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Abstract

Background: The growth in the capabilities of telehealth have made it possible to identify individuals with a higher risk of
uncontrolled diabetes and provide them with targeted support and resourcesto hel p them managetheir condition. Thus, predictive
modeling has emerged as a valuable tool for the advancement of diabetes management.

Objective: This study aimed to conceptualize and develop a novel machine learning (ML) approach to proactively identify
participants enrolled in a remote diabetes monitoring program (RDMP) who were at risk of uncontrolled diabetes at 12 months
in the program.

Methods: Registry datafrom the Livongo for Diabetes RDM P were used to design separate dynamic predictive ML models to
predict participant outcomes at each monthly checkpoint of the participants program journey (month-n models) from the first
day of onboarding (month-0 model) up to the 11th month (month-11 model). A participant’s program journey began upon
onboarding into the RDMP and monitoring their own blood glucose (BG) levels through the RDMP-provided BG meter. Each
participant passed through 12 predicative models through their first year enrolled in the RDMP. Four categories of participant
attributes (ie, survey data, BG data, medication fills, and health signals) were used for feature construction. The models were
trained using the light gradient boosting machine and underwent hyperparameter tuning. The performance of the models was
eva uated using standard metrics, including precision, recall, specificity, the area under the curve, the F;-score, and accuracy.

Results: The ML modelsexhibited strong performance, accurately identifying observable at-risk participants, with recall ranging
from 70% to 94% and precision from 40% to 88% across the 12-month program journey. Unobservable at-risk participants also
showed promising performance, with recall ranging from 61% to 82% and precision from 42% to 61%. Overall, model performance
improved as participants progressed through their program journey, demonstrating theimportance of engagement datain predicting
long-term clinical outcomes.

Conclusions: This study explored the Livongo for Diabetes RDMP participants' tempora and static attributes, identification
of diabetes management patterns and characteristics, and their relationship to predict diabetes management outcomes. Proactive
targeting ML models accurately identified participants at risk of uncontrolled diabetes with a high level of precision that was
generalizable through future years within the RDMP. The ability to identify participants who are at risk at various time points
throughout the program journey alows for personalized interventions to improve outcomes. This approach offers significant
advancements in the feasibility of large-scale implementation in remote monitoring programs and can help prevent uncontrolled
glycemic levels and diabetes-related complications. Future research should include the impact of significant changes that can
affect a participant’s diabetes management.
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Introduction

Methods

Diabetesisachronic diseasethat affects 37.3 million individuals
living in the United States and requires ongoing management
[1]. Common diabetes-related health complications that can be
delayed or prevented with glycemic control include heart
disease, chronic kidney disease, and neuropathy. Diabetes
management is multifaceted and should include some level of
provider care, medication management, and self-management.
Telehealth interventions have been shown, and are encouraged,
to support condition management and the reduction in
diabetes-related complications[2]. With the current capabilities
and advancements of telehealth in diabetes management, it is
critical to help identify individuals with a higher risk of
uncontrolled diabetes and provide them with targeted support
and resources to help them manage their condition [3,4].

Predictive modeling has emerged as avaluable tool in diabetes
management, offering numerous benefits for individuals with
diabetes. By engaging early in a remote diabetes monitoring
program (RDMP), predictive modeling can capture the user’'s
interest and motivation, fostering active participation in their
own health through suggesting personalized behavior change
in a timely manner to improve outcomes. The integration of
proactivetargeting into routine diabetes care a so holdsimmense
potential to transform the lives of millions affected by this
chronic condition through preventing or delaying the onset of
diabetes-related complications and reducing the burden on the
health care system by lowering the cost of care and improving
the quality of care. The current literature describing applied or
developed predictive models has used insurance claims or
electronic medical records to predict varying outcomes related
to uncontrolled diabetes; however, there is alack of literature
on the prediction of uncontrolled diabetes management through
alargedata set of self-monitored blood glucose (SMBG) values
and contributing factors, which provides a unique pathway to
real-time predictions [5-7].

Machine learning (ML) can analyze alarge amount of data and
identify meaningful patternsthat correspond to the diabetesrisk
level of individuals and predict their diabetes outcome risk
[8-11]. The objective of this study was to conceptualize and
develop anovel ML approach to proactively identify participants
enrolled in alarge-scale RDM P who were at risk of uncontrolled
diabetes at 12 months in the program. Therefore, a set of
dynamic predictive ML models were designed and trained at
specific checkpoints during the participants' timein the program
to proactively identify those at risk and capture participant
attributes that could impact the participants’ at-risk status.

https://formative.jmir.org/2024/1/e54373

Ethical Consider ations

Approval was granted by the AspireInstitutional Review Board
(IRB; #520160099), and guidelines outlined in the Declaration
of Helsinki were followed. All participants provided consent
to participate during enrollment into the Livongo for Diabetes
RDMP, and guidelines outlined in the Declaration of Helsinki
were followed. All study data were stored in Health Insurance
Portability and Accountability Act—compliant secure servers
and were deidentified prior to analysis. Participants were not
compensated for their participation in the study.

Livongo for Diabetes

Teladoc Health's Livongo for Diabetes is an RDMP focused
on empowering participants with education and tools to
self-manage their diabetes through mobile technology. The
program offers participants a cellular-enabled, 2-way messaging
device that measures blood glucose (BG) levels and delivers
personalized insights into their glycemic management; free
unlimited BG test strips; real-time support from diabetes
response specialists 24 hours a day, 7 days aweek, 365 days a
year; and access to certified diabetes care and education
specialists (CDCESs) for support and goal setting.

Teladoc participants BG meter use was captured remotely
through the cellular-enabled device. Participants also had access
to aweb-based app and mobile phone app that tracked historical
SMBG readings; provided reminders for SMBG checking,
physical activity (PA), and food log tracking; and provided an
asynchronous chat with coaches, the ability to schedule private
coaching sessions with CDCESs, educational content for
diabetes self-management, and the ability to send historical
reports of SMBG readings to care providers, family members,
and friends.

Diabetes M anagement Jour ney

The diabetes management journey (ie, program journey) refers
to the ongoing process of monitoring and managing diabetes
through the Livongo for Diabetes RDMP. The program journey
involves education and support to make lifestyle changes,
monitor SMBG levd s, take medications as prescribed, and work
with health care providers to achieve optimal health. The goal
isto support participants with diabetes achieve BG control for
complication avoidance and lead healthy, active lives.

