend to outperform [25] conventional

model building techniques. Our modeling strategy required complete predictor data, and we

dropped approximately 5% of eligible observations in GEMS due to missing predictor data.

Fortunately, the distribution of top predictive variables was generally very similar between

dropped and retained observations (Table H in S1 Text). We were also able to externally vali-

date our CPM in a similar setting with a similar distribution of patient characteristics (Fig D in

S1 Text), with promising results. However, the patient population was likely less healthy at pre-

sentation in our external validation dataset than our derivation datasets, as evidence by the
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higher mortality rate (Table F in S1 Text). While the CPM had good discriminative ability at

external validation, the model calibration needs improvement and should be prospectively val-

idated before its ready for clinical application.

In conclusion, we used data from a large multi-country study to derive and an external

dataset to validate clinical prognostic models for death. Our findings suggest it is possible to

identify children most likely to die after presenting to care for acute diarrhea. This could repre-

sent a novel and cost-effective way to target resources for the prevention of childhood

mortality.
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