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Abstract

Background: The impending scale up of noncommunicable disease screening programs in low- and middle-income countries
coupled with limited health resources require that such programs be as accurate as possible at identifying patients at high risk.

Objective: Theaim of this study wasto develop machine learning—based risk stratification algorithmsfor diabetes and hypertension
that are tailored for the at-risk population served by community-based screening programs in low-resource settings.

Methods: We trained and tested our models by using data from 2278 patients collected by community health workers through
door-to-door and camp-based screenings in the urban slums of Hyderabad, India between July 14, 2015 and April 21, 2018. We
determined the best models for predicting short-term (2-month) risk of diabetes and hypertension (a model for diabetes and a
model for hypertension) and compared these models to previously developed risk scores from the United States and the United
Kingdom by using prediction accuracy as characterized by the area under the receiver operating characteristic curve (AUC) and
the number of false negatives.

Results: We found that models based on random forest had the highest prediction accuracy for both diseases and were able to
outperform the US and UK risk scoresin terms of AUC by 35.5% for diabetes (improvement of 0.239 from 0.671 to 0.910) and
13.5% for hypertension (improvement of 0.094 from 0.698 to 0.792). For a fixed screening specificity of 0.9, the random forest
model was ableto reduce the expected number of fal se negatives by 620 patients per 1000 screeningsfor diabetes and 220 patients
per 1000 screenings for hypertension. This improvement reduces the cost of incorrect risk stratification by US $1.99 (or 35%)
per screening for diabetes and US $1.60 (or 21%) per screening for hypertension.

Conclusions:  In the next decade, health systems in many countries are planning to spend significant resources on
noncommunicable disease screening programs and our study demonstrates that machine learning models can be leveraged by
these programs to effectively utilize limited resources by improving risk stratification.

(J Med Internet Res 2021;23(1):€20123) doi: 10.2196/20123
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middle-income countries, wherein more than 75% of all
noncommunicable disease deaths (~31 million per year) occur,
Noncommunicable diseases, including diabetes, hypertension, including over 16 million annual degths in adults between the
and cardiovascular disease, are a global hedlth priority [1]. 29€sof 30yearsand 69 years[1]. Indiafacesthelargest burden
Noncommunicable diseases disproportionally affect low- and of noncommunicable diseases in the world with an estimated
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73 million reported with diabetes and over 400 million people
reported with hypertension [2,3]. Moreover, an estimated 58%
of the patients with diabetes and 60%-75% of the patients with
hypertension in India are undiagnosed, thereby creating a
population health crisis [4]. Early detection via screening and
subsequent treatment initiation can significantly reduce the
burden of both diabetes and hypertension [5,6]. However, health
systemsin many low- and middle-income countries are already
overburdened with an unfinished agenda on infectious diseases
[7] and do not have enough capacity to conduct national-level
noncommunicable disease screening programs [8].

Community-based screening programs can be leveraged to
augment the capacity of the existing health systems by using
community health workers (with limited training to conduct
diabetes and hypertension screening) [9]. Owing to the large
number of undiagnosed patients and the lack of awareness of
noncommunicabl e diseases, community health workerstypically
conduct door-to-door and camp-based (ie, a tent staffed with
community health workers) screeningsto identify patientswith
undiagnosed diabetes and hypertension and subsequently refer
them to a physician for assessment.

Community-based screening programs in  low- and
middle-income countries typically employ risk stratification
methods that have been developed in high-income countries,
leading to 3 key limitations [10,11]. First, at-risk populations
in low- and middle-income countries differ significantly in
socid, lifestyle, and genetic aspects, thereby limiting the validity
of models from high-income countries [12,13]. Second, a
community-based approach severely limits the amount and
complexity of datathat can be collected by community health
workers. Consequently, many models from high-income
countries, which rely on advanced data (eg, triglyceride levels
for diabetes [14]), are not applicable. Third, models from
high-income countries are often calibrated to estimate the
long-term risk of developing the disease[11,15] (eg, 2-10 years)
rather than identifying the short-term risk of developing the
disease. Owing to these limitations, application of approaches
from high-income countries to community-based screening
programs in low- and middle-income countries can result in
poor risk stratification accuracy, reduced screening program
yield, and increased cost per case identified [16].

