INTERACTIVE JOURNAL OF MEDICAL RESEARCH Pironet et al

Original Paper

Correlation Between Objective Habit Metrics and Objective
Medication Adherence: Retrospective Study of 15,818 Participants
From Clinical Studies

Antoine Pironet’, PhD; L Alison Phillips?, PhD; Bernard Vrijens', Prof Dr

TAARDEX Group, Seraing, Belgium
2 owa State University, Ames, |A, United States

Corresponding Author:

Antoine Pironet, PhD

AARDEX Group

rue Bois St Jean 15/1

Seraing, 4102

Belgium

Phone: 32 43748640

Email: antoine.pironet@aardexgroup.com

Abstract

Background: Medication adherence, or how patients take their medication as prescribed, is suboptimal worldwide. Improving
medi cation-taking habit might be an effective way to improve medication adherence. However, habit is difficult to quantify, and
conventional habit metrics are self-reported, with recognized limitations. Recently, several objective habit metrics have been
proposed, based on objective medication-taking data.

Objective: We aim to explore the correlation between objective habit metrics and objective medication adherence on a large
dataset.

Methods: The Medication Event Monitoring System Adherence Knowledge Center, a database of anonymized electronic
medication intake data from ambulant participants enrolled in past clinical studies, was used as the data source. Electronic
medication intake data from participants following a once-daily regimen and monitored for 14 days or more were used. Further,
two objective habit metrics were computed from each participant’s medication intake history: (1) SD of the hour of intake,
representing daily variability in thetiming of medication intakes, and (2) weekly cross-correl ation, representing weekly consistency
in the timing of medication intakes. The implementation component of medication adherence was quantified using (1) the
proportion of doses taken and (2) the proportion of correct days.

Results: A total of 15,818 participants met the criteria. These participants took part in 108 clinical studies mainly focused on
treatments for hypertension (n=4737, 30%) and osteoporosis (n=3353, 21%). The SD of the hour of intake was significantly
negatively correlated with the 2 objective adherence metrics. proportion of correct days (Spearman correlation coefficient,
ps=—0.62, P<.001) and proportion of doses taken (ps=—0.09, P<.001). The weekly cross-correlation was significantly positively
correlated with the 2 objective adherence metrics: proportion of correct days (ps=0.55, P<.001) and proportion of doses taken
(ps=0.32, P<.001). A lower daily or weekly variability in the timing of medication intakesisthus associated with better medication
adherence. However, no variability is not the norm, as only 3.6% of participants have 95% of their intakes in a 1-hour window.
Among the numerous factors influencing medication adherence, habit strength is an important one as it explains over 30% of the
variance in medication adherence.

Conclusions: Objective habit metrics are correlated to objective medication adherence. Such objective habit metrics can be
used to monitor patients and identify those who may benefit from habit-building support.

(Interact J Med Res 2025; 14:€63987) doi: 10.2196/63987
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Introduction

Medication adherence is “the process by which patients take
their medication asprescribed” [1]. It comprises 3 components:
initiation of the treatment, correct implementation of the
prescribed regimen, and persistence to the treatment [1]. Poor
medication adherence is a global public health issue [2,3] and
has important negative consequences on the personal level [3-6],
but also at the societal level [3-5]. Interventions aiming at
improving medication adherence are abundant in the literature,
but few have been shown to be effective across a population
[5,6]. Most medication adherence interventions have focused
on structural factors outside of the individual (simplification of
the regimen, refill reminders, etc) or on behavior change
interventions that target reflective or deliberative factors, such
as patient education [7]. As at least half of our daily behaviors
are nonreflective, but rather habitual [8], interventionsthat target
these habitual processes may be more successful than education
or persuasion-based interventions.

Habits are defined as automatic behaviors responding to
recurring environmental cues[9]. Asstronger medication-taking
habit has been shown to be associated with better medication
adherence[4,10-13], in particular itsimplementation component,
some successful interventions have focused on improving habit
[5,14]. However, medication-taking habit, and habit in general,
is difficult to quantify [8]. Conventional habit metrics are
self-reported [12], with an important example being the
Self-Reported Habit Index [15], a 12-item questionnaire.
Another exampleisthe Self-Reported Behavioral Automaticity
Index [16], a 4-item subset of the Self-Reported Habit Index.
These and other self-reported indices endure common limitations
associ ated with self-reported metrics, such associal desirability
bias and poor patient recall [13].

