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Abstract
Background: Behavioral therapies, such as electronic counseling and self-monitoring dispensed through mobile apps, have
been shown to improve blood pressure, but the results vary and long-term engagement is a challenge. Machine learning is a
rapidly advancing discipline that can be used to generate predictive and responsive models for the management and treatment of
chronic conditions and shows potential for meaningfully improving outcomes.
Objective: The objectives of this retrospective analysis were to examine the effect of a novel digital therapeutic on blood
pressure in adults with hypertension and to explore the ability of machine learning to predict participant completion of the
intervention.
Methods: Participants with hypertension, who engaged with the digital intervention for at least 2 weeks and had paired blood
pressure values, were identified from the intervention database. Participants were required to be ≥18 years old, reside in the United
States, and own a smartphone. The digital intervention offers personalized behavior therapy, including goal setting, skill building,
and self-monitoring. Participants reported blood pressure values at will, and changes were calculated using averages of baseline
and final values for each participant. Machine learning was used to generate a model of participants who would complete the
intervention. Random forest models were trained at days 1, 3, and 7 of the intervention, and the generalizability of the models
was assessed using leave-one-out cross-validation.
Results: The primary cohort comprised 172 participants with hypertension, having paired blood pressure values, who were
engaged with the intervention. Of the total, 86.1% participants were women, the mean age was 55.0 years (95% CI 53.7-56.2),
baseline systolic blood pressure was 138.9 mmHg (95% CI 136.6-141.3), and diastolic was 86.2 mmHg (95% CI 84.8-87.7).
Mean change was –11.5 mmHg for systolic blood pressure and –5.9 mmHg for diastolic blood pressure over a mean of 62.6 days
(P<.001). Among participants with stage 2 hypertension, mean change was –17.6 mmHg for systolic blood pressure and –8.8
mmHg for diastolic blood pressure. Changes in blood pressure remained significant in a mixed-effects model accounting for the
baseline systolic blood pressure, age, gender, and body mass index (P<.001). A total of 43% of the participants tracking their
blood pressure at 12 weeks achieved the 2017 American College of Cardiology/American Heart Association definition of blood
pressure control. The 7-day predictive model for intervention completion was trained on 427 participants, and the area under the
receiver operating characteristic curve was .78.
Conclusions: Reductions in blood pressure were observed in adults with hypertension who used the digital therapeutic. The
degree of blood pressure reduction was clinically meaningful and achieved rapidly by a majority of the studied participants.
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Greater improvement was observed in participants with more severe hypertension at baseline. A successful proof of concept for
using machine learning to predict intervention completion was presented.
(JMIR Cardio 2019;3(1):e13030) doi: 10.2196/13030
KEYWORDS
hypertension; mobile health; mHealth; lifestyle medicine; digital therapeutics; digital medicine; machine learning, behavioral
therapy

Introduction
High blood pressure (BP), or hypertension, is the leading
contributor of preventable death worldwide and based on the
2017 American College of Cardiology (ACC)/American Heart
Association (AHA) guideline, it is prevalent among 45.6% of
US adults [1]. This extraordinary prevalence is attributed, in
part, to the omnipresent detrimental diet and lifestyle behaviors
associated with hypertension [2,3].
The consequences of high BP have been appreciated since the
1930s, and an array of effective antihypertensive medications
have been available for decades [4]. However, only half of those
with hypertension have optimally controlled BP, and 16% have
poorly controlled hypertension despite taking three or more
antihypertensive medications [5,6].
In addition to pharmacotherapy, clinical guidelines in the United
States and worldwide call for the initiation of behavioral therapy
focused on lifestyle for all patients with hypertension, because
it is known that lifestyle changes can directly lower BP while
simultaneously improving other cardiovascular risk factors
without the side effects of pharmacotherapy [1,7]. However,
there is also widespread appreciation that the current health care
system is unable to deliver behavioral therapies that predictably
lead to sustained lifestyle changes among the massive volume
of patients who need it [8,9].
As a part of a global call to address a worsening pandemic,
technology companies have been asked to contribute innovative
solutions that enhance BP control and reduce the burden of care
on primary care systems [10,11]. In particular, digital
interventions designed to treat chronic diseases, known as digital
therapeutics, can be paired with remote monitoring devices to
create novel means of delivering effective and highly accessible
care. These same interventions can simultaneously monitor
outcomes, as recent evidence demonstrated the validity and
utility of BP monitoring at home [12,13].
There are numerous commercially available apps designed to
aid BP management, especially BP-tracking apps, but very few
of them are multicomponent behavioral interventions designed
to treat hypertension and have been clinically evaluated [14-17].
The widespread availability of mobile health apps, and the
difficulty patients and clinicians have in distinguishing between
them, warrants more rigorous study and vetting [18].
The use of machine learning, a branch of artificial intelligence
that aims to make sense of patterns within large datasets, offers
the potential to further increase the effectiveness of digital
interventions. For example, it can be used to predict the
likelihood of a specific clinical outcome based on an individual’s
http://cardio.jmir.org/2019/1/e13030/
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unique pattern of use of the multiple components that make up
a digital intervention during the course of treatment. This
predictive ability holds great promise in developing interventions
that are precisely targeted to the individual for optimal
effectiveness. It has been argued that improving our ability to
target treatment to individual patients begins by identifying and
addressing unique subgroups through advanced analytic
techniques like machine learning and may be the best path
forward to enact precision medicine [19,20].
Mobile apps are well situated to use machine learning, because
they are continuously collecting engagement and biometric data
and can be programmed to change the delivery of treatment in
response to outputs of machine learning algorithms. Although
the application of machine learning to mobile apps holds great
promise, it has not been widely applied to mobile apps targeting
the root causes of hypertension.
The digital intervention assessed in this paper was developed
by Better Therapeutics LLC (San Francisco, CA), a developer
of prescription digital therapeutics for the treatment of
cardiometabolic diseases. The goal of this article is to provide
a retrospective analysis of the effectiveness of digital
therapeutics in delivering behavioral therapy to patients with
hypertension, resulting in a reduction of BP. In addition, a proof
of concept for the use of machine learning to predict intervention
completion in a manner that allows for personalized, real-time
treatment plan adjustments is presented.