Study Design

Registry datafrom the RDM P were used to design separate ML
models to predict participant outcomes at each monthly
checkpoint of the program journey (month-n models) from the
first day of onboarding (month-0 model) up to the 11th month

(month-11 model). The program journey of a participant began
upon onboarding into the Livongo for Diabetes RDMP and
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capturing their first BG measurement through a Livongo BG
meter. Overall, each participant passed through 12 predicative
models through their first year enrolled in the program.

M easures

Hemoglobin Alc and Observability

Hemoglobin Alc (HbA1c), or glycated hemoglobin, isacritical
metric for diabetes management, which provides a long-term
picture of an individua’s average BG levels over a 2-3-month
period [12]. HbA1c cannot be directly measured with a BG
meter, which only measures the current BG level in the blood.
To calculate HbA 1c from BG meter readings, an algorithm that
considers the average BG levels and the frequency of
measurements was used: Alc = [average glucose (mg/dL) —
46.7]/28.7 [13]. In this algorithm, the more frequent and
consistent the BG readings, the more accurate the estimate of
Alc (eAlc). A participant was considered “observable” if
enough BG readings over 90 preceding days provided statistical
confidence to estimate clinically meaningful Alc, otherwise
the participant was considered “unobservable” Statistical
significance was determined by considering both the mean and
SD of BG checks. The more variable the set of BG checks for
agiven participant, the greater the threshold for that participant
to be deemed observable.

Population Selection

Participants enrolled in the Livongo for Diabetes RDMP
between January 1, 2019, and January 1, 2022, with an activated
BG meter who met the criteria to be categorized as observable
at month 12 in the program were included as study participants
(N>200,000). Ground truth labeling as “cases’ and “controls”
for diabetes management conditions was performed using
12-month eAlc values as follows: (1) participants with month
12 eAlc>7.5% werelabel ed as cases and defined as participants
at risk of uncontrolled diabetes management outcomes and (2)
participants with month 12 eA 1¢c<7.5% werelabeled as controls
and defined as participants not at risk of uncontrolled diabetes
management outcomes. The ratio of cases to controls in the
study population was 23.5%-76.5%.

Model Design: Participant Features and Attributes

Using diabetes-related available features and attributes of
participants through their program journey, each ML model
was designed and developed to make a binary prediction of
whether the participant will be at risk of uncontrolled diabetes
at the end of month 12 in their program journey. The eAlc at
month 12 was used to generate binary labels for either month
12 eA1c=7.5% or month 12 eA1c<7.5% as controls.

During the program journey, participants used the BG meter
provided to record BG levels. Next, Alc was estimated using
the accumulation of BG levels over a 90-day period. As
described previoudly, clinically meaningful calculation of a
member's eAlc is dependent on the classification of
observability. Since A 1c hasremained the clinical gold standard
for indexing chronic glycemia for decades, and eAlc is an
essential metric in assessing a participant’s diabetes condition,
observability was a criticad metric to predict participant
outcomes. For unobservable participants, due to the lack of
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eAlc related to sparsity of BG checks and with the availability
of derived program features, other features and attributes played
asignificantly moreimportant rolein the predictive ML models.
Therefore, at each month of predictive modeling design, it was
essential to train 2 separate models to cover participants with
observable and unobservable eA1c values, making atotal of 24
trained models.

The goal of an ML model isto find and learn patterns of input
features from training data and then use them to make
predictions on new, unseen data. Therefore, the quality and
relevance of the features used are crucial for the performance
of an ML model. We trained a set of ML models that needed
to be sequentially compared, which made it critical to keep the
structure of features consistent along the program journey to
obtain a robust interpretation of features evolving among
models.

Participant Attribute Categories

Participant attributes, including survey data, BG data,
medication fill data, and health signals, were used for feature
construction within the ML models.

Survey Data

Survey data gathered from the participants at enrollment
included demographic information, such as age, gender, race,
ethnicity, height, weight, BMI, language, and diabetes type.
Participant intention and preference information around the
diabetes management style, interest in becoming more active,
and interest in healthy eating was also included in survey data.
Each of the engagement attributes was encoded for model
features as ordinal values. For example, in the case of interest
in healthy eating, the options of not important, somewhat
important, and very important were encoded as 1, 2, and 3,
respectively.

Blood Glucose Data

BG data were measured through RDM P-provided BG meters
with blood from a finger prick applied to a test strip, and
participants were asked to select “feel tags’ and “meal tags’
from a set of options. Features were constructed from an
accumulation of SMBG readings by 30-day aggregates, BG
readings broken down by meal and feel tags, and Alc. The
30-day BG check aggregates generated data of the total number
of readings and the number of hypoglycemic and hyperglycemic
BG levels. Since the ML models were designed in monthly
checkpoints, 30-day aggregates were important indicators of a
participant’s diabetes pattern change.

BG levelsare affected by both diet and mental health; therefore,
BG readings were broken down by meal and feel tags to be
correlated along each BG reading [14-16]. Meals increase
glucose levels, whilefasting typically decreases BG levels. BG
levels can also be impacted by feelings, such as stress, and PA.
Therefore, in the features, BG levels were broken down based
on meal and fedl tags. The meal tag optionsinclude before/after
breakfast, before/after lunch, before/after dinner, after snack,
and no meal. In addition, the feel tag optionsinclude feel fine,
feel sick, stressed, ate extra, lightheaded, after exercise, missed
medications, increased medications, and other feelings.
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Alc is an important feature in diabetes management as it
provides a snapshot of an individual’s overall BG control. In
addition, variability of Alc depicts the diabetes management
condition of an individual over time [17]. In the RDMP, Alc
was estimated if a participant was observable. Thisfeature was
only availablefor observable participants, who recorded enough
SMBG readings to estimate Alc with statistical significance.