In this study, we developed new risk stratification algorithms
that are tailored for community-based screening programs in
low- and middle-income countries with limited screening data.
In particular, we used data collected by community health
workers in Hyderabad, India and developed risk stratification
models to estimate the short-term (2-month) risk for both
diabetes mellitus and primary hypertension. We compared our
results with several approaches from the literature, including
previously developed risk scores from the United States and
the United Kingdom. We also analyzed the trade-off between
model accuracy and data availability by quantifying the
incremental value of each datatype collected during screening.
Lastly, we quantified the expected reduction in the number of
patientsincorrectly stratified and the expected cost of incorrect
risk stratification per patient.
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Methods

Study Setting

Our study was based in Hyderabad, the capita of the state of
Telangana and the fourth largest city in Indiawith apopulation
of 7 million [17]. Hyderabad has more than 1.7 million people
living in 1400 urban slums [18]. Our catchment areaincluded
52 urban dums and the surrounding communities. This
popul ation comprisesindividual sworking asdrivers, daily wage
earners, domestic helpers, vendors, and self-employed
professionals in the unorganized sector of the economy. The
average family income of these residents ranges between INR
15,000 and INR 30,000 per month, which is equivalent to US
$200-US $400, while the median income in Hyderabad is INR
25,000 (US $1=INR 75) per month [19].

Data Collection

We obtained retrospective data from a socia enterprise based
in Hyderabad that provides screening and management of
diabetes and hypertension for low-income households. These
data were collected through door-to-door and camp-based
screenings conducted in the urban slums of Hyderabad between
July 14, 2015 and April 21, 2018 by community health workers.
The door-to-door screenings were conducted in low-income
areas throughout Hyderabad. In our context, “camp-based”
refers to individuals that were screened at a “screening
camp”—atent staffed with community health workersand setup
inalow-incomearea. These* screening camps’ were conducted
inthe samelocationsthat community health workers conducted
door-to-door screenings and allowed individuals to present
themselves for screening.

Each community heath worker was equipped with a
“Doc-in-the-Bag” kit that included aweighing scale, measuring
tape, blood glucose monitor, and blood pressure/heart rate cuffs
(see Figure S1 of Multimedia Appendix 1 for photographs of
thekit). A mobile tablet was used to record patients' responses
to the questionnaire about family history, lifestyle,
demographics, symptoms of common ailments, and to record
certain anthropometric measurements and vitals (see the Data
Description or Screening Questionnaire sectionsin Multimedia
Appendix 1 for more details).

We included all individuals who visited a physician within 2
months following the screening to be assessed for a diagnosis
of diabetes and hypertension. Hypertension was diagnosed based
on 2 physician visits by using the INC-VII (Seventh Report of
the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure) definition
of hypertension [2]. Diabetes was diagnosed based on one of
thefollowing criteria: glycated hemoglobin (HbA ;) higher than
6.5% (48 mmol/mol) or fasting blood glucose level higher than
126 mg/dL (7 mmol/L) [10].

Data Analysis

We devel oped separate model sto estimate the risksfor diabetes
and hypertension. In each model, the outcome variable (the
target) was a binary variable, indicating that a physician made
apositive disease diagnosis and the predictor variables (features)
were obtained from the screening data. Our primary analysis
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focused on determining the best modelsfor predicting diabetes
and hypertension risk and compared these modelsto previously
developed risk scores from the United States and the United
Kingdom. We compared the performance of 5 commonly used
risk prediction models: decision trees, regularized logistic
regression, K-nearest neighbors, random forest, and AdaBoost
decision trees. We compared the performance of these models
with severa baseline approaches from the United States and
the United Kingdom (see Table S2 of Multimedia Appendix 1).
For each baseline, we calculated 3 variants (where applicable):
(1) the original version based on a regression model with
parameters derived from the original dataset, (2) an approximate
score-based version that isintended for ease of computation by
patients and providers, and (3) a version of the original
regression model retrained using our Hyderabad data. In total,
we considered 6 baseline models for diabetes (2 original, 2
score-based, and 2 retrained) and 2 baseline models for
hypertension (1 original and 1 retrained). The hypertension
model that we considered did not have an approximate
score-based version (see the Baseline Approaches section in
Multimedia Appendix 1 for more details).

