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Abstract

Predictive analytics can be used to identify people with HIV currently retained in care who are

at risk for future disengagement from care, allowing for prioritization of retention interventions.
We utilized machine learning methods to develop predictive models of retention in care, defined
as no more than a 12 month gap between HIV care appointments in the Center for AIDS
Research Network of Integrated Clinical Systems (CNICS) cohort. Data were split longitudinally
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into derivation and validation cohorts. We created logistic regression (LR), random forest (RF),
and gradient boosted machine (XGB) models within a discrete-time survival analysis framework
and compared their performance to a baseline model that included only demographics, viral
suppression, and retention history. 21,267 Patients with 507,687 visits from 2007 to 2018 were
included. The LR model outperformed the baseline model (AUC 0.68 [0.67-0.70] vs. 0.60 [0.59-
0.62], P < 0.001). RF and XGB models had similar performance to the LR model. Top features in
the LR model included retention history, age, and viral suppression.
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Introduction

Methods

In the US, only half of people with HIV (PWH) are engaged in regular medical care [1].
PWH not retained in care have worse health outcomes and are more likely to transmit HIV
than PWH engaged in regular care [2-4]. Indeed, PWH who are diagnosed with HIV but not
engaged in medical care account for the largest proportion of HIV transmission events in the
US [5]. Thus, improving retention in care is a key focus of the national plan for eliminating
HIV in the US [6].

Most public health efforts to improve retention in care among PWH have focused on
re-engaging PWH who have lapsed in care, albeit with limited success. For example, Data to
Care programs facilitate data sharing between public health departments and HIV providers
to identify PWH not retained in care to inform reengagement efforts [7]. Further, while these
efforts to reengage PWH who have already lapsed in care are important, they are time and
resource-intensive [8]. Therefore, preventing patients from disengaging from care in the first
place may be a more effective strategy for improving retention in care among PWH.

Predictive analytics can be used to identify PWH currently retained in care who are at

risk for future disengagement from care. A risk prediction model capable of quantifying

a specific patient’s risk for future disengagement from care based on their unique
characteristics could be utilized to prioritize retention resources for patients who would most
benefit from them. Recently, Ramachandran et al. developed a machine learning predictive
model of retention in HIV care using electronic medical record (EMR) data [9]. However,
their model was limited by the use of data from a single HIV care clinic representing

a relatively homogeneous urban population, potentially limiting generalizability to other
settings. Therefore, the current study aimed to develop and validate a predictive model of
retention in care using large-scale clinical data from eight diverse clinical HIV care sites
from across the US.

Data Sources and Study Population

The Centers for AIDS Research (CFAR) Network of Integrated Clinical Systems (CNICS) is
a prospective observational cohort study of adult PWH who receive primary HIV care at one
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of eight CFAR affiliated medical centers (Case Western Reserve University, University of
Alabama Birmingham, University of California San Francisco, University of North Carolina,
University of Washington, University of California San Diego, Fenway Community Health
Center of Harvard University, and Johns Hopkins University) [10, 11]. Methods of data
collection in CNICS have been previously reported [10]. Briefly, comprehensive clinical
data collected through EMRs and institutional data systems undergo rigorous data quality
assessment and are harmonized in a central data repository that is updated quarterly.

CNICS participants with at least one HIV care visit between January 1, 2007 and June

26, 2018 were included in the study cohort. If a participant died during the study period,
they were censored on their date of death, and their data for the year prior was not

included in the model. We examined demographic characteristics, medical appointment
attendance information, clinic site, diagnoses, laboratory results, and medications. All data
were deidentified by CNICS prior to transfer to researchers. CNICS research has been
approved by the Institutional Review Boards at each site and this study was approved by the
University of Chicago Biological and Sciences Division Institutional Review Board.

We utilized two measures of retention in care as the outcomes of interest. Our primary
outcome measure was a 12-month gap, in which a patient was considered retained in

care if no more than 365 days elapsed between HIV care encounters [12]. An HIV care
encounter was defined as a clinic appointment attended with an HIV provider. We also
considered a secondary measure of retention, the National HIV/AIDS Strategy (NHAS)
outcome, in which a patient was considered retained in care if the patient attended at least

2 HIV care visits greater than 90 days apart within a 365-day period [13]. Characteristics of
patients with and without the outcome were compared using descriptive statistics (t-tests for
continuous variables, and chi-squared tests for categorical variables).

