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Abstract

’

The basis of pharmacotherapy requires knowledge of two properties of a drug: pharmacokinetics (PK) and pharmacodynamics
(PD). In the era of precision medicine, there is growing interest in determining between-individual variations in PK and PD.
While these two dimensions of pharmacotherapy are key foci of investigation, a third property is also emerging as a critical
factor in understanding how a drug affects an individual. This third property of a drug is known as phamacoadherence (PA).
There can be wide variation in PA among people with diabetes, whether they are using oral or injectable medications. The
use of new digital health interventions and telehealth communication tools, such as smart insulin pens, is now creating
opportunities for health care professionals to have a more complete understanding of the PA of drugs, which allows for more

personalized prescribing practices.
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Pharmacokinetics and
Pharmacodynamics

Pharmacotherapy is the treatment of a disease with medica-
tions. This field traditionally examines two properties of a
medication: its pharmacokinetics (PK) and pharmacodynam-
ics (PD). A drug’s PK is the link between a dose and the con-
centration of the drug in various body fluids over time,
including the drug’s absorption, distribution, metabolism, and
excretion. A drug’s PD is the effect of a drug on the body,
including its molecular, biochemical, and physiological
actions.! Traditionally, data on a drug’s PK and PD provide a
rational basis for selecting the choice and dose of a medica-
tion as a therapeutic intervention. Application of these two
principles of pharmacotherapy to support timely, effective,
and safe prescribing assumes that the patient is actually going
to take the drug in the prescribed dose and the agreed time.

The Third Dimension of
Pharmacotherapy: Pharmacoadherence
In 2008, Chisholm-Burns and Spivey coined the term “phar-

macoadherence” (PA), which they defined as the “extent to
which a patient follows a given therapeutic medication

regimen as agreed on in partnership with a healthcare profes-
sional.”? The three dimensions of pharmacotherapy—PK, PD,
and PA—are necessary to plan and understand the effect of pre-
scribing for any disease, including diabetes. Combining PA
data from sensors measuring drug adherence in an individual
with established laboratory PK and PD data can provide
researchers and clinicians with valuable information for per-
sonalized drug development and prescribing in clinical prac-
tice. The combination of PK, PD, and PA has been referred to
as the Internet of Pharmaceutical Things.?

Failure to initiate or change therapy when needed can be
attributed to the health care professional (HCP). The concept
of PA is attributed to a person with diabetes—that is, when
they do not use an agreed upon dose of a medication or do
not use any medication at all. The concept of adherence (to
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prescribed therapies) contrasts with the term compliance,
which is a pejorative term suggesting obedience. Failure of a
clinician to initiate or intensify therapy is known as therapeu-
tic inertia, and failure of a person with diabetes to use pre-
scribed therapy, which has been agreed with their HCP, is
known as nonadherence.*

The Importance of Adherence to
Diabetes Pharmacotherapy

According to a report by the World Health Organization,
“increasing the effectiveness of adherence interventions may
have a far greater impact on the health of the population than
any improvement in specific medical treatments.” Improving
adherence to oral medications in type 2 diabetes is associated
with a significant reduction in diabetes-related complica-
tions, improved quality of life, lower risk of premature death,
fewer emergency department visits, fewer hospitalizations,
and reduced medical costs.®

Failure to acknowledge PA as a clinical challenge can nega-
tively influence the approach used by an HCP to prescribing.
For example, when a person with diabetes using insulin reports
high blood glucose levels or above target hemoglobin A1C
(HbA, ) levels, it is common for the HCP to suggest altering the
dose, timing, or frequency of insulin injections/boluses or the
addition of other therapies based on the potentially erroneous
assumption that prior doses have been taken. Similarly, in
approaching the challenge of preventing hypoglycemia, consid-
eration of the PK and PD of the type of insulin being prescribed
is included in therapeutic planning (eg, thinking about insulin
on board). For people with diabetes using insulin injections,
until recently, these approaches have taken place in the absence
of accurate information of the timing and dose of administered
insulin. Without this information as surrogate measures of
adherence, a recommendation to increase the usual dose of insu-
lin could lead to an increase in the frequency, duration, and/or
severity of hypoglycemia. Similarly, failure to appreciate adher-
ence to a prescribed insulin regimen can also put an individual
at increased risk of severe complications in the future.

Barriers to Pharmacoadherence

Taking a medication at the right time and at the right dose can
be challenging. A person with diabetes is asked to consider
seven properties of any drug they are prescribed (Table 1).
This type of routine can cause a significant cognitive burden.
Reasons for poor adherence are often multifactorial, including
the frequency of medications being suggested, their mode of
delivery (eg, oral medicines may be preferred over injections,
alternative modes of delivery such as injection versus infu-
sion), cost, and the personal burden. Concerns about antici-
pated outcomes may also influence adherence; for example, a
fear of side effects from insulin, such as injection site reactions,
hypoglycemia, or weight gain, can lead to insulin omission.®
Other factors influencing adherence relate to psychosocial
influences, such as peer influences, culture, myths, and stigma.’