Methods
Digital Intervention
The digital intervention integrates a mobile medical app that
delivers behavioral therapy with the support of a remote
multidisciplinary care team. The mobile app delivers a
personalized behavior change intervention including tools for
goal setting, skill building, self-monitoring, biometric tracking,
and behavioral feedback. The intervention is designed to support
the participant’s daily efforts to reduce BP and improve overall
cardiometabolic function by facilitating behavioral changes,
such as planning and self-monitoring, that increase physical
activity and change dietary pattern to one that is predominately
made up of whole grains, fruits, vegetables, beans, legumes,
nuts, and seeds. These targeted changes are consistent with
well-established clinical guidelines [1,7]. Further, the app uses
artificial intelligence to provide feedback and support during
the intervention to enhance adherence to behavioral therapy and
increase participants’ self-efficacy to make and sustain
behavioral changes. Use of the app is coupled with scheduled
person-to-person health coaching by phone over a 12-week
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treatment period. Program completion was defined as ongoing
use of the intervention in week 10 or later.
The app was designed for daily use, with a typical interaction
beginning in a conversational interface that prompts a participant
to report their progress toward individualized behavioral goals,
such as the number of plant-based meals and minutes of physical
activity completed that day as well as any biometrics, such as
BP or weight, that were recorded. The participant receives
feedback based on the data collected and is then prompted to
engage in one or more behavioral exercises. For example, they
may be prompted to respond to a question from their coach to
self-reflect on opportunities and barriers to meeting their weekly
goals or begin a skill-learning exercise that challenges the
participant to try a new method for preparing vegetables or a
different strategy for incorporating exercise into their day.
Intervention participants were recruited directly through
Facebook and employer-sponsored advertisements. The
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intervention was advertised as a 12-week program for adults
who wanted to improve hypertension, type 2 diabetes, or
hyperlipidemia. All enrollees who self-identified as hypertensive
were provided the option to receive a free Omron 7 Series Upper
Arm Blood Pressure Monitor (Omron Healthcare, Inc, Kyoto,
Japan) for use throughout the intervention and to keep after the
study ended. The intervention was available to individuals at
no cost.

Intervention Participants
The intervention database was searched to identify participants
with a starting BP value in the hypertensive range (≥130/80
mmHg), as defined by the 2017 ACC/AHA guideline [1], as
well as participants with elevated BP who reported using
antihypertensive medication. From this group of participants,
analysis cohorts were identified based on engagement with the
intervention (Figure 1). The intervention days were counted
from day 0 (account created), with day 1 being the first full day
of access to the digital intervention.
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Figure 1. Participant flow chart. BP: blood pressure.

The Primary cohort included participants with hypertension,
who provided follow-up BP values at least 14 days after the
baseline. The Completed Intervention cohort included those
who showed activity in the app in or after week 10 of the
intervention. Participants were further categorized into the
Completed with Longer Tracking cohort if, in addition to
completing the intervention, their follow-up BP value was
reported on or after day 70 of the intervention. The criteria for
the analysis cohorts were defined prior to completing the
analysis in order to explore the relationship between app
engagement (Completed Intervention) and self-tracking
(Completed with Longer Tracking) at the primary end point of
changes in BP.

identifiers. This retrospective analysis was approved and
overseen by the Quorum Review Institutional Review Board
[21], and a waiver of informed consent was granted for this
retrospective analysis.

Measures
Demographics
Participants eligible for enrollment were adults, aged 18 years
or older, were living in the United States, and had a smartphone
with Android or Apple operating system to access the
intervention app. Within the app, participants reported their age,
gender, height, weight, medical history, state of residence, and
current prescription medications.

Data were identified by a unique numeric identification assigned
by the system at registration; exported data included no personal
http://cardio.jmir.org/2019/1/e13030/
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Blood Pressure
Participants recorded BP readings in the app at will. Each
reported measurement included a value for systolic BP (SBP),
diastolic BP (DBP), and date and time of measurement. Baseline
and follow-up values were calculated by taking an average of
all available values in 7-day intervals. Day 1 of the intervention
was set as the anchor day for the baseline interval, and all values
reported within the following 6 days were included in the mean.
The follow-up anchor date was set as the date of the last BP
value reported, and all values reported in the 6 days prior to the
anchor were included in the mean. The number of days between
the baseline and follow-up BP was considered the duration of
change. The mean change was calculated by subtracting the
mean baseline value from the mean follow-up value. BP
categorization was based on published guidelines (defining
elevated as 120-129/<80 mmHg, stage I hypertension as
130-139/80-89 mmHg, and stage II hypertension as ≥140/≥90
mmHg) [1].