Predictor Variables

Our models were trained on 177 variables including patient demographic characteristics,
past history of retention (either 12-month gap or NHAS depending on the modelled
outcome), HIV transmission risk factor, insurance information, laboratory results (HIV
viral load, CD4 count, sexually transmitted infection test results), diagnoses (cardiovascular
disease, diabetes, hypertension, mental health disorders, pulmonary disease, renal disorders,
AIDS defining illness), substance use based on ICD9/10 codes (methamphetamines/
crystal, alcohol, hallucinogens, inhalants, marijuana, illicit opioids, sedative hypnotics and
anxiolytics, cocaine/crack, and tobacco smoking), and antiretroviral therapy.

While CNICS performs chart review as well as other adjudication and validation procedures
to verify certain diagnoses in participants’ medical records [14], we included all diagnoses
based on diagnosis codes (e.g., ICD9/10 codes) including those that were unverified. We
included all diagnoses because our goal was to create a model that is replicable and
generalizable in other settings that do not necessarily have the resources to perform chart
reviews or other adjudication/validation procedures to verify diagnoses. The complete list of
variables is provided in Supplementary Table 1.
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Model Development

We split the data longitudinally into independent derivation (years 2007-2014) and
validation (years 2015-2018) cohorts to develop the predictive models. We chose to split
the data longitudinally rather than at random to more accurately reflect the way the

model would be utilized in a clinical setting. We utilized a discrete-time survival analysis
framework where data from the derivation cohort were discretized into one-year intervals
with the last recorded information chosen as representative for that interval. All models
were then optimized to predict retention outcomes over a one-year period from each visit.
We constructed a baseline logistic regression (LR) model (Baseline) that utilized past visit
history (retained/not-retained in the past year according to the outcome measure of interest),
viral suppression in the past year, and patient characteristics (age, birth sex, gender, race,
HIV risk factor, years since first HIV care encounter) as inputs to predict retention in

care. We derived several machine learning models using all 177 variables (Supplementary
Table 1), including: LR, random forest (RF), and gradient boosted machine (XGB) models
and compared the performance of these models with each other and with the baseline
model. RF models are tree-based machine learning models that build upon a collection of
decision trees, while XGB models are based on the gradient boosted decision tree algorithm
that involves sequentially building decision trees that correct errors made by prior trees.
Hyperparameter optimization for all models were performed using fivefold cross validation.

Model Performance

Results

The primary measure of evaluating model performance was area under the receiver
operating characteristic curve (AUC). Model AUCs were compared using DeLong’s method
[15]. We further calculated sensitivity and specificity at various thresholds of predicted
retention in care. We also measured variable importance and created variable importance
plots for our best-performing models for each outcome. Finally, we conducted a sensitivity
analysis for comparing final model performance across each site. All analyses were
performed using R version 3.5.2 (R Project for Statistical Computing), with two-sided P <
0.001 values denating statistical significance to account for the large sample size of persons
in our study population.

Study Population

The study cohort consisted of a total of 21,267 patients with 507,687 visits from 2007 to
2018, of which 14,644 (69.0%) were consistently retained in care using the 12-month gap
retention outcome. Those who were retained per the 12-month gap definition were more
likely to be older (mean age of 40.4 years vs. 36.8 years, P < 0.001) and less likely to

be Black (37.6% vs. 41.0%, P < 0.001). They were more likely to be Hispanic (13.8% vs.
12.5%, P < 0.013) and were also more likely to be men who had sex with men (57.9% vs.
53.8%, P < 0.001). Based on the NHAS outcome definition of retention, 9137 (43.0%) were
retained in HIV care throughout the duration of the study period. The patients retained per
this definition were more likely Black (40.3% vs. 37.4%, P < 0.001), slightly older (40.1
years vs. 38.7 years, P < 0.001) and more likely to be non-Hispanic (88.0% vs. 85.6% P <
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0.001). Table 1a and 1b compare the characteristics between patients consistently retained
and not consistently retained for each definition.

Model Performance

On a test set of 14,819 patients in the validation data set, the LR model outperformed