Medication Fill Data

A GPI is a unique identifier assigned to a drug product to
distinguish it from similar products and improve identification
and tracking in the health care supply chain. Generic product
identifiers (GPIs) were tracked over time to capture medicine
fills, understand medication adherence, and determine achange
inthe health status of participantsrelated to their diabetes. Based
on participants’ medicine fills, they were categorized into the
following diabetes groups using medication use as a proxy for
disease progression [18]:

« Group 1: participants with type 2 diabetes who use only
lifestyle modification (diet and exercise) and take no
medication

« Group 2: participants with type 2 diabetes who take
metformin

« Group 3: participants with type 2 diabetes who take
metformin and other noninsulin medications

« Group 4: participants with type 2 diabetes who use basal
insulin, in addition to other medications

«  Group 5: participants with type 2 diabetes who use basal
and bolus insulin (also known as multiple daily injections
[MDIg] or intensive insulin)

«  Group 6: participants with type 1 diabetes

Health Signal Data

A hedlth signa refers to any measurable aspect of an
individual’'s physical or physiological state that provides
information about their health status. Based on availability,
30-day aggregates of health signals were used in the features,
such as average systolic and diastolic blood pressure (BP)
readings, whether participants were enrolled in the Livongo for
Hypertension (HTN) program, and the average weight, average
daily PA, and food logs if participants were enrolled in weight
management (WM).

Tracking these features that contribute to participant attribute
categories over time can assist in personalized effective
interventions for at-risk observable and unobservable
participants.

Outcome Data

During evaluation of performance of the ML models for
identification of participants at risk of uncontrolled diabetes
management outcomes, various viewpoints were considered to
prevent model shortcomings and imbalanced data: (1) How
many at-risk participantswereidentified and with what precision
by each model? (2) How many participants were targeted to
achieve the performance metrics? (3) How doesthe progression
of the performance metrics look over a participant’s program
journey?

https://formative.jmir.org/2024/1/e54373
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To provide a comprehensive view of model performance and
address the af orementioned questions, the following 6 measures
commonly used in ML model evaluation were selected [19]:

«  Sensitivity or recall: Recall is a measure of how well a
model can identify positive (at-risk participants) instances
defined as the number of true-positive predictions divided
by the total number of positive instancesin the data set.

- Precision: Precision is a measure that evaluates the
proportion of positive predictions that are correct and
defined as the number of true-positive predictions divided
by the sum of true-positive predictions and false-positive
predictions.

- Specificity: Specificity is a measure that evaluates the
ability of amodel to correctly identify negative (not-at-risk
participants) examples. It isthe proportion of true negatives
over al negatives.

« Areaunder thecurve (AUC): The AUC representsamodel’s
ability to distinguish between positive and negative
examples. In this study, AUC values ranged from O to 1,
with avalue of 0.5 representing arandom guessand avalue
of 1 representing a perfect model. An AUC of 0.7 or higher
isgenerally considered good, whilean AUC of 0.9 or higer
is considered excellent.

« F;-score: The F;-scoreisaperformance metric that balances
the precision and recall by calculating the harmonic mean
of these 2 metrics.

« Accuracy: Accuracy measures the proportion of correct
predictions made by a model out of all predictions.

Model Development

For proactive targeting of the RDMP participants' diabetes
management outcomes, it was necessary to train a set of ML
models at specific time stamps through each participant’'s
program journey for the following reasons. First, the diabetes
condition, such as severity, complications, and medication use,
of a participant can evolve over time and impact the outcome.
Similarly, the diabetes management patterns of participants,
such as exercise, diet, and SMBG checking patterns, can alter
over time and change the outcome trajectory. To capture these
changes, new models needed to be trained along the program
journey to update the risk prediction using more recent
accumulated information. Second, as participants progressed
in their program journey, more temporal data were collected
from their retrospective diabetes management attributes. This
change in the quality of attributes can change their importance
and contribution in the ML modeling, indicating the need for
new model training along the participant program journey.

As previously mentioned, from the first day of Livongo BG
device activation, at each monthly step, aprediction ML model
was trained to predict the binary outcome of the diabetes
management status of each participant at 12 months in the
program. At each month of the program journey, there were 2
separate models to develop based on observability. Figure 1
represents the timeline of modeling work for observable and
unobservable segments of the participants' program journey.
Based on the designed framework, a set of 24 ML modelswere
trained to capture the relationship between participants’ input
attributes and diabetes management control outcomes.
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Figure 1. Diabetes proactive targeting framework at each monthly observable and unobservable segment of each participant’s program journey. The
program journey starts from device activation, and at each monthly checkpoint, based on the participant’s observability status, an ML model is trained
to predict the outcome of the diabetes condition of the participant at year 1 of the program journey. ML: machine learning.
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In modeling, for each model, datawere splitinto 2 subsets. The
first subset, which contained a larger portion of the data, was
used as training and validation datato train the model and tune
the hyperparameters, as well as find the optimal parameters of
the model to achieve the highest accuracy. The second subset
was used as testing data, which was held separate from the
training dataand used to assess how well the model could work
with new data. Each model randomly split the data into 85%
training and 15% testing subsets.

The models were based on light gradient boosting machine
(LightGBM), which isatree-based |earning algorithm devel oped
on the randomly selected subset of training data. With 5-fold
cross-validation on training data, the Hyperopt Python library
was used for tuning the hyperparameters of each LightGBM
model, including the number of estimators, learning rate, number
of leaves, feature fraction, and bagging fraction [20,21]. The
tree-structured Parzen estimator (TPE) algorithm was used to
optimize hyperparameter quantization [22]. Findly, the
performance of each model was assessed on the unseen test data
sets.

Training and testing instances for cases and controls among the
data subsets for observable and unobservable participants for
each month of the program journey were distributed (see
Multimedia Appendix 1). The class imbalance of observable
and unobservabl e participants was on average 78% versus 22%
and 69% versus 31%, respectively, for controls and cases. To
mitigate this highly imbalanced ratio of controls and cases and
increase the focus of the models on less prevalent cases, the
models were set to assign class weights inversely proportional
to their respective frequencies during the training process.

Bias Mitigation Consideration

Bias reduction in ML models is crucia to ensure fair and
equitable outcomes. The following considerations were taken
to reduce bias in the ML model: class imbalance handling,
feature selection and inclusion, observability consideration,
missing imputation, cross-validation, and temporal changes.