Weight
In addition to reporting weight at the time of enrollment,
participants had the option to track their weight using their own
home scale and record it in the app at will. Body mass index
was calculated by dividing the weight in kilograms by the height
in meters squared.

Predictive Modeling
We used machine learning to generate a model to predict
whether someone would complete the intervention, applying
the same criteria as defined above for the Completed
Intervention cohort. A random forest model was trained on 427
participants with complete app use data available. The random
forest model was selected because it reduces overfitting of a
model by taking the average of many decision trees, which is
important in small data sets [22]. A supervised classification
algorithm was used, since the response variable Completed
Intervention, is binary.
The random forest model was trained with 250 trees and a
minimum of 3 samples per leaf node, as determined by
hyperparameter optimization. The model included 19 features
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that can be grouped as follows: (1) Engagement: These features
were actions related to use of the intervention, such as the count
of plant-based meals logged, skill-building modules completed,
or health coaching calls completed. (2) Sociomarkers: These
were indicators of social conditions that an individual is exposed
to or surrounded by, which can be correlated with the presence
or severity of a health state, such as zone improvement plan
code or availability of health care [23]. Our model incorporated
the novel sociomarkers’ operating system (Android or Apple
operating system) and email domain (Gmail, Yahoo, Hotmail,
or Other), because we hypothesized that these sociomarkers
may have predictive power. (3) Biometrics: These included the
count of BP values reported, the baseline BP value, the count
of weight values reported, and the percentage of weight loss. A
list of all features included in the model is presented in Figure
2.
We trained random forest models on days 1, 3, and 7 of the
intervention, with day 1 being the first full day of intervention
engagement after the participant signs up. Development of
training models at differing time points from the start day
allowed us to explore the duration of engagement needed before
predictive capacity emerged. For each model, only the data
collected up to that day were used as features in the model. For
example, in the day 3 model, we only used the engagement
information collected in the first 3 days, and not beyond. For
each model, the final response variable was the same—whether
the patient completed the intervention. The training of the model
includes a series of decision trees that evaluates data from the
engagement features, sociomarkers, and biometrics, in relation
to the response variable of interest—intervention completion.
We assessed generalization performance of the model by using
leave-one-out cross-validation, which is a common technique
for assessing model performance in samples of this size [24-26].
To this end, we trained the model on N–1 samples of the data
and made a prediction on the one sample that was left out. This
produces “out of sample” predictions for all N samples. These
N predictions were pooled to compute various classification
metrics, like the receiver operator characteristic (ROC), the area
under the curve (AUC) of the ROC, and a confusion matrix of
true versus predicted labels [27].
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Figure 2. Shapley values illustrate which factors contribute most to an increased likelihood of completion (or noncompletion). Each dot represents the
value of one individual participant for the feature component listed on the Y-axis. The value is represented by color (high vs low value) and by placement
on the X-axis (amount of positive vs negative contribution to intervention completion). The feature list on the left is in order of contribution to the model
(most to least). OS: operating system; SBP: systolic blood pressure; DBP: diastolic blood pressure; BP: blood pressure; BMI: body mass index; SHAP:
Shapley Additive Explanation.

In addition, we used the Tree Shapley Additive Explanation
(SHAP) algorithm [28], an explainable machine learning
technique, on the random forest model to provide more
interpretable predictions for each participant incorporated in
the model. The Tree SHAP algorithm assigns each feature an
importance value for every prediction. Each prediction begins
at a base value, which is the expectation of the response variable
(in our case, a probability between 0 and 1). Then, the SHAP
values attribute to each feature the change in the expected model
prediction when conditioning on that feature. The sum of the
base value and all the additive feature attributions equal the
final prediction probability.

index, baseline SBP, age, and gender on the mean change in
BP.

Results
Intervention Participants

All machine learning model development was performed using
open-source packages in Python (Python Software Foundation,
Wilmington, DE). The packages include but are not limited to
Scikit-Learn, SHAP, Pandas, and Numpy.

We identified 172 participants with hypertension (baseline
BP≥130/80 mmHg or reported use of an antihypertensive
medication) who engaged with the intervention for at least 2
weeks, reported a follow-up BP value, and were included in the
Primary cohort. Demographics and baseline measurements for
each cohort are presented in Table 1. There were no statistical
differences in the baseline characteristics between those in the
primary cohort and those in the two subgroups, as described
above (ie, those who completed the intervention and those who
completed and had a longer BP-tracking duration).