the baseline in predicting patient retention using the 12-month gap definition (AUC 0.68
[0.67-0.70] vs. 0.60 [0.59-0.62], P < 0.001, see Table 2). Model performance in predicting
the 12-month gap outcome of retention decreased when extending from the LR model to
the RF (RF AUC 0.64 [0.63-0.66] vs. LR AUC 0.68 [0.67-0.70], P < 0.001). Additionally,
model performance did not significantly improve when extending from the LR model to the
XGB model (XGB AUC 0.69 [0.68-0.69] vs. LR AUC 0.68 [0.67-0.70]). Further, adjusting
for multicollinearity among variables in the LR model by incorporating regularization did
not improve the performance of the model significantly (regularized LR AUC 0.69 [0.68-
0.70] vs. LR AUC 0.68 [0.67-0.70]). When considering the NHAS-outcome definition of
retention in care, the LR model slightly outperformed the baseline (LR AUC 0.59 [0.59-
0.60] vs. baseline AUC 0.58 [0.58-0.59], P < 0.001). The RF model improved performance
minimally, but not significantly, over the LR model (RF AUC 0.60 [0.59-0.60] vs. LR AUC
0.59 [0.59-0.60], P = 0.005), while the XGB model did not perform better than the LR
model (XGB AUC 0.59 [0.58-0.60] vs. LR AUC 0.59 [0.59-0.60], P = 0.70).

We further compared the performance of the LR models against the baseline models at
various thresholds for both definitions of retention in care (Table 3). For the 12-month gap
outcome, at a sensitivity of 73% the LR model had a higher specificity (51% vs. 42%)

in predicting retention in care. Similarly, at a specificity of around 65%, the LR model
had a higher sensitivity (63% vs. 45%) than the baseline model. The positive and negative
predictive values of the LR model at these thresholds were 99% and 2%, respectively. When
considering the NHAS definition of retention in care, we observe that at a sensitivity of
80%, the LR model had similar specificity (32% vs. 31%) compared to baseline. At this
threshold, the LR model had positive and negative predictive values of 98% and 12%,
respectively. At a specificity of 70%, the LR model also had a similar sensitivity (41% vs.
40%) to the baseline model, a positive predictive value of 99% and a negative predictive
value of 2%.

Figures 1 and 2 depict the ten most important features, as measured using the absolute
value of the t-statistic, for the LR model for both definitions of retention in care. These
variables are grouped into four categories: demographic characteristics, laboratory results,
diagnoses, and past visit history. Supplementary Table 2 (Table S2) shows the odds ratios
for each of these variables in both models. As can be seen, age, retention in the prior

year, viral suppression over the previous year, number of prior viral load tests, and a
diagnosis of dyslipidemia were important and significantly associated with retention in the
future, regardless of the retention outcome measure. Other variables that were important for
prediction and increased the likelihood of being retained according to the 12-month gap
outcome included the number of prior CD4 tests and the number of STI tests in the last
year. A negative syphilis test in the last 6 months was associated with decreased odds of
retention for the 12-month gap outcome. Insurance type was also an important predictor
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of retention for both models. For the 12-month gap outcome, patients with Medicaid or
Ryan White had decreased odds of retention. For the NHAS outcome, patients with private
insurance or Medicare had increased odds of retention, whereas those who utilized Ryan
White had decreased odds of retention. Finally, the final LR model performance across each
site is depicted in Supplementary Table 3. Most sites demonstrated equivalence in model
performance for both outcomes, with overlapping AUCs and 95% CI.

Discussion

In this study we developed a predictive model for retention in care among patients with
HIV using a multicenter dataset. Our LR model performed with better discrimination and
accuracy than a standard baseline model based only on demographic characteristics, viral
suppression, and past retention history. Notably, there was no significant improvement in
model performance with advanced machine learning algorithms such as RF and gradient
boosted machines compared to LR. While our models may not currently be accurate enough
for clinical deployment, they are interpretable and with further refinement have the potential
to be utilized in clinical HIV care to allow providers to prioritize retention interventions for
patients most at risk for future disengagement from care.

While others have developed machine learning models to predict missed appointments in
other fields such as oncology and primary care [16, 17], there have been few machine
learning models developed to predict engagement in HIV care. Ramachandran et al.
developed several machine learning models to predict retention in HIV care at a single urban
HIV care center [9]. They found that a RF model was more accurate for predicting retention
in care than LR or decision tree models. However, as the model was only developed using
data from a single center, it may lack generalizability. The current study is unique in

that it includes data from diverse HIV care sites across the US (both geographically and
demographically) and so may be more broadly generalizable to the population of PWH
across the US.

The lack of improvement in model performance in extending from LR to advanced machine
learning models may be attributed to the categorical nature of most of our variables. The
structured nature of the dataset could prevent machine learning methods from utilizing
non-linear trends and complicated interactions to improve performance. In addition, it is
worth noting that not only did the LR model have the best performance, LR models are also
interpretable and easily implementable as a point-of-care tool to predict retention in care.