In line with common practice, we used disjoint training (train
the model), validation (tune the hyperparameters), and testing
sets (test the model). We used a 10-fold cross-validation
procedureto partition our datainto training and testing sets. We
then used 3-fold cross validation on the training set to choose
our hyperparameters (see the Hyperparameter Tuning section
in Multimedia Appendix 1 for more details). Once the final
hyperparameters were selected, we applied the final model to
the test set (that was not used as part of the model selection or
fitting process in any way) to estimate generalization. We
repeated the entire process 25 times to obtain more robust
estimates and error bars.

For each model, we varied the discriminant threshold applied
to the test set, calculated the resulting true and false positive
rates, plotted them in the form of a receiver operating
characteristic curve, and calculated the area under the receiver
operating characteristic curve (AUC), which we used asametric
to compare different models. Intotal, we generated 250 test sets
(25 repetitions* 10-fold) receiver operating characteristic curves
for each model.

As asecondary analysis, we compared the performance of our
risk stratification models, each trained with 5 different feature
sets, where each set incrementally adds measurements obtained
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using an additional device: (1) only the questionnaire (no device
measurements), (2) questionnaire and weight (weighing scale),
(3) questionnaire, weight, height, and waist circumference
(weighing scale and tape measure), (4) questionnaire, weight,
height, waist circumference, blood pressure, and heart rate
(weighing scale, tape measure, and blood pressure/heart rate
cuffs), and (5) questionnaire, weight, height, waist
circumference, blood pressure, heart rate, and blood glucose
(weighing scale, tape measure, blood pressure/heart rate cuffs,
and glucometer).

Finally, we performed a cost analysis to estimate the expected
cost of incorrect risk stratification per screening for both diabetes
and hypertension. We relied on previous research to estimate
the cost of false positives, the cost of false negatives, and disease
prevalencein Indiafor both diabetes and hypertension. We also
conducted a sensitivity analysis on each component used to
estimate the expected cost of incorrect risk stratification per
screening (see the Cost Analysis section of Multimedia
Appendix 1 for more details).

Statistical Analysis

For all model comparisons, we conducted a 2-sided Wilcoxon
signed rank test [20] (with asignificance level of .05) to check
whether the medians of the AUC distributions (or cost
distributions) of the 2 models were different from each other.
All modelsand statistical testswereimplemented using Python
3.5, SciPy package, and the Scikit-learn package [21]. The data
and source code that support the findings of this study are
available from the corresponding author.