Medication-taking habit can also be assessed using objective
medication-taking data[17]. Such datais collected using smart
medication packages, which can take several forms. an
electronic cap fitted on amedication bottle[17], aninhaler with
a chip embedded [13], a blister that detects when a pill is
expressed out of a cavity, etc. The common feature of smart
medication packagesisthat they passively timestamp each time
a patient accesses their medication, thus providing objective
data on when a patient takes their medication. This detailed
information can be used to derive habit metrics quantifying the
consistency of medication intake behavior over time
[11,17]—the validity of which rests on the fact that habits are
context-stabl e responsesto conditioned cues. Such habit metrics
are objective and do not endure the limitations associated with
self-reported habit.

Day-to-day consistency of the timing of medication intake is
frequently used as an objective habit metric. It has been
operationalized as the variance of the hour of intake [17], its
SD [13,18], or the proportion of medication intakes occurring
in a fixed-size window, for instance, 2 [4,19,20], 3 [21,22], or
4 hours[23].

These day-to-day consistency measures will penalize someone
for having different routines on different days of the week (for
instance, systematically taking their medication at 6 PM on
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weekdaysand 10 PM on weekends). However, thisfeature might
not be desirableif the cue for medication-taking (eg, breakfast)
is the same throughout the week, reflecting a good
medication-taking habit. To overcome this limitation, Phillips
et al [11] recently introduced another metric, called the weekly
cross-correlation, based on the weekly consistency of intake
timing. In this metric, the medication intake timing of each day
of a given week is compared to the corresponding day of the
next week.

Recently also, Hoo et a [13] introduced a “pragmatic habit
index” empirically defined as the product of 2 variables:
stability, measured as the SD of the hour of intake and
frequency, measured asthe proportion of prescribed dosestaken.
Introducing behavioral frequency in a habit index has been
criticized [16], as it incorporates the dependent variable of
interest (behavior frequency) in the predictors.

In arecent study on 79 patients with type 2 diabetes, objective
habit metricswere found to correl ate with objective medication
adherence [11]. The goal of this paper is to reinvestigate this
correlation on a 200-fold larger dataset covering multiple
pathologies, introduced in the next section.

The main hypothesisisthat amore consistent medication-taking
habit is correlated to better medication adherence.

Methods

Data

This study was aretrospective cohort study. AARDEX Group’s
database, the Medication Event Monitoring System (MEMS;
AARDEX Group) Adherence Knowledge Center was used as
the data source. This database contains anonymized electronic
medication adherence datafrom ambulant participants enrolled
in clinical studies that ran between 1989 and 2016. These
participants’ medi cation adherence was el ectronically monitored
using the MEMS. The following selection criteria were used:
(1) once-daily medication with (2) afollow-up longer than 14
days. This second criterion was required because 14 daysisthe
minimum duration needed to compute the weekly
cross-correlation. These selection criteria matched data from
15,818 participants totaling 3,053,779 medication intakes.

Ethical Considerations

Human Participants Ethics Review Approval or
Exemptions

Approva from an institutional review board was not required
for the present analysis, asit consists of secondary research for
which the identity of the participants is unknown, per Title 45
of the Code of Federal Regulations Part 46, Subpart A, Section
46.104, Paragraph (d)(4)(ii) [24]. The original data collection
for all studies included in this analysis was approved by
institutional review boards.

Informed Consent

Datawere obtained from participantsenrolledin clinical studies.
As such, the participants provided informed consent for the
procedures of the original studies. These procedures required
participants to store their medication in electronic medication
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packages. Participants were informed that these electronic
medication packages recorded their medication intakes. The
original study procedures also included using the generated data
to monitor the participants' dosing history and analyze their
medication intake behavior. Asaconsequence, informed consent
was not sought for this secondary analysis, because it
corresponds to the use of the data that was originally presented
to participants.

Privacy and Confidentiality

The data in AARDEX Group’s database, the Adherence
Knowledge Center, is anonymized.

Compensation Details:

Participants were compensated for their participation in the
original clinical studies. Compensation modalities varied
between studies and countries, and the authors do not possess
information about the compensation process, which was
managed by the sponsors of the original studies.

Objective Habit Metrics

For each participant, 2 objective habit metrics were computed.
Thefirst objective habit metricisthe SD of the day-to-day hour
of intake. The hours and minutes are extracted for each
medication intake timestamp, irrespective of the date of intake,
and the SD of the resulting list of hours and minutes is
computed. The lower the SD, the more consistent a person is
in the timing of their medication intakes. In the extreme case,
when SD equals 0 h, all intakes occur at exactly the sametime
of the day.