Class I mbalance Handling

As previously mentioned, there was a class imbalance in the
observable and unobservable participants. To address this, the
models were set to assign class weights inversely proportional
to their respective frequencies during the training process. This
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technique helped the models give more importance to the
minority class, reducing bias toward the majority class.

Feature Selection and I nclusion

Four categories of participant attributesfor feature construction
within the model swere used: survey data, BG data, medication
fills, and health signals. This diverse set of features helped in
capturing different aspects of participants’ health and behavior,
reducing bias that might have arisen from relying on a limited
set of features.

Observability Consideration

The observability of participants, distinguishing between
observable and unobservabl e participants, was used. Thisfactor
was explicitly considered during model development, with
different models trained for observable and unobservable
participants. This approach acknowledged and addressed the
potential bias introduced by the availability of certain data for
only asubset of participants.

Missing | mputation

For unobservabl e participantswith missing eA 1c values, arobust
imputation approach was used, which involved a mixture of
historical eAlc datainterpolation, leveraging their past records,
and incorporation of similarity featuresfrom other participants,
considering factors such as age and diabetes medications. This
approach aimed at reducing bias in the imputation process,
ensuring a more accurate estimation of missing eAlc values.

Cross-Validation

The models were based on LightGBM and underwent
hyperparameter tuning using 5-fold cross-validation on training
data. Cross-validation helped in assessing each model’'s
performance across different subsets of the data, reducing the
risk of overfitting and ensuring generalizability.

Consideration of Temporal Changes

The study acknowledged the dynamic nature of diabetes
conditions and the importance of capturing temporal changes.
The models were trained at specific checkpoints during each
participant’s program journey, allowing the models to adapt to
evolving patterns and reducing biasintroduced by changes over
time.
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Summary of the M ethodology Wor kflow The detailed sequential steps of the modeling process are listed
next and represented visually in Figure 2:

Figure 2. Sequential steps in the modeling workflow, which included data preprocessing, feature preparation, model training, and model registry at
each monthly program journey checkpoint. ML: machine learning; obs.: observed; unobs.: unobserved.
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Step 1 (data collection): Registry data from the Livongo
for Diabetes RDMP were collected.

Step 2 (popul ation selection): Participantswith an activated
BG meter who met criteria for observability at month 12
were selected.

Step 3 (ground truth labeling): Participantswith eA1c>7.5%
were labeled as cases, and those with eAl1c<7.5% were
labeled as controls.

Step 4 (observahility classification/splitting): Participants
were classified as observable or unobservable based on the
statistical confidence derived from a sufficient number of
BG readings over the preceding 90 days.

Step 5 (feature construction): Features were constructed
based on survey data, BG reading breakdown by meal and
feel tags, medicine fill data, and health signals.

Step 6 (feature engineering): Features were transformed to
accommodate high performance of ML modeling. These
steps included missing imputation using a combination of
historical data and relevant participant characteristics with
normalization and standardization of numerical features.
In addition, for categorical features, ordina encoding was
applied, when possible. When ordinal encoding was not
possible, one-hot-encoding was performed.

Step 7 (class imbalance mitigation): To addressimbalance
between controls and cases, class weights were assigned
inversely proportional to their respective frequencies during
the training process.

https://formative.jmir.org/2024/1/e54373

«  Step8 (ML model development): Separate ML modelswere
designed and trained at specific checkpoints during each
participant’s program journey (from month O to month 11)
for both observable and unobservable segments.

« Step 9 (hyperparameter tuning): Hyperparameter tuning
was performed using the Hyperopt Python library,
optimizing parameters such as the number of estimators,
learning rate, number of leaves, feature fraction, and
bagging fraction.

« Step 8 (model performance evaluation): Models were
evauated using standard metrics, including precision, recall,
specificity, the AUC, the F;-score, and accuracy.

« Step 10 (register models): Each trained model was
registered into the model registry to be used for inference.

Descriptive Analysis

Patterns and trends of static and time series features and their
correlation to the outcomes represented the participant
breakdown by interest in learning about healthy eating and
interest in becoming more active from the parti cipant onboarding
survey along with 12-month eA1c values. Assessing mean BG
levelsby meal and feel tagswas crucial for predictive modeling
to provide valuable insights into the patterns and factors
influencing diabetes management outcomes. Understanding
how BG levels vary before and after meals and in relation to
different feelings supports the identification of critical points
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in a participant’s daily routine that may contribute to
uncontrolled outcomes.

Statistical Analysis

To examine the correl ation strength between extracted features
and the diabetes outcomes (uncontrolled/controlled), Pearson
r correlation analysis was used and represented top performers
among 4 categories of attributes.

Khalilnejad et a

Results

Participant Demographics

Participant demographics and characteristics at the time of
program enrollment are presented in Table 1.

Table 1. Participant demographics and characteristics at the time of enrollment into the Livongo for Diabetes RDMP.

Characteristics Participants
Diabetestype, %
Type 2 diabetes 921
Type 1 diabetes 7.3
Unknown 05
Insulin use, %
No 78.8
Yes, once/day 131
Yes, more than once/day 8.0
Unknown 0
Race, %
Unknown 47.9
White/Caucasian 37.1
Black/African American 74
Asian/Chinese/Japanese/Korean 3.9
Other 31
American Indian or Alaskan Native 0.4
Native Hawaiian or Other Pacific Islander 0.2
Ethnicity, %
Unknown 47.7
Non-Hispanic 46.3
Hispanic 6.0
Gender, %
Mae 51.7
Female 483
Age (years), mean (SD) 61.6 (12.3)
Year since diabetes diagnosis, mean (SD) 9.03 (9.19)
Self-reported Alc at enrollment, mean (SD) 7.33 (1.54)

3RDMP: diabetes remote monitoring program.

Descriptive and Statistical Analysis

Patterns and trends of static and time series features and their
correlation to the outcomes are illustrated in Figure 3. Figure

https://formative.jmir.org/2024/1/e54373
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3a shows that participants with a higher interest in learning
about healthy eating had alower mean eA 1c outcome. Similarly,
as shown in Figure 3b, participants with a higher interest in
becoming more active had alower mean eAlc outcome.
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Figure 3. Participant breakdown and mean eA1c of survey responses to (l€eft) interest in learning about healthy eating and (right) interest in becoming

more active. eAlc: estimate of Alc.
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Figure 4 represents the mean BG levels of participants along
their 1-year program journey by meal tag and fedl tag. Asshown
in Figure 4a, the BG level tagged after breakfast, lunch, or
dinner was on average 20% higher than that before meals. In
addition, asillustrated in Figure 4b, BG levelsrelated to feeling
fine, lightheaded, and after exercise were the lowest, whilethose
after missed or increased medications and eating extrawerethe
highest.