Table 1. Seven Properties of a Drug That Must Be Remembered
to Successfully Take a Single Pill.

I. The name of the drug

2. The disease for which it is used

3. How to take the medication

4. The number of daily doses

5. When to take the drug relative to a meal
6. The dose

7. The duration

Table 2. Fifteen Process Motivators That Can Lead to Increased
PA.'®

Challenge
Choice/control
Community
Competence
Competition
Context
Curiosity
Growth mind-set
Identity
Personalization
Piggybacking
Pride
Reframing
Taste
Teamwork

Abbreviation: PA, phamacoadherence.

A dose of insulin may be missed for many reasons. These
reasons can be categorized as either intentional or unintentional
nonadherence.'® With the former, there is a conscious decision
to not take the medication. In contrast, when omission is unin-
tentional, the medication is omitted because of forgetfulness,
misunderstanding of the instructions, or lack of access to the
medication."! Unintentional adherence is more easily remedied
because it is not dependent on a conscious decision to omit the
dose. For unintentional nonadherence, factors such as lifestyle
or workload might contribute to forgetfulness.'?> Challenges to
health literacy and numeracy may also be influential."* To
reduce intentional nonadherence, there must be an understand-
ing of the personal gain from taking a medication. Trust in phy-
sicians and constancy of habits are important modifiable factors
associated with adherence that can be reinforced through edu-
cation and a collaborative physician-patient relationship.'*
Fifteen behavioral strategies that can be applied to digital health
(DH) tools to promote PA are listed in Table 2.'5

Consequences of Poor
Pharmacoadherence to Insulin Therapy
Nonadherence to drugs prescribed for diabetes may range from

53% to 65%* and may account for up to 75% of the gap between
the HbA, lowering demonstrated in randomized controlled
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trials compared to real-world evidence.!® It is now estimated
that mealtime insulin dosing is late or missed with 25%-27% of
meals.'”'® Modeling studies suggest that insulin omission can
lead to worse glycemic control. For example, omitting 2.1 meal-
related injections per week can lead to an increase in HbA,  of
at least 0.3%-0.4%, omitting 2.1 bolus injections per week
would lead to an increase in HbA,  0of 0.2%-0.3%, and omitting
39% of all injections would lead to an increase in HbA, of
1.8%.' Similarly, in a survey of Type 1 Diabetes (T1D)
Exchange members under the age of 26years, those who
reported missing =1 insulin dose per week (compared to those
rarely missing an injection) had higher HbA,  concentrations
(9.8% vs 8.3%, P<<.001) and were more likely to experience at
least one episode of diabetic ketoacidosis (9% vs 5%, adjusted
P=.001)." In a study in children, the rise in postprandial glyce-
mia following a snack either with or without pre-snack insulin
was, respectively, 52 mg/dL compared to 114mg/dL (P <.001).!
Among children with T1D, as few as two missed insulin bolus
doses each week can result in an increased HbA,  concentration
0f 0.5%.%* In a study of children using insulin pump therapy, in
any given day, 38% of the patients missed at least 15% of their
insulin doses, and these children also had HbA,_ levels 0.8%
higher than the cohort that missed no more than 15% of their
bolus insulin doses.? In a series of Austrian children with T1D,
intentional overdose of insulin was almost as common as insu-
lin omission.?* Among a cohort of children that included both
insulin dose manipulators and insulin users, psychiatric comor-
bidity was found in 46.3% compared to 17.5% of patients,
respectively, and the former group compared to the latter group
had higher HbA , levels by an average of 0.89%.%

For people with diabetes prescribed oral agents, the tradi-
tional measures of success are HbA |, blood pressure, and/or
levels of cholesterol and other lipids. These variables are
rarely associated with symptoms and are often dependent on
a third-party professional for providing the numbers. Side
effects are more common than positive symptoms or allevia-
tion of negative ones. Therefore, a positive feedback loop to
maintain PA is lacking. It is already known that people with
diabetes have very limited opportunities to interact with
HCPs? and are therefore left on their own to consider PA.
Although real-time continuous glucose monitoring (CGM)
has the potential to provide immediate feedback from
changes in therapy, only a minority of people with diabetes
have access to this technology. Similarly, self-monitoring of
blood glucose (SMBG) can be helpful, but there are addi-
tional limitations to this form of self-monitoring.?’ Increased
use of structured SMBG may be more useful.?