Results

Data Summary

A total of 51,474 individuals were screened between July 14,
2015 and April 21, 2018. Of these individuals, 2278 (4.6%)
visited a physician within 2 months following the screening
(see Figure S2 of Multimedia Appendix 1). Table Sl
(Multimedia Appendix 1) displays the summary statistics for
individuals who did and did not visit adoctor. Table 1 displays
the summary statistics of all 2278 individuals in the final data
set grouped by outcome. The average age was 50.6 years and
62% (1410/2278) of the patients were female. Both random
blood glucose and blood pressure were notably high with
averages of 167.8 mg/dL and 145/93 mmHg across all
individuals, respectively.
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Table 1. Summary of individual screening data (N=2278).2
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Characteristic Diabetes diagnosis Hypertension diagnosis All (N=2278)
Positive (n=833) Negative (n=1445)  Positive (n=1676) Negative (n=602)
Female, n (%) 496 (59.5) 914 (63.3) 1043 (62.2) 367 (61.0) 1410 (61.9)
Age (years), mean (SD) 52.9 (11.8) 49.3 (14.0) 52.3 (13.0) 45.8 (12.9) 50.6 (13.6)
Height (m), mean (SD) 1.6 (0.1) 1.6(0.1) 1.6 (0.2) 1.6 (0.1) 16(0.1)
Weight (kg), mean (SD) 66.5 (13.1) 62.1(12.9) 64.5 (13.2) 615 (12.7) 63.7 (13.1)
BMI (kg/m2), mean (SD) 27 (5.4) 25.1 (5.4) 26.2 (5.5) 247 (5.2) 25.8 (5.5)
Waist circumference (cm), mean (SD) 93 (11.9) 90.4 (10.3) 91.9 (11.2) 90 (10.0) 91.4 (10.9)
Heart rate (per minute), mean (SD) 88 (12.2) 84 (11.6) 86 (12.1) 86.3 (11.2) 86.1 (11.9)
Random blood sugar (mg/dL), mean (SD) 233.6 (99.2) 129.9 (44.2) 166.7 (85.3) 171 (86.6) 167.8 (85.6)
Systolic blood pressure (mmHg), mean (SD) 144.4 (22.5) 144.6 (21.0) 147.6 (21.4) 136 (19.8) 144.6 (21.6)
Diastolic blood pressure (mmHg), mean (SD)  91.1(12.2) 93.5(12.0) 93.6 (12.0) 89.8 (11.8) 92.6 (12.1)
Urinations per night, mean (SD) 2(1.2) 1.5(0.9) 1.8(1.1) 1.5(1.0 1.7(11)
Parental diabetes, n (%) 244 (29.3) 297 (20.6) 410 (24.5) 131 (21.8) 541 (23.7)
Parental hypertension, n (%) 210 (25.2) 319 (22.1) 408 (24.3) 121 (20.1) 529 (23.2)
Dizziness, n (%) 124 (14.9) 106 (7.3) 184 (11.0) 46 (7.6) 230(10.1)
Numbness, n (%) 153 (18.4) 117 (8.1) 224 (13.3) 46 (7.6) 270 (11.9)
Dry tongue, n (%) 162 (19.4) 97 (6.7) 216 (12.9) 43(7.1) 259 (11.4)
Chest pain, n (%) 40 (4.8) 15(1.0) 47 (2.8) 8(1.3) 55 (2.4)
Current smoker, n (%) 67 (8.0) 100 (6.9) 129 (7.7) 38(6.3) 167 (7.3)
Medication,” n (%) 578 (69.4) 413 (28.6) 863 (51.5) 128 (21.3) 991 (43.5)

Djabetes and hypertension are doctor-reported diagnoses and correspond to our outcome (target) variable.

bProporti on of individuals currently using some type of medication, but no further details on type or reason for medication were collected.

Model Performance

Figure 1 displays the AUC distribution across all 250 test sets
of the 10 models based on 5 machine learning approaches (5
for diabetes and 5 for hypertension). For diabetes, the random
forest model had the highest average AUC value (mean [SD],
0.910 [0.001]), followed by logistic regression (mean [SD],
0.909 [0.001]), AdaBoost decision trees (mean [SD], 0.896
[0.002]), K-nearest neighbors (mean [SD], 0.857 [0.001]), and
decision trees (mean [SD], 0.776 [0.005]). For hypertension,
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random forest (mean [SD], 0.792 [0.002]) performed slightly
better than logistic regression (mean [SD], 0.776 [0.001]) and
AdaBoost decision trees (mean [SD], 0.770[0.003]). K-nearest
neighbors (mean [SD], 0.705[0.004]) and decision trees (mean
[SD], 0.610 [0.01]) had poorer performance. All pairwise
differences were found to be statistically significant. Given
these results, we focused on the random forest model when
comparing with baseline approaches for both diabetes and
hypertension.
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Figure 1. A comparison of area under the curve (AUC) distributions across 250 test sets between 5 risk stratification models for both diabetes and
hypertension. The random forest model had the highest AUC for both diabetes (mean [SD], 0.910[0.001]) and hypertension (mean [SD], 0.792 [0.002]).
The upper and lower boundaries of the boxes correspond to the first and third quartiles, respectively. The line inside the box represents the median and