Statistical Methods

Blood Pressure

Statistical analyses of changes in BP were performed using SAS
software, version 9.4 (SAS Institute, Inc, Cary, NC). Change
of continuous variables over time was analyzed using a
two-tailed paired Student t test with alpha set at .05 and
chi-square tests for differences in categorical variables. We used
mixed-effects modeling to test the effects of baseline body mass

In the Primary cohort, 75.0% (129/172) of participants had a
clinically meaningful improvement in BP (defined as a decrease
of ≥5 mmHg in SBP or ≥2.5 mmHg in DBP). The mean change
from baseline to last follow-up reported was –11.5 mmHg for
SBP and –5.9 mmHg for DBP, with a mean duration between
values of approximately 9 weeks (62.6 days). An improvement
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of one BP category, as defined by ACC/AHA clinical practice
guidelines [1], was seen in 51.7% (89/172) of the primary
cohort. The changes between the end values of SBP and DBP
were found to be significantly different from the corresponding
baseline values (P<.001). The difference remained significant
in the mixed-effects model accounting for the baseline SBP,
age, gender, and body mass index (P<.001). The percent weight
change was not found to correlate with changes in SBP (P=.53)
or DBP (P=.12). Table 2 presents the changes in BP for the
three analysis cohorts.
The mean duration between the baseline and final BP values
for the Completed Intervention cohort was 10 weeks, with 74.7%
(106/142) showing a meaningful improvement in BP and 22.5%
(32/142) achieving a normal BP (BP<120/80 mmHg). The mean
duration for the Completed with Longer Tracking cohort was
12.3 weeks, with 82.6% (71/86) of participants showing
meaningful improvement and 26.7% (23/86) ending the

intervention with BP in the normal range. The percentage of
participants with meaningful improvements in BP was higher
in this cohort than the Primary cohort (P=.02).
Figure 3 contrasts the improvements seen in participants with
stage I and stage II hypertension. Participants with stage I
hypertension (n=76) saw a decrease of 5.4 mmHg (95% CI –7.4
to –3.3) in SBP and a decrease of 3.8 mmHg (95% CI –5.3 to
–2.3) in DBP. Participants with stage II hypertension (n=84)
observed a larger decrease in BP values, with SBP decreasing
by 17.6 mmHg (95% CI –21.2 to –14.1) and DBP decreasing
by 8.8 mmHg (95% CI –11.3 to –6.4).
Mean weekly SBP values from the Completed with Longer
Tracking cohort were used to explore the rate of BP change
(Figure 4). Although the mean BP continued to decline
throughout the intervention period, the rate of decline was
approximately 5 times greater in the first 6 weeks than in the
following 6 weeks.

Table 1. Sample characteristics at baseline by intervention completion.

a

Participant characteristics

Primary cohort (N=172)

Completed intervention
(N=142)

Completed with longer tracking
(N=86)

P valuea

Ageb (years), mean (95% CI)

55.0 (53.7-56.2)

55.0 (53.7-56.4)

55.1 (53.2-56.9)

.87

Body mass index (kg/m2), mean (95% CI)

35.3 (34.0-36.6)

34.9 (33.5-36.2)

34.3 (32.7-35.9)

.15

Female gender, n (%)

148 (86.1)

125 (88.0)

75 (87.2)

.66

Geographic distributionc (number of US states) 28

28

23

.77

Systolic BPd (mmHg), mean (95% CI)

138.9 (136.6-141.3)

138.6 (136.0-141.2)

138.1 (134.7-141.5)

.49

Diastolic BP (mmHg), mean (95% CI)

86.2 (84.8-87.7)

86.1 (84.5-87.7)

87.4 (85.3-89.4)

.12

Number of BP medications, mean (95% CI)

1.3 (1.2-1.5)

1.3 (1.1-1.5)

1.2 (0.96-1.5)

.12

P value comparing the primary cohort to participants completing the intervention with longer tracking.

b

Age was not available for 5 participants.

c

US state data were not available for 50 participants.

d

BP: blood pressure.

Table 2. Change in blood pressure across sample cohorts.

a

Measures

Primary cohort (N=172)

Completed intervention
(N=142)

Completed and longer tracking
(N=86)

Systolic BPa change (mmHg), mean (95% CI)

–11.5 (–13.7 to –9.3)

–11.2 (–13.6 to –8.8)

–12.7 (–16.0 to –9.5)

Diastolic BP change (mmHg), mean (95% CI)

–5.9 (–7.3 to –4.4)

–5.8 (–7.5 to –4.1)

–7.4 (–9.7 to –5.1)

BP duration (days), mean (95% CI)

62.6 (58.4 to 66.8)

68.5 (64.1 to 72.8)

86.5 (84.2 to 88.7)

Number of average weekly BP readingsb, mean (95% CI)

2.7 (2.4 to 3.1)

2.8 (2.4 to 3.2)

3.2 (2.6 to 3.7)

Meaningful changes in BP, n (%)

129 (75.0)

106 (74.7)

71 (82.6)

Follow-up BP average<140/90 mmHg, n (%)

132 (76.7)

108 (76.1)

69 (80.2)

Follow-up BP average<130/80 mmHg, n (%)

63 (36.6)

52 (36.6)

37 (43.0)

Follow-up BP average<120/80 mmHg, n (%)

39 (22.7)

32 (22.5)

23 (26.7)

BP: blood pressure.

b

Meaningful change is defined as a minimum decrease of 5 points in systolic blood pressure or 2.5 points in diastolic blood pressure.
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Figure 3. Observed change in participant blood pressure by baseline category.