Both nonelectronic and electronic tools can be used to pro-
mote PA. An advantage of nonelectronic tools is that they are
simple to use and require no electronic components, but any
documentation of adherence must be carried out manually.
An advantage of electronic tools is that they contain sensors
that make them part of the Internet of Things, which is a net-
work of objects that automatically communicates with other
systems by way of the Internet, and they can send information
automatically to a cloud-based electronic patient record.

Nonelectronic Tools to Promote
Adherence

Drug reminder packages, such as pill organizers and blister
packs with a calendar, are widely used as a means to pro-
mote medication adherence.?” These approaches have been
shown to work well in the geriatric population, which
includes people with diabetes who must deal with poly-
pharmacy. Direct supervision of drug therapy can improve
medication adherence in residential care settings. This
approach requires that a caregiver either observe or dis-
pense therapy directly to the patient.*

Electronic Communication Tools to
Promote Pharmacoadherence

DH and telehealth are modern electronic communication tools
applied to healthcare. Telehealth is the exchange of medical
information using platforms, such as email, texting, phones,
and video.>! DH is the convergence of wearable devices, infor-
mation technology, and electronic communication tools* (ie,
sensors, software, and mobile communication platforms) to
support the practice of medicine. DH converts sensor informa-
tion into software that provides either information, treatment
recommendations, or controlled drug delivery. The three func-
tions of DH mobile software applications or apps are to: (1)
provide enhanced access to health information to people with
diabetes, HCPs, and researchers; (2) facilitate remote monitor-
ing and diagnosis; and (3) deliver timely treatment recommen-
dations or facilitate remotely controlled actions for treatment.>3
This third function is an opportunity to improve PA. When an
intervention that treats a disease or improves adherence to a
prescribed medication is driven by software, then this treat-
ment reflects an application of digital therapeutics.**

Seven types of electronic telehealth communication tools
without sensor input have been used to provide reminder
messages intended to improve adherence to diabetes medica-
tions. These include:

e access to the electronic health record,>3
nudge reminders that subtly encourage rather than
mandate change,’’
mobile apps sending messages,®
text messaging,’4°
voice messaging by phone,*!
serious video games to educate or motivate about
medications,*” and
e multimodal interventions, eg, “Smartphone Medication

Adherence Saves Kidneys” for kidney transplantation

recipients, consisting of automated reminders and text

messages along with automated summary reports for

HCPs.®

These seven forms of communication platforms are exam-
ples of telehealth communication rather than true DH, which
uses sensor input to determine the type and intensity of the
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intervention. DH tools may help improve PA by generating
sensor data to (1) provide feedback on the benefits of adher-
ence, (2) overcome fear of the consequences of being adher-
ent to medication (eg, risk of hypoglycemia), and (3) support
patient-doctor conversations.’

Digital Health Interventions to
Promote Pharmacoadherence

Three types of DH interventions for drugs used in diabetes
have been developed, which integrate sensor information to
inform a person with diabetes and/or their HCP. These can be
used with (1) specially formulated oral agents, (2) all oral
agents, or (3) insulin. Furthermore, an association between
the frequency of using DH activity trackers and adherence to
diabetes medications has been observed, leading to a hypoth-
esis that incentivizing health tracking might result in better
adherence to diabetes medications.*

For promoting adherence to oral medications, a digital
medicine offering has been tested that measures adherence to
ingestion of medications, including oral agents for diabetes.
With the use of a wearable sensor patch, a mobile device app
can inform the person with diabetes or HCP wirelessly
through a mobile app if or when a specially formulated pill
(containing a medication co-encapsulated with a sensor) has
been ingested.*>*¢ Further development of this product has
recently been discontinued.*’

An electronic pillbox with a sensor that records when a lid
opens could be used to improve adherence through (1) audi-
ble alarms, (2) visible alarms, and (3) messages sent to cell-
phones and computers. However, these types of products can
be challenging to use or are expensive.*® Also, because of
electronic malfunction or incorrect medication self-adminis-
tration, even if the pillbox sensor signals that the lid was
opened, there is no assurance that the medication was actu-
ally removed from the box and taken.*

Smart Insulin Pens

Smart insulin pens are by far the most promising DH tool
for improving PA to insulin. These devices use a sensor,
which is part of an insulin pen, to collect and store data on
the date and time of injections and the number of units
administered. This information can be wirelessly down-
loaded to a cloud-based database and visualized on a
mobile platform or computer. Smart insulin pens provide
accurate information to the HCP about (1) missed doses,
(2) injection times relative to meals, and (3) dose sizes
relative to meals. Insulin dosing data can be superimposed
on CGM data to provide an accurate picture of the relation-
ship between actually administered doses of insulin and
levels of glycemia.>® See Figure 1 for an example of super-
imposed glucose data from a CGM and insulin dosing data
from a smart insulin pen.’!
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Figure 1. (Top): CGM data from a day with two meals detected. The solid dark blue line represents the CGM signal. The light blue
shaded areas each represent a meal detected with a glycemia rate-of-change algorithm. The gray, dashed line represents a glucose level
of 130mg/dL and the light gray shaded area represents a target glycemic range of 70-180 mg/dL.