the whiskers correspond to the minimum and the maximum of the distribution. KNN: K-nearest neighbors agorithm.
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Figure 2 displays the AUC distribution for the random forest
model and all baseline approaches for both diabetes and
hypertension. For diabetes, the American Diabetes Association
(ADA)—etrained (mean [SD], 0.671 [0.032]) and UK
Diabetes—retrained (mean [SD], 0.671[0.032]) performed best,
followed by the UK—original model (mean [SD], 0.657[0.031])
and the ADA—-original model (mean [SD], 0.643 [0.033]). The
ADA-scoring (mean [SD], 0.540[0.021]) and UK-scoring (mean
[SD], 0.604 [0.031]) methods performed considerably worse.

For hypertension, Framingham-retrained (mean [SD], 0.698
[0.037]) performed dightly better than the Framingham—original
model (mean [SD], 0.680 [0.036]). The random forest model
significantly outperformed all baseline approaches. Retraining
the baseline models using our data provided a statistically
significant increasein their accuracy. Nevertheless, the accuracy
of these retrained models was till lower than the accuracy of
our random forest model.

Figure 2. A comparison of the area under curve (AUC) distributions for the random forest model and all baseline approaches. A. For diabetes, the
AUC of the random forest model improved upon the best baseline approach (UK diabetes—retrained) by 0.239 (0.910 vs 0.671, P<.001). B. For
hypertension, the AUC of the random forest model improved upon the best baseline approach (Framingham-retrained) by 0.095 (0.792 vs 0.697, P<.001).
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To visualize the trade-off between false positives and false
negatives, Figure S3 (Multimedia Appendix 1) displaysreceiver
operating characteristic curvesfrom asingle randomly selected
test set (out of 250) of the random forest model and baseline
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approaches for both diabetes and hypertension. For a fixed
screening specificity of 0.9, the random forest model was able
to reduce the fal se negative rate, on average from 0.79 to 0.17
for diabetes and from 0.72 to 0.50 for hypertension. In other
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words, the random forest model can reduce the number of false
negatives by 620 patients per 1000 screenings for diabetes and
220 patients per 1000 screenings for hypertension.

Figure 4 (Multimedia Appendix 1) displays the normalized
feature importance extracted from the random forest model. As
expected, blood sugar was the most important feature for
diabetes risk prediction, but several other features including
many self-reported symptoms (eg, urination, dry tongue)
provided predictive power. For hypertension, systolic blood
pressure was the most important, followed closely by blood
sugar, which is not used for hypertensive risk prediction in
high-income countries, even though there is a known link
between these diseases.

Boutilier et al

M odéel Performance asaFunction of Data Availability

Figure 3 displays the AUC distributions for the 5 risk
stratification models and the 5 different features sets. For both
diabetes and hypertension, a random forest model with access
to only questionnaire-type features was able to capture 87% of
the AUC obtained from amodel with accessto all features. We
found that the use of a glucose monitor had the largest impact
on diabetes model performance, increasing the average AUC
by more than 0.05 for all models, while the use of a blood
pressure/heart rate cuff had the largest impact on hypertensive
risk prediction, increasing the average AUC by a mean of 0.05
across all models. See Figure S5 (Multimedia Appendix 1) for
avisualization of the trade-off between fal se positivesand false
negatives.

Figure 3. Areaunder the curve (AUC) distributions for 5 risk stratification models and 5 different features sets. A. Including a glucose monitor had
the largest effect on diabetes risk stratification, increasing average AUC by more than 0.05 for all models. B. Including blood pressure/heart rate cuffs
had the largest effect on hypertension risk stratification, increasing the average AUC by up to 0.05. BP: blood pressure; HR: heart rate; KNN: K-nearest