Participant breakdown =e= Mean eAl1C at month-12
60% 7.2

40%

20%

Participants (%)
Mean eAl1C

0%

Interest in becoming more active

In the BG data category, the BG check breakdown by feel and
meal tags was highly correlated, including BG checks tagged
as “feel fine” (r=—0.18, P<.001) and before breakfast, lunch,
and dinner (r=0.155, P<.001). In addition, among survey data,
age had the highest correlation (r=0.164, P<.001). Among
medicine fills, the metformin fills feature was presented as a
top feature (r=0.072, P<.001). Finaly, among health signals,
30-day PA had acorrelation of 0.039 (P<.001).

Figure4. Mean BG level of participants along their 1-year program journey by (left) meal tag and (right) feel tag. BG: blood glucose.
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Performance Resultsand Output of the12ML Models

Performance results of the 12 ML models for observable
participants for the training and testing subsets from month 0
to month 11 of their program journey are presented in
Multimedia Appendix 2. It was crucial to understand that due
to class imbalance, a random prediction would not result in a
theoretical precision or an F;-score of 0.5. The precision
obtained from a random prediction would be proportiona to
the number of cases, and the F;-score would be accordingly
impacted. For observable participants, the baseline case was on
average 0.22 (range —0.009 to +0.009 across months in the
program journey), which was outperformed by the precision of

https:/formative.,jmir.org/2024/1/€54373
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monthly models with an average precision of 61%, ranging
from 0.4 a month O to 0.88 a month 11, with consistent
improvement aong the participant’s program journey. Similarly,
recall started from 0.7 at month O of the program journey and
reached 0.94 at month 11. The AUC of the models also
improved consistently, ranging from 0.76 to 0.98 across models
along the participant’s program journey.

Similar to observable participants, results of the performance
of the 12 ML models for unobservable participants along their
program journey are shown in Multimedia Appendix 3. For
unobservable participants, the baseline case was on average
0.31 (range —0.05 to +0.035 across months in the program
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journey), which was outperformed by the precision of monthly
models with an average precision of 0.55, ranging from 0.42 at
month 0 to 0.61 at month 11 on the testing set.

Therecall of the ML modelsat month 0 was 0.61 and by further
progress of the participant’s program journey increased to 0.82,
with a precision of 0.61 at month 11. At month 1, there was a
significant improvement in performance, with an improved
recall and precision increase of +0.17 and +0.11, respectively.
This difference was due to the difference in input features of
month O and other monthly models. At month O, only survey
data and medicine fills were being used as model features;
however, for the rest of the models, BG data and health signals
were added, causing adrastic improvement in the performance
of the models. In addition, the AUC of the models was on

Khalilnejad et a

average 0.8 (range 0.7-0.87), representing good performance
of the models.

Figure 5 represents the comparative performance of the models
along the monthly program journey for observable and
unobservable participants on the testing sets. In thefigure, blue
and red lines represent the performance metrics for observable
and unobservable participants, respectively. On average, the
recall of models for observable participants was 0.09 higher
than that of models for unobservable participants, with the
difference ranging from 0.04 to 0.16. Similarly, the precision
of modelsfor observable participants was on average 0.06 higher
than that of models for unobservable participants, with arange
of 0.02-0.26. In addition, specificity metrics had the highest
differencein these 2 groups, with an average difference of 0.11.

Figure 5. Performance metrics (recall, precision, and specificity) of models aong each participant’s program journey for observable (blue) and

unobservable (red) subsets.
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Principal Findings

The ML approach used in this study demonstrated high
capability to proactively identify participants enrolled in an
RDMP who were at risk of uncontrolled diabetes using
participant survey inputs, SMBG data, medical history, and
diabetes management engagement signals. Proactive targeting
models accurately identified observable participants at risk of
uncontrolled diabetes (71%-94%; mean 86%, SD 6%) and
unobservable at-risk participants (64%-82%; mean 77%, SD
5%) from month 0 to month 11, with an achieved precision of
40%-88% (mean 62%, SD 12%) and 42%-61% (mean 57%,
SD 8%), respectively. As participants progressed through their
program journey, the prediction models became more accurate
and performed better in identification of those at risk among
observabl e participants compared to unobservabl e participants.
In addition, the performance difference between month 0 and
month 1 in both observable and unobservable participants was
significantly higher than in the consecutive months,
demonstrating the importance of engagement datafor predicting
long-term clinical outcomes. The most critical feature in the
modelswasthe last-available eA1c, followed by diabetes-related

https://formative.jmir.org/2024/1/e54373

tags [23].

Comparison With Prior Work

Various prediction models have been developed and
implemented in the literature over the past decade with increased
accuracy in predicting the diabetes risk over time, specificaly
the transition of prediabetes to diabetes [11,24,25]. However,
nearly all the literature focuses on health care data sets from
hospital patients[10,26,27]. Although these studies have shown
that ML models can preserve performance across populations
with health care data collected through demographic data,
laboratory values, and hospital records, there is a lack of
literature implementing ML and proactive targeting in a
real-world RDM P predicting an individual with diabetesentering
uncontrolled diabetes status using engagement behaviors and
SMBG levels. Additionaly, prior studies restrict input datain
their models to contain specific information, such as baseline
Alc, and train models on a specific cohort of uncontrolled
baseline Alc [28]. Our study focused on ML models with the
ability to perform on limited and sparse datathat are indicative
of diabetes management in areal-world popul ation.