The second objective habit metric is the “weekly
cross-correlation” introduced by Phillipset al [11]. Thismetric
compares each day of agiven week with the corresponding day
of the next week and quantifieswhether intakes occurred around
the same time on these 2 days. To do so, medication intakes are
represented in a2D matrix, denoted A, of dimensions 24 X Ny,
with N,y being the number of follow-up days. The matrix is
initially filled with zeros. Each medication intake occurring on
day | at hour k is trandated as a value of 1 for element A[k,I].
Then, each element A[k,I] of the matrix is multiplied by its
matching element from the previousweek, A[k,| —7]. If intakes
occur at the same time from week to week, the product will be
closeto 1. Otherwise, it will becloseto zero. Finally, the weekly
cross-correlationisequal to the sum of all element-wise products
divided by the Euclidean norm of A. More details and code
explaining how to compute these metrics are presented in
Multimedia Appendix 1. As the pragmatic habit index
incorporates adherence, it was not included in the present
analysis.

Implementation Adherence Metrics

Medication adherence, more precisely its implementation
component [1], was quantified asthe proportion of correct days,
that is, the proportion of days with exactly 1 intake. A second
implementation metric was used: the proportion of dosestaken.
The proportion of doses taken was computed as the ratio
between the total nhumber of doses taken and the prescribed
number of doses. In this work, since participants were on a
once-daily regimen, the prescribed number of doses was equal

https://www.i-jmr.org/2025/1/e63987

Pironet et d

to the number of follow-up days. If a participant discontinued
treatment too early, the analysiswaslimited to the period during
which the participant was on treatment.

The hypotheseswerethat (1) SD of the day-to-day hour of intake
would be negatively correlated to objective adherence (the more
variable the hour of intake, the worse the adherence); (2) the
weekly cross-correlation would be positively correlated to
objective adherence (the more consistent the pattern of intakes,
the better the adherence); and (3) the weekly cross-correlation
would be more strongly correlated to objective adherence than
the SD of the hour of intake.

All dosing history data were compiled while patients were
engaged with the monitored medication in the trial. Therefore,
noninitiation and nonpersistence are not part of the adherence
evaluation in this research.

Statistical Analyses

Continuous variableswerereported using mediansand first and
third quartiles. Categorical variableswere reported using counts
and proportions. Pairwise correlations between continuous
variables were assessed using the Spearman rank correlation
coefficient. Correlation coefficientswere converted using Fisher
Z-transformation to obtain Cls[25,26]. Correlation coefficients
were compared by performing az-test on the difference between
their Fisher Z-transformations [26,27]. The proportion of
variance in adherence explained by habit was quantified using
the Pearson correl ation coefficient, squared [26]. Analyseswere
performed using Python 3 (Python Software Foundation) [28].

Results

The 15,818 participants whose data was extracted from the
MEM S Adherence Knowledge Center took part in 108 clinical
studies. These studies enrolled a median of 59 (IQR 22-169)
participants. Table 1 presents the characteristics of the
population.

Figure 1 presents the distributions and pairwise plots for the 4
variables of interest: proportion of correct days and proportion
of doses taken as 2 objective measures of adherence, and SD
of the hour of intake and weekly cross-correlation as 2 objective
habit metrics. According to the 2 top-left diagonal panels, the
proportion of correct days ranges between 0 and 1 by definition,
while the proportion of doses taken ranges between 0 and 1.5
indicating that some participants took more doses than
prescribed. The scatter plots also show that the proportion of
doses taken is correlated to the proportion of correct days. In
addition, the first is always superior to the second, which is a
consequence of their definition.

According to the 2 bottom-right diagonal panels of Figure 1,
the SD of the hour of intake ranges between 0 and 12 hours,
while the weekly cross-correlation ranges between 0 and 1.
These two findings are direct consequences of the definitions
of these variables. According to the scatter plots, these 2
variables are negatively correlated, indicating that a larger
consistency in day-to-day timing (low SD hour of intake) is
associated with a larger consistency in week-to-week timing
(high weekly cross-correlation).
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Table 2 presents the associated correlation coefficients. All 4
Spearman correlation coefficients were significantly different
from zero (T scoresfor the significance of the coefficients, from
left to right and top to bottom: —61.48, —10.70, 104.11, and
48.59 with a df of 15,816, all P<.001).