Figure 4. Mean systolic blood pressure over time in the Completed with Longer Tracking cohort. Plot of mean systolic blood pressure per intervention
week, with SE bars. The sample size of weekly means varied from 42 to 86 participants.
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Engagement
In the Primary cohort, 94.2% (162/172) of the participants were
using the app after 6 weeks (mid-intervention) and 82.6%
(142/172) of the participants completed the intervention. Full
app use data were available for 94.8% (163/172) of the
participants in the Primary cohort. Use of the app was defined
as active use of any feature, excluding the act of a login or
logout. Total distinct app engagements averaged 12.2 per day
(95% CI 10.9-13.4), and the average number of calls completed
with an intervention program health coach was 3.4 (95% CI
3.1-3.7).

Predictive Modeling
The random forest model was trained on 427 participants
(Prediction Model cohort in Figure 1). The resultant ROC curve
and AUC for days 1, 3, and 7 models showed that the model
performs better as more days of data are used (Figure 5).
Performance of the day 7 model was examined with a target
false positive rate of 25%. The nearest point on the ROC curve
to the desired false positive rate was at 26%. At this point in
the curve, we observed a sensitivity or true positive rate of 70%

Guthrie et al
and a specificity or true negative rate of 74%. The observed
misclassification rate or error rate was 27%. The positive
predictive value was 56%, and the negative predictive value
was 84%.
The Tree SHAP algorithm was applied to ascertain which model
features best predicted intervention completion in the entire
analyzed population (Figure 2). The results indicate that, on an
average, early engagements directly related to intended
behavioral interactions and changes (eg, self-monitoring of
biometrics, completing supportive and core app interactions, or
reporting more exercise) are most predictive of intervention
completion; sociomarkers (eg, Android vs iPhone use) are also
predictive but to a lesser degree.
To illustrate how the machine learning model can convey both
a completion probability and the contribution of each feature
to that computed probability for a single participant, a plot of
the SHAP values for a random participant at day 7 is shown in
Figure 6. In this example, the participant’s tracking of BP and
baseline body mass index contributes to a higher probability of
completion, but this is partially counteracted by the lack of
reporting in exercise and relatively low tracking of weight.

Figure 5. Receiver operating characteristic curves for predictive models of days 1, 3, and 7. ROC: receiver operating characteristic; AUC: area under
the curve.
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Figure 6. The day 7 probability of intervention completion for one participant, represented by the Shapley Additive Explanation Force Plot. Feature
use contributing to a higher probability of intervention completion is shown in red, along with the size of the feature’s contribution. Feature use
contributing to a lower probability of intervention completion is shown in blue. DBP: diastolic blood pressure; BP: blood pressure; BMI: body mass
index.

Discussion
Principal Findings
The digitally delivered intervention resulted in meaningful
reductions in BP in adults. The majority of BP reduction was
observed within the first 6 weeks of the intervention, indicating
a rapid response to the digital intervention. By the end of the
12-week intervention, a high proportion of participants achieved
BP control as per the ACC/AHA definition (43% in the
Completed with Longer Tracking cohort) [1]. The greatest
reductions were found in participants with stage 2 hypertension,
with a mean SBP improvement of 17.6 mmHg. The BP-lowering
effects observed were comparable or greater than those observed
in other digitally delivered multicomponent interventions
[14-16,24,29].
We did not find evidence that these improvements were the
result of intensified medication therapy or that the BP reduction
was due to weight change alone. This suggests that behavioral
changes made during the intervention period account for much
of the reduction in BP observed, and this observation is
consistent with the effect sizes of other intensive behavioral or
lifestyle interventions [29-32]. Importantly, the effects observed
here are meaningfully greater than those observed by
self-monitoring of BP alone, which suggests that multiple
behaviors contribute to the effects [29,33]. For example, the
2017 meta-analysis conducted by Tucker et al showed that
self-monitoring of BP was associated with changes of –3.2
mmHg in SBP and –1.6 mmHg in DBP between baseline and
12-month clinic measurements as compared to usual care [33].
In other analyses (data not shown), we did not find any
correlation between the degree of self-tracking and BP change,
nor did we find any difference between participants who were
provided a home BP cuff and those who already had one.
A proof-of-concept analysis of a predictive model developed
using machine learning demonstrated the ability to predict
intervention completion after just one full day of engagement.
The ability to predict intervention completion in a timely fashion
is important for several reasons: (1) Given the typical patterns
of apps use, there is likely a short time period during which an
intervention adjustment can be made to increase completion
http://cardio.jmir.org/2019/1/e13030/
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rates. (2) Ongoing participation in the intervention is associated
with a very high probability of achieving meaningful BP
reductions. (3) Completion may be important for sustainment
of behavioral changes and resulting outcomes beyond the
intervention period.
This type of machine learning model can be implemented by
choosing an operating point at which to make predictions. The
operating point is chosen based on the balance of false versus
true positives that it is expected to create. The prediction of
likely to complete or not to complete the intervention can then
be acted upon by leveraging SHAP values and creating an
automated set of actions such as providing tailored feedback,
reinforcement, warnings, and reprioritization of behavioral
goals. The value of the model can then be studied in this context
to see how it alters both completion rates and clinical outcomes.
This prediction methodology creates the opportunity for other
exciting applications that may further improve the effectiveness
of treatment. For example, the same methodology can be used
to predict more direct measures of treatment success, such as a
specific degree of BP improvement. Once a model that predicts
clinical outcomes in the midst of treatment is validated, it can
be used to alter the course of treatment with the intent of
improving outcomes and patient experience.
Finally, machine learning allows us to explore discrete
components of a digital intervention and the way they interact
with participant characteristics. For example, in the current
model, we found that the count of exercise sessions reported in
the first week of the intervention was highly predictive of
intervention completion. We also found that novel sociomarkers
such as email domain or phone operating system had predictive
capacity. For example, participants who used Yahoo email were
more likely to complete the intervention than users of other
email domains. It may be that Yahoo email use is a proxy for
older age and other personality or socioeconomic features [34].