Our study indicates that one of the most important features for predicting retention in

care is patient history of retention in care in the previous year. This finding is consistent
with prior studies among PWH that an individual patient’s prior patterns of engagement

in care are predictive of future engagement in care [9, 18]. Several different definition of
retention in care exist, with some definitions related to patterns of attended HIV care visits,
and others related to missed visits [12, 19]. All of these retention definitions are strongly
correlated with one another and with HIV viral suppression [12]. Our models used two
outcomes related to attended visits, 12-month gap and NHAS. In our study, more patients
were classified as retained using the 12-month gap definition of retention than NHAS, likely
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because the 12-month gap definition is less restrictive, only requiring one visit within a year
vs. two visits in a year as required by the NHAS definition. Of note, Pence et al. developed a
LR model to predict a different retention measure, missed HIV care visits, using CNICS data
[18]. Their study similarly found that missed visits in the prior year was the most important
predictor of future missed visits.

In addition to prior retention history, features related to laboratory tests, demographics, and
comorbidities also ranked highly in our models. HIV viral suppression in the last year was
an important predictor in the models for both outcome measures, and last CD4 value was
an important predictor in the NHAS model. Others have also found that viral suppression
and CD4 count are associated with retention in care among PWH [20-23]. Other laboratory
test-related features that ranked highly in the models were more representative of patterns
of healthcare utilization rather than actual test results, such as number of prior HIV viral
load tests, number of prior CD4 count tests, and number ST tests in the last year. Somewhat
counterintuitively, patients who tested negative for syphilis in the prior 6 months had lower
odds of retention than those who did not have a syphilis test or those who tested positive.
This could be because persons tested for syphilis have a higher risk for lapsing in care due
to behavioral risk factors, but those that test positive are retained in both HIV and ST care
in order to receive treatment for syphilis. Important demographic features in the models
included age and ethnicity. This is consistent with findings from previous studies that have
found older age is associated with higher retention in care among PWH [22, 24]. In the
NHAS retention model, Hispanic individuals were less likely to be retained in care. Other
studies have found mixed results in terms of the association between ethnicity and retention
in care [25-27]. In both of our models, features related to insurance status also ranked
highly. Others have also found that insurance status is associated with retained in care
[28-30]. Chronic comorbidities like dyslipidemia were also important features for predicting
retention in care. Giordano et al. similarly found that PWH with chronic comorbidities
were more likely to be retained in care than those without chronic comorbidities [20].
These individuals may be more likely to be retained in care because they access healthcare
for their other comorbidities in addition to HIV. We examined these comorbidities both
individually and as a count of total comorbid conditions. When we examined a count of
comorbid conditions our results indicated no clinical difference between those retained and
those not retained for both retention outcomes (12-month gap, median of 2 IQR (1-3)
comorbidities for those retained and not retained; NHAS outcome, median of 2 IQR (1-3)
comorbidities for those retained and not retained). Of note, when developing our models,
we included diagnoses based on ICD9/10 codes which may lack sensitivity and specificity
for identifying patients with medical comorbidities. As a result, we may not necessarily be
identifying patients who actually have each diagnosis, e.g. dyslipidemia, but rather patients
who received an ICD9/10 code for dyslipidemia. This use of ICD9/10 codes is consistent
with our goal in using machine learning to develop a predictive model using all available
data, rather than to accurately confirm clinical characteristics associated with an outcome.

While we found several other demographic differences between PWH who were retained
throughout the study period vs. those not retained during the study period, i.e. race, sex,
HIV risk factor, these factors were not among the most important features in the model. Of
note, while behavioral health characteristics such as depression and substance use disorder
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have been strongly associated with retention in care in other studies [18, 31-33], these were
not among the most important features in our models. Behavioral health disorders may

still impact retention in care in the study population, but were not among the features that
most strongly predicted future retention. It is important to note that we identified behavioral
health disorders based on ICD9/10 codes and not based on patient reported outcomes.
Indeed, one prior CNICS study that incorporated patient reported outcomes to create an
Index of Engagement had an AUC of 0.69 for predicting suboptimal retention in care in the
year after administration [34].