(Bottom): Insulin dosing data from a smart insulin pen on the same day. The blue circles in the lower figure indicate bolus doses. A bolus dose within

I 5minutes before to 60 minutes after the start of a meal is considered to be an on-time bolus dose. A dose outside of this 75-minute time window is
considered a missed bolus dose (MBD). Note. CGM, continuous glucose monitoring.

Reproduced from Adolfsson et al*' with permission from Diabetes Technology and Therapeutics.
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The first study of clinical outcomes using a smart insulin
pen was reported in 2020.%!' This study reported real-world,
individual patient-controlled results from 94 participants
with T1D using CGM, who administered bolus and basal
insulin using the Novo Nordisk NovoPen6 (Novo Nordisk,
Bagsvaerd, Denmark) for a mean duration of 223days.
Blinded baseline data were used so that each participant
served as their own control. From baseline to follow-up,
there was a significant increase in time in range (70-180 mg/
dL) of 1.9hours/day (P<<.001), which was an absolute
improvement of 8.5% of the day. There was also a significant
reduction in time above 180mg/dL of 1.8hours per day, a
significant reduction in time spent in Level 2 hypoglycemia
(<54mg/dL) of 0.3hours (P=.005), and a nonsignificant
reduction in time spent in Level 1 hypoglycemia (54-69 mg/dL)
of 0.2 hours (P=.181). The absolute incidence of missed
bolus doses decreased from 25% to 14%, which was a rela-
tive improvement of 43%. The authors concluded that a
smart insulin pen can contribute to insulin management and
improve glycemic control and dosing behavior.>!

Digital Health Interventions for
Pharmacoadherence Without
Reminders

Other types of DH and telehealth interventions (ie, educa-
tional, behavioral, and physiological) could indirectly pro-
mote PA without necessarily sending reminders to take
medications. First, PA interventions may be based on
mobile apps or software that offer diabetes education; for
example, by improving access to Diabetes Self-Management
Education and Support and upgrading the content and
delivery of the education to avoid boredom and loss of
engagement with participants.'> Second, PA interventions
may be based on behavior-modifying software; for exam-
ple, by facilitating greater use of glucose monitoring
devices that automatically upload data to the cloud and
from there to mobile apps and similar software. Finally, PA
interventions may be based on new physiological monitor-
ing sensors that can allow new short-term outcomes to be
measured; for example, by promoting specific exercises
through exercise tracking sensors rather than only focusing
on long-term glycemic outcomes.

The Future of DH and Telehealth for
Diabetes

The current COVID-19 pandemic has expedited the adop-
tion of DH in clinical practices. The widespread use of
telehealth is expected to continue even after the pan-
demic.’? For diabetes care, telehealth services now can
range from downloading and interpreting BG data, insulin
delivery data, and other sensor data, to providing both syn-
chronous and asynchronous diabetes education, to the

facilitation of clinician patient interaction over an online
platform. Ceriello have described a six-step cycle for per-
sonalized diabetes management, which portrays telehealth
and DH as iterative processes.’> DH and telehealth can be
thought of as enablers of PA, and optimal PA can be thought
of as a digitally enabled essential component of therapy.
The use of DH to promote PA should now be considered
for all routine interactions with patients, and especially
those with chronic diseases like diabetes. The increasing
availability of automated and electronic tools for PA will
support these interactions.

Conclusion

The most effective therapy for diabetes is safe, effective,
and, most importantly, followed. A collaborative agreement
between a person with diabetes and their healthcare profes-
sional can be described as PA when it relates to drug treat-
ment. PA requires that the person with diabetes must have
(1) motivation, (2) knowledge, (3) skills, and (4) access to
any agreed-upon treatment. In all these four domains, there
are opportunities for DH. Using PA as an outcome for DH
brings in the key components of value in the delivery of
care, namely clinical outcomes and the experience of care
with lower costs, with cost being defined as personal bur-
den, as well as the health-economic cost. With DH tools
becoming increasingly integrated into diabetes care and
telehealth now becoming mainstream amidst the COVID-
19 pandemic, software and hardware that enhances PA
could become critically important for facilitating personal-
ized medication treatment plans.

Abbreviations
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