The data available through the Livongo for Diabetes RDMP
supported the ability to devel op and achieve significant accuracy
of the ML models used in this study. Consistent capture of
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participants SMBG patterns and frequency and self-monitoring
behaviors around PA, diet, and mental health was essential to
develop models for both observable and unobservable
participants. By conducting sufficient SMBG checks with
statistical confidence, a participant’s Alc can be estimated and
the participant becomes observable, which was an important
parameter in our study. Due to fewer data points of
SMBG-related features for unobservable participants, other
features became more important in their corresponding
predictive models. The result of this study’s approach is
applicableto proceeding years of participants program journey
and other chronic condition remote monitoring program
journeys.

The results achieved in this study demonstrate robust and
generalizable performance in proactive targeting of at-risk
participants enrolled in an RDMP, which can provide significant
advancements toward the feasibility of large-scae
implementation in the following aspects. First, early
identification of at-risk participants will allow for ease in
effectiveinterventionsto changethetrajectory of outcomesand
aid in the prevention of potential uncontrolled glycemic levels
and diabetes-related complications. Second, provided that
participants can become observable or unobservable and at risk
or not at risk at varying time points throughout the program
journey, proactive targeting will ensure identification of
participants with higher probability. Lastly, using proactive
targeting, along predictive models, the evolving metrics for
diabetes management can al so be obtained, such asthe diabetes
medication stage. These metrics combined with predictive
outcomes can provide personalized intervention strategies to
improve participant outcomes.

Strengths and Limitations

This study has many strengths, including the use of data
collected from participantsenrolled in areal-world RDMP. The
ML models used in the study also have 2 distinguishing
strengths. First, the proactive targeting design enables ongoing
tracking of participants diabetes management condition toward
reaching the desired outcome and early identification of at-risk
participants, which allows for identification of factorsthat may
cause a participant to become at risk of uncontrolled diabetes.

Khalilnejad et a

Second, the modelsare not limited to the avail ability of specific
data. In fact, the lack of availability and sparsity in each feature
can represent an important factor about the participants. For
example, the sparsity of BG checks can represent low program
engagement, especially for participants with higher diabetes
severity. This consideration avoids the self-sel ection bias of the
models toward active participants.

Some limitations also exist related to the complexity of
identifying participants at risk of uncontrolled diabetes
management outcomes proactively. Dueto the signal of SMBG
levels being dependent on SMBG checking patterns of
participants, the accuracy of prediction decreases by participant
inactivity. This limitation can be resolved by using other BG
monitoring technol ogies, such as continuous glucose monitoring
devices[29]. In addition, identifying at-risk participants earlier
within the program journey would be helpful to develop
effective and timely interventions, however, the lower
performance of models at earlier time points due to a lack of
enriched features limited this objective. In addition, the models
may have been influenced by external factors not accounted for
in our study, such as individual socioeconomic factors and
environmental variables. Thisissue can be partially diminished
by adding extra generalizable features, such as the social
determinants of health, to the feature sets[30]. Future research
could exploretheincorporation of abroader range of contextual
featuresto enhance the models' robustness and generalizability
across diverse populations.

Conclusion

This study explored participants' temporal and static attributes,
the identification of diabetes management patterns and
characteristics, and their relationship to predict diabetes
management outcomes. Proactive targeting models accurately
identified participants at risk of uncontrolled diabetes with a
high level of precision that was generalizable through future
years within the RDMP. Future research should include the
impact of significant changes that can affect a participant’'s
diabetes management—for example, granular medication
changes, such asdrug and dosage changes, aswell asmedication
adherence, which are important factors for the determination
of diabetes outcomes [31].
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Multimedia Appendix 2

Performance metrics for training and testing the data subset for observable participants at each monthly checkpoint of their
program journey. The accuracy metrics for each month in the program journey represent the performance of a stand-alone ML
model. ML: machine learning.

[PDE File (Adobe PDF File), 54 KB-Multimedia Appendix 2]

Multimedia Appendix 3

Performance metrics for training and testing the data subset for unobservable participants at each monthly checkpoint of their
program journey. The accuracy metrics for each month in the program journey represent the performance of a stand-alone ML
model. ML: machine learning.

[PDE File (Adobe PDF File), 60 KB-Multimedia Appendix 3]

References

1.  National diabetes statistics report. Centers for Disease Control and Prevention. URL: https.//www.cdc.gov/diabetes/data/
statistics-report/index.html [accessed 2023-11-07]

2. Telehealth interventions to improve chronic disease. Centers for Disease Control and Prevention. May 11, 2020. URL:
https://www.cdc.gov/dhdsp/pubs/tel eheal th.htm [accessed 2023-11-07)

3. Kramer ES, VanWyk J, Holmstrom H. Telehealth and diabetes management. Prim Care. Dec 2022;49(4):631-639. [doi:
10.1016/j.pop.2022.04.007] [Medline: 36357067]

4.  Heinemann L, Schnell O, Gehr B, Schloot NC, Gdrgens SW, Gérgen C. Digital diabetes management: aliterature review
of smart insulin pens. JDiabetes Sci Technol. May 2022;16(3):587-595. [FREE Full text] [doi: 10.1177/1932296820983863]
[Medline: 33430644]

5. Abegaz TM, Ahmed M, Sherbeny F, Diaby V, Chi H, Ali AA. Application of machine learning algorithmsto predict
uncontrolled diabetes using the All of Usresearch program data. Healthcare (Basel). Apr 15, 2023;11(8):1138. [FREE Full
text] [doi: 10.3390/healthcare11081138] [Medline: 37107973]

6. WitteH, NakasC, Bally L, Leichtle AB. Machinelearning prediction of hypoglycemiaand hyperglycemiafrom electronic
health records: algorithm development and validation. IMIR Form Res. Jul 18, 2022;6(7):e36176. [FREE Full text] [doi:
10.2196/36176] [Medline: 35526139]

7. Basu S, Narayanaswamy R. A prediction model for uncontrolled type 2 diabetes mellitus incorporating area-level social
determinants of health. Med Care. 2019;57(8):592-600. [doi: 10.1097/mlr.0000000000001147]

8. PinaAF Meneses MJ, Sousa-Limal, Henriques R, Raposo JF, Macedo MP. Big data and machine learning to tackle
diabetes management. Eur J Clin Invest. Jan 2023;53(1):€13890. [FREE Full text] [doi: 10.1111/eci.13890] [Medline:
36254106]