With further refinement, our predictive models of retention in care could be utilized by HIV
clinics to prioritize retention interventions for patients most at risk for future disengagement
from care. Currently, most HIV care clinics provide retention resources based on provider
referrals or clinical intuition. Some clinics have developed systems for risk stratifying
patients most at risk for disengagement from care. For example, the Data for Care Alabama
Program uses risk stratification based on patients’ number of prior missed clinic visits in
order to prioritize patients for retention interventions [35]. Our model could potentially
provide a more accurate method to identify patients at risk for lapsing in care. The scores
retuned by our model indicate the likelihood of poor retention on a continuous scale.
Depending on resources, a clinic can set thresholds for identifying patients at risk for poor
retention at different cutoffs for predicted probabilities, with associated tradeoffs between
sensitivity and positive predictive value. A clinic with limited resources could choose to use
a model cut point that flags a relatively lower number of patients as at risk for non-retention
and in need of retention resources. Alternatively, a clinic with more retention resources
could choose to implement the model with a cut point with a higher number of patients
flagged as in need of retention resources.

Our study has several limitations. In measuring the outcomes of retention in care, we were
unable to account for patients who transferred care outside of CNICS, including those
who were incarcerated or entered a skilled nursing facility. Therefore, participants who
transferred care may have been inaccurately categorized as not retained. While our model
performed better than the baseline model, the accuracy of the best performing model was
fair with an AUC of 0.68. The model included data from structured EMR fields. It is
possible that the inclusion of other variables that reflect social and structural disparities (e.g.,
education level, housing status, employment) or patient-reported outcomes could improve
model performance. For example, patient-reported internalized stigma has been associated
with retention in the CNICS cohort [36]. The addition of natural language processing of
unstructured clinical notes [37, 38] or inclusion of other data sources, e.g., geospatial data,
social media data, or other open source data [39, 40], could also potentially improve the
models’ accuracy. In addition, while the HIV care sites included in the study represented
sites with geographic diversity across the US, the majority of sites are academic medical
centers, and so the results may not be generalizable to patients seen in community-based
clinics. We did not adjust for site in our models because our goal was to create broadly
generalizable models that can be used at other hospitals. Although most sites demonstrated
equivalence in model performance, there were a few sites that had a lower performance.
Thus, our models would need to be validated at specific sites prior to deployment. We

also chose not to adjust for calendar year so that our models would be generalizable in
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the future, but there may have been temporal trends during the study period that could
confound our results. For example, patterns of follow up for HIV care evolved over the study
period with stable patients being seen less frequently in more recent years, which could

have impacted model performance. Finally, our study is retrospective and may be prone to
confounding. The performance of the model in a prospective setting must be analyzed before
implementation.

In conclusion, we developed a predictive model of retention in care among PWH using
EMR data from eight HIV care clinics across the US. We compared various models utilizing
different machine learning methods, and found that a LR model had the best performance.
While the model may not be accurate enough for clinical deployment in its current

state, with further refinement such a model could be utilized in HIV care clinics to risk
stratify patients for retention interventions. Future work should evaluate the performance of
predictive models utilizing natural language processing of clinical notes or additional data
elements. In addition, prospective evaluation of the clinical utility of such models in real
world practice is needed.
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Variable importance for 12-month gap outcome of retention in care. Figure depicts the ten
most important features, as measured using the absolute value of the t-statistic, for the
logistic regression model for the 12-month gap outcome of retention in care. The following
variables were positively associated with retention in care: older age, HIV viral suppression
in the last year, retention in the previous year, higher number of prior viral load tests,
dyslipidemia, increased number of STI tests in the last year, higher number of prior CD4
tests. The following variables were negatively associated with retention in care: Medicaid,
Ryan White insurance, and negative syphilis test in the last 6 months
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Fig. 2.

Variable Importance for NHAS outcome of retention in care. Figure depicts the ten most
important features, as measured using the absolute value of the t-statistic, for the logistic
regression model for both the NHAS outcome of retention in care. The following variables
were positively associated with retention in care: retention in the previous year, HIV viral
suppression in the last year, older age, dyslipidemia, private insurance, higher number

of prior viral load tests, Medicare insurance. The following variables were negatively
associated with retention in care: Ryan White insurance, Hispanic/Latino ethnicity. Last
CD4 value did not have a consistent directional association with retention in care
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AUC for 12-month gap and NHAS definitions of retention in care, for different statistical models

Table 2

Model AUC for 12-month gap
measure of retention in
care

AUC for NHAS-outcome
measure of retention in care

Baseline  0.60 (0.59-0.62)
LR 0.68 (0.67-0.70)
RF 0.64 (0.63-0.66)
XGB 0.69 (0.68-0.71)

0.58 (0.58-0.59)
0.59 (0.59-0.60)
0.60 (0.59-0.60)
0.59 (0.58-0.60)

Page 16

AUC under the receiver operating characteristic curve, NHAS National HIVV/AIDS Strategy, LR logistic regression, /£Frandom forest, XGB

gradient boosted machine
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