Limitations
A meaningful limitation of this retrospective analysis is the lack
of a control group to evaluate the true effect size of this
behavioral intervention. However, the effect size observed can
be compared to similar study cohorts reported in the literature.
JMIR Cardio 2019 | vol. 3 | iss. 1 | e13030 | p. 10
(page number not for citation purposes)

JMIR CARDIO
For example, in a recent 8-week study comparing metformin
to placebo in nondiabetic adults with hypertension having
similar demographic features and baseline BPs, the control
group (n=49) had a mean improvement of 2.6 mmHg in SBP
when measured in the clinic and a 0.7 mmHg mean increase
when measured with 24-hour ambulatory BP monitoring [31].
Larger improvements of 6.0 mmHg in SBP were seen in the
control group (n=131) in a 12-month study comparing the impact
of electronic counseling on the standard of care for BP in adults
with hypertension [29]. Participants of that study were recruited
from the Heart and Stroke Canada website, and the authors
hypothesized that this may have resulted in a study cohort of
independently motivated participants, where participants
assigned to the control group were more likely to take action
with the standard of care recommendations. Improvements in
that control group were clinically meaningful but are about half
the size of those observed in our study cohort.
A limitation of our machine learning model is the size of the
training dataset used, which typically correlates with the
predictive strength of the model and limits the number of
features that can be explored. However, it is encouraging to see
that predictive power and feature importance can emerge from
a relatively small dataset. This should encourage others to begin
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using machine learning models early, rather than waiting for
massive datasets to accrue. The strength of the any machine
learning model can be expected to improve over time as the
training dataset grows.

Conclusions
Reductions in BP were observed among adults with hypertension
who use the digital therapeutic studied here. The degree of BP
reduction was clinically meaningful and achieved rapidly by a
majority of participants studied. Greater improvement was
observed in participants with more severe hypertension at
baseline. A successful proof of concept for using machine
learning to predict intervention completion after one day of app
use was presented. Future research should examine the ability
of treatment tailored in response to this model to further enhance
outcomes. In addition, research is needed to assess the durability
of outcomes following the intervention period, to identify
subgroups and subgroup characteristics where the targeted
intervention is most/least effective, and on the use of machine
learning to predict clinical outcomes and modify treatment
parameters during the course of treatment. The digital
intervention should also be evaluated for its effectiveness in
treating other chronic diseases that share the same root causes
as hypertension.

Acknowledgments
We would like to thank all the participants who have used the Better app; the members of Better Therapeutics Care Team (Carley
Alvarez, Heather Finn, Heidi Duskey, Kathryn Flynn, Laura Matteliano, Lindsey Reinford, and Dr Prapti Mehta) for their
compassionate and skilled support of participants; Dr Amr Eissa for editorial support; and Val de Castro for graphics support.
We would also like to thank the employees of Better Therapeutics, LLC (the study sponsor and intervention developer) for their
many contributions and support.

Conflicts of Interest
NG, MB, KE, KA, and DK are employees and equity owners of Better Therapeutics, LLC (the study sponsor and intervention
developer). DE, JC, and SD are independent paid scientific consultants of Better Therapeutics. JC was provided the raw data to
perform all machine learning methods independently.

References
1.

2.
3.

4.
5.

6.
7.

Whelton PK, Carey RM, Aronow WS, Casey DE, Collins KJ, Dennison Himmelfarb C, et al. 2017
ACC/AHA/AAPA/ABC/ACPM/AGS/APhA/ASH/ASPC/NMA/PCNA Guideline for the Prevention, Detection, Evaluation,
and Management of High Blood Pressure in Adults: A Report of the American College of Cardiology/American Heart
Association Task Force on Clinical Practice Guidelines. J Am Coll Cardiol 2018 May 15;71(19):e127-e248. [doi:
10.1016/j.jacc.2017.11.006] [Medline: 29146535]
Fisher NDL, Curfman G. Hypertension—A Public Health Challenge of Global Proportions. JAMA 2018 Nov
06;320(17):1757. [doi: 10.1001/jama.2018.16760] [Medline: 30398584]
US Burden of Disease Collaborators, Mokdad AH, Ballestros K, Echko M, Glenn S, Olsen HE, et al. The State of US
Health, 1990-2016: Burden of Diseases, Injuries, and Risk Factors Among US States. JAMA 2018 Dec 10;319(14):1444-1472.
[doi: 10.1001/jama.2018.0158] [Medline: 29634829]
Gu Q, Dillon C, Burt V. Prescription drug use continues to increase: U.S. prescription drug data for 2007-2008. NCHS
Data Brief 2010 Sep(42):1-8 [FREE Full text] [Medline: 20854747]
Daugherty SL, Powers JD, Magid DJ, Tavel HM, Masoudi FA, Margolis KL, et al. Incidence and Prognosis of Resistant
Hypertension in Hypertensive Patients. Circulation 2012 Apr 03;125(13):1635-1642. [doi:
10.1161/CIRCULATIONAHA.111.068064]
Yoon SSS, Carroll MD, Fryar CD. Hypertension Prevalence and Control Among Adults: United States, 2011-2014. NCHS
Data Brief 2015 Nov(220):1-8 [FREE Full text] [Medline: 26633197]
Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, ESC Scientific Document Group. 2018 ESC/ESH
Guidelines for the management of arterial hypertension. Eur Heart J 2018 Sep 01;39(33):3021-3104. [doi:
10.1093/eurheartj/ehy339] [Medline: 30165516]