According to Figure 1 and Table 2, the correl ation between the
SD of the hour of intake and objective adherence (measured
using the proportion of correct days or proportion of doses
taken) has a negative sign, indicating that, as hypothesized, the
more day-to-day consistency intiming the higher the adherence.
Figure 1 and Table 2 also show that the weekly cross-correlation
is positively correlated to objective adherence, meaning that
the more consistent a person’s medication intake patternisfrom
week to week, the higher their medication adherence, which is
also in line with the hypotheses.

The comparison of the Spearman correlation coefficients
presented in Table 2 shows that the SD of the hour of intakeis
more strongly correlated to the proportion of correct days than

Table 1. Population characteristics.

Pironet et d

the weekly cross-correlation is (95% CI for the difference
between absol ute values of Spearman coefficients: 0.05to 0.09,
z score for this difference=21.46, P<.001), conversely to what
was hypothesized. On the other hand, the weekly
cross-correlation is more strongly correlated to the proportion
of doses taken than the SD hour of intake is (ClI for the
difference between absolute values of Spearman coefficients:
0.25 to 0.21, z score for this difference=9.45, P<.001), as
hypothesized.

Habit accounts for about 30% of the variance in medication
adherence, measured using the proportion of correct days:
29.18% for SD of the hour of intake (95% CI 29.17% to 29.19%)
and 31.25% for the weekly cross-correlation (95% Cl 31.24%
to 31.26%). When medication adherence is measured using the
proportion of doses taken, the proportion of variance explained
by habit issmaller: 4.91% for the SD of the hour of intake (95%
Cl 4.91%t0 4.92%) and 15.74% for theweekly cross-correlation
(95% Cl 15.73% to 15.75%).

Pathol ogy Values
Hypertension, n (%) 4737 (30)
Osteoporosis, n (%) 3353 (21)
Vira hepatitis, n (%) 2005 (13)
Hypercholesterolemia, n (%) 1246 (8)
Angina, n (%) 968 (6)
AIDS, n (%) 754 (5)
Depression, n (%) 561 (4)
Diabetes, n (%) 549 (3)
Reversible airway obstruction, n (%) 397 (3)
Heart failure, n (%) 334(2)
Attention-deficit/hyperactivity disorder, n (%) 301(2)
Colorecta polyp, n (%) 192 (1)
Others, n (%) 421 (3)
Follow-up duration (days), median (IQR) 168 (60-365)

Proportion of correct days (%), median (IQR)
Proportion of doses taken (%), median (IQR)
SD hour of intake (h), median (IQR)

Weekly cross-correlation, median (IQR)

93.3(83.7-97.7)
100 (93.7-101.8)
1.7 (1-2.7)

0.54 (0.38-0.69)
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Figure 1. Pairwise relationships between the four variables of interest: 2 objective adherence metrics: proportion of correct days (number 1) and
proportion of doses taken (number 2) and 2 objective habit metrics (numbers 3 and 4). Off-diagonal panels contain scatter plotsfor each pair of variables;

on-diagonal panels show a histogram of the distribution of single variables.
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Table 2. Spearman correlation coefficients with 95% CI between 2 objective habit metrics (rows) and 2 objective adherence metrics (columns).

Objective habit Objective adherence
Proportion of correct days Proportion of doses taken
SD hour of intake —0.62 (-0.63 t0o —0.61) -0.09 (-0.1t0-0.07)
Weekly cross-correlation 0.55 (0.54 to 0.56) 0.32(0.3t00.33)
: : measures of the consistency in the timing of medication intakes:
Discussion A g

Principal Findings

This work showed that medication-taking habit is positively
correlated to medication adherence in a very large,
cross-pathology population of participants enrolled in clinical
studies. Medication-taking habit was quantified using 2

https://www.i-jmr.org/2025/1/e63987

day-to-day and week-to-week. Theimplementation component
of medication adherence was quantified using 2 measures: the
proportion of correct days and the proportion of doses taken.
The conclusion was the same irrespective of the habit or
adherence measure: the stronger the habit, the better the
medi cation adherence.
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Theresults showed no clear superiority of any of the 2 objective
habit metrics per the strength of their correlation with adherence.
The correlation of objective habit metrics with self-reported
habit metrics, which are the most frequently used habit metrics,
might be used to differentiate the 2 objective habit metrics.
Previous studies exploring this correlation are discussed in the
next section.