neighbors a gorithm.
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Figure 4 displaysthe expected cost of incorrect risk stratification
per screening for the random forest model and the best baseline
approach for diabetes (UK Diabetes—etrained) and hypertension
(Framingham-retrained). For the baseline models, the expected
cost of incorrect risk stratification per screening was US $5.76
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random forest model was able to reduce the expected cost of
incorrect risk stratification per screening by US $1.99 (or 35%)
for diabetes and US $1.60 (or 21%) for hypertension. All cost
reductions were found to be statistically significant. Figure S6
(Multimedia Appendix 1) displaysthe results of our sensitivity
analysis.
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Figure4. A comparison of the expected cost of incorrect risk stratification per screening across 250 test sets between the random forest and best baseline
approach for both diabetes and hypertension. The random forest reduced the expected cost of incorrect risk stratification by US $1.99 per screening for
diabetes (US $5.76 vs US $3.77, P<.001) and by US $1.60 per screening for hypertension (US $7.47 vs US $5.87, P<.001). The upper and lower
boundaries of the boxes correspond to the first and third quartiles, respectively. The line inside the box represents the median, the whiskers correspond
to the minimum and the maximum of the distribution, and the notches in the box represent the 95% confidence interval around the median.
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Discussion

This study developed risk stratification models to predict the
short-term (2-month) risk in aresource-limited setting for both
diabetes and hypertension. Our primary analysis demonstrated
that models from high-income countries do not generalize well
to the low- and middle-income countries. In particular, the
random forest model had the highest prediction accuracy for
both diseases and was able to outperform the best baseline
approach in terms of AUC by 35.5% for diabetes and 13.5%
for hypertension. Our secondary analysis found that risk
stratification can be accurately performed with limited data. A
random forest model with access to only questionnaire-type
features was able to capture 87% of the AUC obtained from a
model with access to all features, suggesting that diabetes and
hypertension risk stratification can be accurately conducted in
extremely resource-limited settings. Although there are
circumstances where advanced measurements may berequired,
eliminating the need for the corresponding tools means that
community health workers require less training and can travel
with fewer devices.

The observed performance difference between the baseline
approaches and our model s can be attributed to 3 improvements.
First, our models were designed for short-term risk prediction,
while the baseline models were designed for long-term

http://www.jmir.org/2021/1/€20123/
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prediction. Even though we retrained the baseline models with
our data, the features included in the models were selected for
long-term prediction. For example, none of the baseline models
included self-reported symptoms (eg, dry tongue, urination),
which may be more suitable for short-term prediction. Second,
our modelsinclude additional features not used by the baseline
approaches that may provide additional insight into the social,
lifestyle, and genetic differencesin the popul ation. For example,
none of the risk scores from high-income countries use
self-reported symptoms or random blood glucose. Although
random blood glucose is not typicaly used in high-income
settings where HbA . is preferred, it is often captured by
community-based screening programs due to its operational
simplicity (eg, no fasting required). For diabetes, random blood
glucose was the most important feature and increased the AUC
by 0.13, whilefor hypertension, random blood glucose was the
second most important feature (see Figure $4 of Multimedia
Appendix 1) and also led to an AUC increase. Third, we believe
that the advanced machine learning model s all owed usto extract
maximum value from the small sample size and simplefeatures
available to us, whereas simple model s with advanced features
and large data sets may be equally effective in high-income
settings.

As a by-product of our analysis, we externally validated the
previously developed baseline approaches by using
India-specific data. Although many of these models have been
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externally validated in avariety of settings, they have not been
compared using India-specific data [10,11]. For example, the
Framingham model for hypertensive risk has been validated in
7 countrieswith an average AUC of 0.80 (range 0.73-0.84) [11].
Our results show that the model is not as effective in India,
whereit had an average AUC of 0.70 after being retrained using
local data. It is chalenging to determine why the model
performed poorly, but we believe that it may be due to subtle
differences in the at-risk population, which manifest in the
features selected by the model. Overall, our validation and
comparison of baseline models highlights the importance of
developing risk prediction models specifically for the low- and
middle-income countries of interest.