http://cardio.jmir.org/2019/1/e13030/

XSL• FO
RenderX

JMIR Cardio 2019 | vol. 3 | iss. 1 | e13030 | p. 11
(page number not for citation purposes)

JMIR CARDIO
8.
9.
10.
11.
12.

13.
14.
15.
16.

17.
18.
19.

20.
21.
22.
23.
24.
25.
26.

27.

28.
29.

30.

31.

32.
33.

Qamar A, Braunwald E. Treatment of Hypertension. JAMA 2018 Nov 06;320(17):1751. [doi: 10.1001/jama.2018.16579]
Schroeder SA. Shattuck Lecture. We can do better--improving the health of the American people. N Engl J Med 2007 Sep
20;357(12):1221-1228. [doi: 10.1056/NEJMsa073350] [Medline: 17881753]
Kvedar J, Fogel A, Elenko E, Zohar D. Digital medicine's march on chronic disease. Nature biotechnology 2016;34(3):246.
[doi: 10.1038/nbt.3495]
Michie S, Abraham C, Whittington C, McAteer J, Gupta S. Effective techniques in healthy eating and physical activity
interventions: a meta-regression. Health Psychol 2009 Nov;28(6):690-701. [doi: 10.1037/a0016136] [Medline: 19916637]
McManus RJ, Mant J, Franssen M, Nickless A, Schwartz C, Hodgkinson J, et al. Efficacy of self-monitored blood pressure,
with or without telemonitoring, for titration of antihypertensive medication (TASMINH4): an unmasked randomised
controlled trial. The Lancet 2018 Mar;391(10124):949-959. [doi: 10.1016/S0140-6736(18)30309-X]
Melville S, Byrd JB. Out-of-Office Blood Pressure Monitoring in 2018. JAMA 2018 Nov 06;320(17):1805. [doi:
10.1001/jama.2018.14865]
Milani RV, Lavie CJ, Bober RM, Milani AR, Ventura HO. Improving Hypertension Control and Patient Engagement Using
Digital Tools. Am J Med 2017 Jan;130(1):14-20. [doi: 10.1016/j.amjmed.2016.07.029] [Medline: 27591179]
Toro-Ramos T, Kim Y, Wood M, Rajda J, Niejadlik K, Honcz J, et al. Efficacy of a mobile hypertension prevention delivery
platform with human coaching. J Hum Hypertens 2017 Dec;31(12):795-800. [doi: 10.1038/jhh.2017.69] [Medline: 28972573]
Mao AY, Chen C, Magana C, Caballero BK, Olayiwola JN. A Mobile Phone-Based Health Coaching Intervention for
Weight Loss and Blood Pressure Reduction in a National Payer Population: A Retrospective Study. JMIR Mhealth Uhealth
2017 Jun 08;5(6):e80 [FREE Full text] [doi: 10.2196/mhealth.7591] [Medline: 28596147]
Liu S, Brooks D, Thomas SG, Eysenbach G, Nolan RP. Effectiveness of User- and Expert-Driven Web-based Hypertension
Programs: an RCT. Am J Prev Med 2018 Dec;54(4):576-583. [doi: 10.1016/j.amepre.2018.01.009] [Medline: 29456025]
Bates DW, Landman A, Levine DM. Health Apps and Health Policy: What Is Needed? JAMA 2018 Dec
20;320(19):1975-1976. [doi: 10.1001/jama.2018.14378] [Medline: 30326025]
John HM. Managed Care Partners Internet. 2017 Jan 23. John Hopkins Medicine URL: https://www.hopkinsmedicine.org/
news/publications/_docs/MCP1612009_JK_Managed%20Care%20Partners_Winter%202017-5.pdf [accessed 2018-11-28]
[WebCite Cache ID 74Ry56KsW]
Shaban-Nejad A, Michalowski M, Buckeridge D. Health intelligence: how artificial intelligence transforms population and
personalized health. npj Digital Med 2018 Oct 2;1(1). [doi: 10.1038/s41746-018-0058-9]
Quorum. URL: https://www.quorumreview.com/ [accessed 2017-12-07] [WebCite Cache ID 6vXFEq9l6]
Breiman L. Machine Learning. 2001. Random Forests URL: https://bit.csc.lsu.edu/~jianhua/random_forest.pdf [accessed
2019-01-17] [WebCite Cache ID 75V4CpQFE]
Shin EK, Mahajan R, Akbilgic O, Shaban-Nejad A. Sociomarkers and biomarkers: predictive modeling in identifying
pediatric asthma patients at risk of hospital revisits. npj Digital Med 2018 Oct 2;1(1). [doi: 10.1038/s41746-018-0056-y]
Liu M, Chen X, Chen G, Cui Q, Yan G. A computational framework to infer human disease-associated long noncoding
RNAs. PLoS One 2014 Jan;9(1):e84408 [FREE Full text] [doi: 10.1371/journal.pone.0084408] [Medline: 24392133]
Doytchinova I, Flower D. VaxiJen: a server for prediction of protective antigens, tumour antigens and subunit vaccines.
BMC Bioinformatics 2007:7. [doi: 10.1186/1471-2105-8-4]
Moore RG, Brown AK, Miller MC, Skates S, Allard WJ, Verch T, et al. The use of multiple novel tumor biomarkers for
the detection of ovarian carcinoma in patients with a pelvic mass. Gynecol Oncol 2008 Feb;108(2):402-408. [doi:
10.1016/j.ygyno.2007.10.017] [Medline: 18061248]
Airola A, Pahikkala T, Waegeman W, De Baets B, Salakoski T. An experimental comparison of cross-validation techniques
for estimating the area under the ROC curve. Computational Statistics & Data Analysis 2011 Apr;55(4):1828-1844. [doi:
10.1016/j.csda.2010.11.018]
Lundberg S, Erion GG, Lee SI. Cornell University. Consistent feature attribution for tree ensembles URL: https://arxiv.
org/abs/1802.03888 [accessed 2019-01-17] [WebCite Cache ID 75V2n2HNS]
Nolan R, Feldman R, Dawes M, Kaczorowski J, Lynn H, Barr S, et al. Randomized Controlled Trial of E-Counseling for
Hypertension: REACH. Circ Cardiovasc Qual Outcomes 2018 Jul;11(7):e004420. [doi:
10.1161/CIRCOUTCOMES.117.004420] [Medline: 30006474]
Ziv A, Vogel O, Keret D, Pintov S, Bodenstein E, Wolkomir K, et al. Comprehensive Approach to Lower Blood Pressure
(CALM-BP): a randomized controlled trial of a multifactorial lifestyle intervention. J Hum Hypertens 2013
Oct;27(10):594-600 [FREE Full text] [doi: 10.1038/jhh.2013.29] [Medline: 23595161]
Júnior VC, Fuchs F, Schaan B, Moreira L, Fuchs S, Gus M. Effect of metformin on blood pressure in patients with
hypertension: a randomized clinical trial. Endocrine 2019 Feb 21;63(2):252-258. [doi: 10.1007/s12020-018-1722-1]
[Medline: 30132262]
Writing Group of the PREMIER Collaborative Research Group. Effects of Comprehensive Lifestyle Modification on Blood
Pressure Control: Main Results of the PREMIER Clinical Trial. JAMA 2003 Apr 23;289(16). [doi: 10.1001/jama.289.16.2083]
Tucker KL, Sheppard JP, Stevens R, Bosworth HB, Bove A, Bray EP, et al. Self-monitoring of blood pressure in hypertension:
A systematic review and individual patient data meta-analysis. PLoS Med 2017 Sep 19;14(9):e1002389. [doi:
10.1371/journal.pmed.1002389]