Comparison to Prior Work

The link between objective habit metrics and medication
adherence has been investigated in very few other studies. The
first one [11], performed by the authors on a much smaller
dataset, reported very similar results. (1) a negative correlation
between ameasure of day-to-day variability and the proportion
of correct daysand (2) apositive correl ation between the weekly
cross-correlation and the proportion of correct days. The second
one[13], previoudy discussed, used ahabit metric incorporating
adherence and reported an expected correlation between these
2 quantities.

Over 700 determinants of adherence have been reported [29].
Among all these determinants, objective habit strength seems
to be animportant one, asit explained over 30% of the variance
in medication adherence in this work. This observation
empirically justifies studying objective medication-taking habit.

A question related to the present work is whether people use
time-based cues for taking their medications [10]. To answer
thisquestion, the proportion of participants having 95% of their
intakes in a 1-hour window was computed. Only 3.6% of
participants met this criterion. In a previous study [10], 21.7%
of participants reported taking their medication at a specific
time of the day. These numbers mean that aminority of patients
rely on cues triggered by the clock and take medication at the
sametimeevery day. Thisfinding might explain why reminders
for medication adherence sent at a specific time of the day can
be ineffective [30].

Few studies have studied how well objective habit metrics for
medication adherence correl ate with conventional self-reported
habit metrics. SD or other metrics of day-to-day consistency
were found to correlate with self-reported habit in 2 studies
[17,18], but not in a third one [11]. Weekly cross-correlation
was found to correlate with self-reported habitsin 1 study [11].

Strengths and Limitations

First, the 2 objective habit metrics used in this study are
measures of consistency intiming, day-to-day, or week-to-week.
However, not all habitstranslateinto consistency in timing, and
consistency in timing can originate from other factors than habit
[9]. In such cases, the objective habit metrics will not reliably
quantify the presence or absence of habit. On the other hand,
the objective consistency metrics have the advantage that they
do not endure biases associated with self-reported habit metrics,
such as recall bias.

Second, the dataset used in this paper was very large, so the
findings are likely to be generalizable to the whole population
of participants enrolled in clinical trials. On the other hand, no
conclusion about a specific disease, population, or time can be
drawn, because there would be a large confounding influence
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of the underlying study design and specific medication
characteristics. The main result isthat, in general, adherenceis
related to objective habit.

Third, in this study, habit and medication adherence were
computed over a participant’s whole follow-up, until treatment
discontinuation. However, for asingle participant, habit strength
may have changed throughout the duration of this study, for
instance, because of the introduction of a new device for
medication adherence monitoring. The evidence on the effects
that electronic adherence monitoring causes on adherenceitsel f
is unclear [22,31]. The effects of electronic adherence
monitoring on medi cation-taking habit have never been studied,
to the best of the authors' knowledge.

Another reason that may have caused individual changes in
habit strength is that some of the studies analyzed were testing
habit-building interventions. | n such settings, the objective habit
metrics used in this paper can be computed over shorter periods
to capture the dynamics of habit formation and maintenance.
For instance, in the case of a specific habit-building intervention,
Pironet et al [32] observed that habit strength increased after a
6-month intervention and remained stable 6 months after the
intervention was stopped.

Future Directions

If a patient's implementation adherence is measured
electronically, their habit can be computed continuously from
the recorded data and serve as a support for an intervention,
in-person or through amobile app. Theintervention could focus
on providing support to build a better medication-taking habit.
An example of such a mobile intervention is presented in the
study by Stawarz et al [33].

This work investigated the relationship between habit and the
implementation component of medication adherence. Other,
evenly important questions are whether objective habit indices
predict the quality of implementation over thelonger term, and
if objective habit indices predict early treatment discontinuation.

Conclusion

In this study, the correlation between objective habit metrics,
computed from el ectronic medication intake data, and objective
medication adherence was assessed in a large database of
participantsenrolled in past clinical trials. The 2 objective habit
metrics tested in this work were correlated to the 2 objective
adherence metrics. These 4 pairwise correlations all imply that
a lower variability in the pattern of medication intakes, be it
day-to-day or week-to-week, is correlated with higher
medication adherence. However, no variability isnot the norm.

Objective habit metrics allow usto better identify patients who
might benefit from habit-building support. If a patient uses
electronic monitoring, the habit metrics can even be automated
and computed in real time, directly reflecting habit changesand
allowing for timely intervention. In addition, some effective
interventions for medication adherence are based on devel oping
or improving habits [5]. In such settings, €l ectronic monitoring
can be used to assessthe effect of the habit-building intervention
inreal time[32].
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