9. MakroumMA, AddaM, BouzouaneA, Ibrahim H. Machinelearning and smart devicesfor diabetes management: systematic
review. Sensors (Basel). Feb 25, 2022;22(5):1843. [EREE Full text] [doi: 10.3390/s22051843] [Medline: 35270989]

10. DritsasE, Trigka M. Data-driven machine-learning methods for diabetes risk prediction. Sensors (Basel). Jul 15,
2022;22(14):5304. [EREE Full text] [doi: 10.3390/s22145304] [Medline: 35890983]

11. Zueger T, Schallmoser S, Kraus M, Saar-Tsechansky M, Feuerriegel S, Stettler C. Machine learning for predicting the risk
of transition from prediabetes to diabetes. Diabetes Technol Ther. Nov 2022;24(11):842-847. [FREE Full text] [doi:
10.1089/dia.2022.0210] [Medline: 35848962]

12. DinglL, XuY, Liu S, Bi Y, XuY. Hemoglobin Alc and diagnosis of diabetes. J Diabetes. May 2018;10(5):365-372. [doi:
10.1111/1753-0407.12640] [Medline: 29292842]

13. FanW, Zheng H, Wei N, Nathan DM. Estimating HbA 1c from timed self-monitored blood glucose values. Diabetes Res
Clin Pract. Jul 2018;141:56-61. [doi: 10.1016/j.diabres.2018.04.023] [Medline: 29673846]

14. Wang DD, Hu FB. Precision nutrition for prevention and management of type 2 diabetes. L ancet Diabetes Endocrinol. May
2018;6(5):416-426. [doi: 10.1016/S2213-8587(18)30037-8] [Medline: 29433995]

15. VallisM, Tang T, Klein G. Mental health in diabetes: never abetter time. Can J Diabetes. Aug 2020;44(6):453-454. [FREE
Full text] [doi: 10.1016/j.jcjd.2020.06.004] [Medline: 32792100]

16. Heilbrun A, Drossos T. Evidence for mental health contributions to medical carein diabetes management: economic and
professional considerations. Curr Diab Rep. Nov 28, 2020;20(12):79. [FREE Full text] [doi: 10.1007/s11892-020-01337-5]
[Medline: 33247792]

17. Mohr DC, Zhang L, Prentice JC, Nelson RE, Li D, Pleasants E, et al. Association of hemoglobin Alc time in range with
risk for diabetes complications. BMJ Open Diabetes Res Care. Jul 2022;10(4):e002738. [EREE Full text] [doi:
10.1136/bmjdrc-2021-002738] [Medline: 35820708]

18. Professional Practice Committee. Professional Practice Committee: standards of medical carein diabetes-2021. Diabetes
Care. 2021;44(Suppl 1):S3. [doi: 10.2337/dc21-sppc]

19. Japkowicz N, Shah M. Evaluating learning algorithms: a classification perspective. Cambridge, UK. Cambridge University
Press; 2011.

https:/formative.,jmir.org/2024/1/€54373 JMIR Form Res 2024 | vol. 8 54373 | p. 11
(page number not for citation purposes)

RenderX


https://jmir.org/api/download?alt_name=formative_v8i1e54373_app2.pdf&filename=7a38e850efd84b0e285e6ad0a05dd638.pdf
https://jmir.org/api/download?alt_name=formative_v8i1e54373_app2.pdf&filename=7a38e850efd84b0e285e6ad0a05dd638.pdf
https://jmir.org/api/download?alt_name=formative_v8i1e54373_app3.pdf&filename=eee57ac546195965ac2e9602216fc493.pdf
https://jmir.org/api/download?alt_name=formative_v8i1e54373_app3.pdf&filename=eee57ac546195965ac2e9602216fc493.pdf
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/diabetes/data/statistics-report/index.html
https://www.cdc.gov/dhdsp/pubs/telehealth.htm
http://dx.doi.org/10.1016/j.pop.2022.04.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36357067&dopt=Abstract
https://journals.sagepub.com/doi/abs/10.1177/1932296820983863?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1932296820983863
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33430644&dopt=Abstract
https://www.mdpi.com/resolver?pii=healthcare11081138
https://www.mdpi.com/resolver?pii=healthcare11081138
http://dx.doi.org/10.3390/healthcare11081138
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37107973&dopt=Abstract
https://formative.jmir.org/2022/7/e36176/
http://dx.doi.org/10.2196/36176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35526139&dopt=Abstract
http://dx.doi.org/10.1097/mlr.0000000000001147
https://europepmc.org/abstract/MED/36254106
http://dx.doi.org/10.1111/eci.13890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36254106&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22051843
http://dx.doi.org/10.3390/s22051843
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35270989&dopt=Abstract
https://www.mdpi.com/resolver?pii=s22145304
http://dx.doi.org/10.3390/s22145304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35890983&dopt=Abstract
https://boris.unibe.ch/id/eprint/171406
http://dx.doi.org/10.1089/dia.2022.0210
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35848962&dopt=Abstract
http://dx.doi.org/10.1111/1753-0407.12640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29292842&dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2018.04.023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29673846&dopt=Abstract
http://dx.doi.org/10.1016/S2213-8587(18)30037-8
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29433995&dopt=Abstract
https://europepmc.org/abstract/MED/32792100
https://europepmc.org/abstract/MED/32792100
http://dx.doi.org/10.1016/j.jcjd.2020.06.004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32792100&dopt=Abstract
https://europepmc.org/abstract/MED/33247792
http://dx.doi.org/10.1007/s11892-020-01337-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33247792&dopt=Abstract
https://drc.bmj.com/lookup/pmidlookup?view=long&pmid=35820708
http://dx.doi.org/10.1136/bmjdrc-2021-002738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35820708&dopt=Abstract
http://dx.doi.org/10.2337/dc21-sppc
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Khalilngjad et a

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Ke G, Meng Q, Finley T, Wang T, Chen W, Ma W, et al. LightGBM: a highly efficient gradient boosting decision tree.
2017. Presented at: NIPS'17: 31st International Conference on Neural Information Processing Systems; December 4-9,
2017; Long Beach, CA.