http://cardio.jmir.org/2019/1/e13030/

XSL• FO
RenderX

Guthrie et al

JMIR Cardio 2019 | vol. 3 | iss. 1 | e13030 | p. 12
(page number not for citation purposes)

JMIR CARDIO
34.

Guthrie et al

Morning Consult: National Tracking Poll #170604. 2017 Jun. URL: https://morningconsult.com/wp-content/uploads/2017/
06/170604_crosstabs_BRD_v3_TB.pdf [accessed 2018-12-05] [WebCite Cache ID 74QThFGwV]

Abbreviations
ACC: American College of Cardiology
AHA: American Heart Association
AUC: area under the curve
BP: blood pressure
DBP: diastolic blood pressure
ROC: receiver operator characteristic
SBP: systolic blood pressure
SHAP: Shapley Additive Explanation

Edited by G Eysenbach; submitted 06.12.18; peer-reviewed by J Bian, A Davoudi, S Veeranki; comments to author 05.01.19; revised
version received 17.01.19; accepted 17.02.19; published 12.03.19
Please cite as:
Guthrie NL, Berman MA, Edwards KL, Appelbaum KJ, Dey S, Carpenter J, Eisenberg DM, Katz DL
Achieving Rapid Blood Pressure Control With Digital Therapeutics: Retrospective Cohort and Machine Learning Study
JMIR Cardio 2019;3(1):e13030
URL: http://cardio.jmir.org/2019/1/e13030/
doi: 10.2196/13030
PMID: 31758792

©Nicole L Guthrie, Mark A Berman, Katherine L Edwards, Kevin J Appelbaum, Sourav Dey, Jason Carpenter, David M Eisenberg,
David L Katz. Originally published in JMIR Cardio (http://cardio.jmir.org), 12.03.2019. 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 published in JMIR Cardio, is
properly cited. The complete bibliographic information, a link to the original publication on http://cardio.jmir.org, as well as this
copyright and license information must be included.

http://cardio.jmir.org/2019/1/e13030/

XSL• FO
RenderX

JMIR Cardio 2019 | vol. 3 | iss. 1 | e13030 | p. 13
(page number not for citation purposes)