Thetrand ation of our findingsto the design and implementation
of nation-wide screening programs must carefully consider
costs, field accessibility, and disease management. The results
of our secondary analysis indicate that the most impactful
features (blood glucose, blood pressure, and heart rate) are
measured using the most expensive field equipment (glucose
monitor and blood pressure/heart rate cuffs). Even though these
devices are more expensive, we find that including glucose
monitors for diabetes screening and heart rate/blood pressure
cuffs for hypertension screening can reduce the expected cost
of incorrect risk stratification by US $1.35 and US $0.70,
respectively (see Figure S7 of Multimedia Appendix 1). A
formal cost-effectiveness analysis is needed to determine
whether the gain in accuracy (and subsequent reduction is risk
stratification cost) is worth the capital investment required to
purchase glucose monitors and heart rate/blood pressure cuffs
in low-resource settings.

There is also an important cost-tradeoff between a high false
positiverate and a high false negative rate, which is determined
by the discriminant threshold used to stratify patients into risk
categories. Research suggests that the financial cost of afalse
positive is minima (US $7 for diabetes and US $15 for
hypertension) compared to that of a false negative (US $288
for diabetes and US $45 for hypertension) [22]. Our results
demonstrated that the random forest model can reduce the
number of false negatives by 620 patients per 1000 screenings
for diabetes and 220 patients per 1000 screenings for
hypertension. Extrapolating these results to a nationwide
screening program in Indiathat screens 600 million people[23]
could save approximately US $1.19 hillion for diabetesand US
$960 million for hypertension by reducing the false negatives.
In the next decade, the central government of Indiais planning
to spend significant resources on honcommunicable disease
screening programs [8] and our models can be leveraged by
these screening programsto effectively utilize limited resources
by improving risk stratification accuracy.

Despite the complex nature of our models, they can be easily
implemented and computed into handheld tablets (or other
mobile health devices) carried by community health workers
without the need for a simplified, hand-computable risk score,
which means we can provide the most accurate prediction
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without any extraeffort or calculations by the community health
workers. Furthermore, mobile health applications have
demonstrated the ahility to increase access to health care for
low-income populations and to improve the capacity of the
existing health systems [24]. Future research is needed to
understand how to best integrate and present the risk
stratification results into the community health worker
workflow.

It is important to note that screening is only the first step to
reducing the burden of noncommunicable diseases. Once
high-risk patients are identified, they need to be linked to
appropriate care and put on a disease management plan [25].
Linking patients to care and initiating disease management is
anontrivial process and governments need to carefully design
nationwide disease management plans because otherwise,
screening programs are unlikely to have the desired impact.
Therefore, an important direction for future research includes
studying the effect of screening programs on population health
outcomes in the presence of current and enhanced linkages to
care and disease management plans.

Our work has several limitations. First, we did not have access
to an external validation set from a different study population
(eg, rura slums, different state or country) to test our models.
Second, our data displays a clear selection bias toward sicker
patients visiting a physician within 2 months (see Table S1 of
Multimedia Appendix 1). From arisk stratification perspective,
the selection bias toward sicker individuals makes the problem
more difficult because the model must discriminate between
similar individuals. In other words, we need to identify those
who actually have diabetes or hypertension from a pool of
individuals who all appear to be a high risk. Findly, the
differences in disease prevalence and overall health between
our sample and the National Family Health Survey, Hyderabad
suggest that, if applied broadly, our model may experience data
shifting, which occurs when the training data differs from the
application data [26]. See Table S3 of Multimedia Appendix 1
for acomparison of our data sample with the urban samplefrom
India's National Family Health Survey. Data shifting can
negatively impact accuracy (similar to how the models from
the United States and the United Kingdom performed poorly
in India) and future research is needed to test our models in
other settings.

In conclusion, this study found that a machine learning—based
risk dtratification model tailored to data collected by
community-based screening programs can significantly improve
risk stratification accuracy for both diabetes and hypertension
in low-resource settings. Researchers and international
organizations have proposed machine learning as a game
changer in global health, [27-29] but thereislimited documented
evidence that machine learning can be effectively utilized in
the resource-limited settingsindicative of global health projects
[30]. This study adds evidence to support machine learning in
global health by quantitatively demonstrating the benefit of
using these modelsin anovel resource-limited context.
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