BergstraJ, Komer B, Eliasmith C, Yamins D, Cox DD. Hyperopt: a Python library for model selection and hyperparameter
optimization. Comput Sci Dis. Jul 28, 2015;8(1):014008. [doi: 10.1088/1749-4699/8/1/014008]

BergstraJ, Bardenet R, Bengio Y, Kégl B. Algorithmsfor hyper-parameter optimization. 2011. Presented at: NIPS11: 24th
International Conference on Neural Information Processing Systems; December 2011;2546-2554; Granada, Spain.
Harrison WTA, Yeates RM, Phillips MLF, Nenoff TM. New framework connectivity patternsin templated networks: the
creatinine zinc phosphites CAN30H7.ZnHPO3, CAN30H7.Zn(H20)HPO3, and (CAN30H7)2.ZnHPO3.H20. Inorg Chem.
Mar 10, 2003;42(5):1493-1498. [doi: 10.1021/ic020593+] [Medline: 12611515]

Mujumdar A, Vaidehi V. Diabetes prediction using machine learning algorithms. Procedia Comp Sci. 2019;165:292-299.
[doi: 10.1016/j.procs.2020.01.047]

BirjaisR, Mourya AK, Chauhan R, Kaur H. Prediction and diagnosis of future diabetes risk: a machine learning approach.
SN Appl Sci. Aug 28, 2019;1(9):article number 1112. [doi: 10.1007/s42452-019-1117-9]

Cahn A, Shoshan A, Sagiv T, Yesharim R, Goshen R, Shalev V, et a. Prediction of progression from pre-diabetes to
diabetes: development and validation of a machine learning model. Diabetes Metab Res Rev. Feb 14, 2020;36(2):€3252.
[doi: 10.1002/dmrr.3252] [Medline: 31943669]

Lai H, Huang H, Keshavjee K, Guergachi A, Gao X. Predictive models for diabetes mellitus using machine learning
techniques. BMC Endocr Disord. Oct 15, 2019;19(1):101. [FREE Full text] [doi: 10.1186/s12902-019-0436-6] [Medline:
31615566]

Pantalone K, Misra-Hebert A, Hobbs TM, Kong SX, Ji X, Ganguly R, et al. The probability of A1C goal attainment in
patients with uncontrolled type 2 diabetes in alarge integrated delivery system: a prediction model. Diabetes Care. Aug
2020;43(8):1910-1919. [FREE Full text] [doi: 10.2337/dc19-0968] [Medline: 32527797]

Ling J, Ng JKC, Chan JCN, Chow E. Use of continuous glucose monitoring in the assessment and management of patients
with diabetes and chronic kidney disease. Front Endocrinol (Lausanne). 2022;13:869899. [FREE Full text] [doi:
10.3389/fendo0.2022.869899] [Medline: 35528010]

Walker RJ, Smalls BL, Campbell JA, Strom Williams JL, Egede LE. Impact of social determinants of health on outcomes
for type 2 diabetes: a systematic review. Endocrine. Sep 2014;47(1):29-48. [FREE Full text] [doi:
10.1007/s12020-014-0195-0] [Medline: 24532079]

Khan R, Socha-Dietrich K. Investing in medication adherence improves health outcomes and health system efficiency:
adherence to medicines for diabetes, hypertension, and hyperlipidaemia. OECD Health Working Papers No. 105. 2018.
URL: https:/tinyurl.com/4h9un4z5 [accessed 2024-04-05]

Abbreviations

AUC: areaunder the curve

BG: blood glucose

CDCES: certified diabetes care and education specialists
eAlc: estimate of Alc

GPI: generic product identifier

LightGBM: light gradient boosting machine

ML: machinelearning

PA: physica activity

RDMP: remote diabetes monitoring program

SMBG: self-monitoring blood glucose

Edited by A Mavragani; submitted 07.11.23; peer-reviewed by H Zheng, P Dunn; comments to author 22.12.23; revised version
received 12.01.24; accepted 20.01.24; published 26.04.24

Please cite as:

Khalilngjad A, Sun RT, Kompala T, Painter S, James R, Wang Y

Proactive Identification of Patients with Diabetes at Risk of Uncontrolled Outcomes during a Diabetes Management Program:
Conceptualization and Development Study Using Machine Learning

JMIR Form Res 2024;8:€54373

URL: https://formative.jmir.org/2024/1/€54373

doi: 10.2196/54373

PMID:

https:/formative.,jmir.org/2024/1/€54373 JMIR Form Res 2024 | vol. 8| €54373 | p. 12

(page number not for citation purposes)


http://dx.doi.org/10.1088/1749-4699/8/1/014008
http://dx.doi.org/10.1021/ic020593+
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12611515&dopt=Abstract
http://dx.doi.org/10.1016/j.procs.2020.01.047
http://dx.doi.org/10.1007/s42452-019-1117-9
http://dx.doi.org/10.1002/dmrr.3252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31943669&dopt=Abstract
https://bmcendocrdisord.biomedcentral.com/articles/10.1186/s12902-019-0436-6
http://dx.doi.org/10.1186/s12902-019-0436-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31615566&dopt=Abstract
https://europepmc.org/abstract/MED/32527797
http://dx.doi.org/10.2337/dc19-0968
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32527797&dopt=Abstract
https://europepmc.org/abstract/MED/35528010
http://dx.doi.org/10.3389/fendo.2022.869899
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35528010&dopt=Abstract
https://europepmc.org/abstract/MED/24532079
http://dx.doi.org/10.1007/s12020-014-0195-0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24532079&dopt=Abstract
https://www.oecd-ilibrary.org/docserver/8178962c-en.pdf?expires=1712290174&id=id&accname=guest&checksum=626371BC60D08B868988F53C30E6FA4A
https://formative.jmir.org/2024/1/e54373
http://dx.doi.org/10.2196/54373
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR FORMATIVE RESEARCH Khalilngjad et a

©Arash Khalilngjad, Ruo-Ting Sun, Tejaswi Kompala, Stefanie Painter, Roberta James, Yajuan Wang. Originally published in
JMIR Formative Research (https://formative.jmir.org), 26.04.2024. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work, first publishedin IMIR Formative Research, isproperly

cited. The complete bibliographic information, a link to the original publication on https://formative.jmir.org, as well as this
copyright and license information must be included.

https://formative.jmir.org/2024/1/e54373 JMIR Form Res 2024 | vol. 8| e54373 | p. 13

(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

