Drugs R D (2017) 17:645-653
DOI 10.1007/s40268-017-0216-6

@ CrossMark

ORIGINAL RESEARCH ARTICLE

The Adherence Rate Threshold is Drug Specific

Melissa E. Stauffer! - Paul Hutson? - Anna S. Kaufman' - Alan Morrison’

Published online: 26 October 2017
© The Author(s) 2017. This article is an open access publication

Abstract

Introduction Patient adherence to a medication regimen is
usually expressed as an adherence rate, defined as the
proportion of prescribed doses actually taken. An adher-
ence rate threshold, above which the therapeutic effect is
maintained, is typically assigned an arbitrary value, com-
monly 0.8.

Objective Here, we determined the value of the adherence
rate threshold objectively in different drugs of the same
class, using statins as an example.

Methods We used pharmacokinetic/pharmacodynamic
(PK/PD) modeling to predict serum levels of low-density
lipoprotein cholesterol (LDL-C) in patients taking sim-
vastatin 20 mg or atorvastatin 5 mg once daily for 30 days.
LDL-C reduction was modeled for adherence rates of 1.0,
0.8, 0.6, 0.4, and 0.2. The results were expressed as the
percentage of time spent at the LDL-C goal (<70 mg/dL).
The adherence rate threshold was defined as the minimum
adherence rate that resulted in the same amount of time at
goal as perfect adherence (i.e., a rate of 1.0).

Results For simvastatin, an adherence rate of 0.8 resulted
in a significant decrease in time at the LDL-C goal com-
pared to perfect adherence (54.8% versus 85.1%;
P <0.001), and rates <0.8 resulted in progressively less
time at goal. For atorvastatin, the rates of 0.8 and 0.6
resulted in essentially the same amount of time at goal as
perfect adherence (87.8% and 87.7%, respectively, versus
88.1%; P>0.05 for both), with less time at goal only
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occurring at rates <0.4 (P<0.001). Thus, the adherence
rate thresholds are >0.8 for simvastatin and between 0.4
and 0.6 for atorvastatin.

Conclusion These results indicate that a value of 0.8
cannot be applied universally.

Key Points

We performed pharmacokinetic/pharmacodynamic
(PK/PD) simulations of the effects on serum low-
density lipoprotein cholesterol (LDL-C) levels of
various rates of adherence to simvastatin 20 mg and
atorvastatin 5 mg.

The adherence rate threshold, above which serum
levels of LDL-C were maintained in the target range,
was >0.8 for simvastatin and between 0.4 and 0.6
for atorvastatin.

We conclude that there is no unique adherence rate
threshold, e.g., 0.8, that is universally applicable to
all drugs.

1 Introduction

In retrospective studies, medication adherence is often
quantified as the medication possession ratio (MPR), that
is, the number of dispensed doses of a drug divided by the
number of doses prescribed in a specified time period
[1, 2]. An MPR of 0.8 is commonly considered an
acceptable level of adherence [3]. However, this threshold
is often applied with no clinical rationale [2], despite evi-
dence that values other than 0.8 may provide therapeutic

A\ Adis


http://crossmark.crossref.org/dialog/?doi=10.1007/s40268-017-0216-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s40268-017-0216-6&amp;domain=pdf

646

M. E. Stauffer et al.

efficacy [4-7] and that, in some cases, there is no threshold,
but rather a continuous relationship between adherence and
efficacy [8].

We previously described how a threshold for adherence
can be determined objectively, based on a drug’s forgive-
ness, that is, the difference between the duration of its
therapeutic effect and the dosing interval [9]. In this con-
text, adherence is quantified as a rate and is defined as the
proportion of prescribed doses consumed within a defined
time period. The adherence rate threshold is the lowest rate
at which the desired therapeutic effect is maintained.

The aim of the current study was to estimate the value of
the adherence rate threshold using a different method:
pharmacokinetic/pharmacodynamic (PK/PD) modeling.
We determined whether the adherence rate threshold dif-
fers between drugs in the same class, using as a model
system the 3-hydroxy-3-methyl-glutaryl-coenzyme A
(HMG-CoA) reductases (i.e., statins), because of their
diverse PK/PD properties.

2 Methods
2.1 Study Design

This was a PK/PD modeling study of the clinical effects of
non-adherence based on known statin PK/PD parameters
and medication event monitoring system (MEMS) data.
We used PK/PD modeling to predict serum levels of low-
density lipoprotein cholesterol (LDL-C) in patients taking
simvastatin or atorvastatin once daily for 30 days. Variable
adherence was incorporated into the model as adherence
rates ranging from 0.2 to 1.0. Predicted serum concentra-
tion profiles of LDL-C were generated, and the percentage
of time spent at the LDL-C goal was computed, allowing
us to determine the adherence rate threshold for each statin.

2.2 Dosing Regimens

MEMS data were obtained from the iAdherence database
(www.iadherence.org) [10]. This database contains MEMS
records for 833 patients taking a once-daily drug for
hypercholesterolemia for a duration of up to 300 days.
Each patient has a numeric identifier—a (non-sequential)
number between 4001 and 67,456. The data set records the
date and time when each dose was taken, but does not
include any patient-identifying information or the identity
of the specific drug.

MEMS data for 30-day periods were extracted from the
iAdherence database for a heuristic sample of five patients
with dosing patterns corresponding to adherence rates of
1.0, 0.8, 0.6, 0.4, and 0.2 (Table 1). These dosing patterns
consisted of 0, 6, 12, 18, and 24 missed doses, respectively

A\ Adis

Table 1 Characteristics of the patient sample

Patient ID? Missed doses® Adherence rate
4002 0 1.0
4016 6 0.8
4051 12 0.6
4084 18 0.4
4287 24 0.2

“ID numbers are from iadherence.org

"Number of misses in the 30-day window

(i.e., 30, 24, 18, 12, and 6 doses consumed, respectively;
Fig. 1). The 30-day period selected was not constrained to
any particular time during the treatment regimen (e.g., the
first 30 or last 30 days of treatment). For each of the five
patients, the time of each dose was recorded in Microsoft
Excel. Dose times were rounded to the nearest hour
(>30 min past the hour was rounded up; <30 min was
rounded down) and then converted into a series of time
points for use by the PK/PD modeling program.

2.3 Pharmacokinetic/Pharmacodynamic Modeling

PK/PD modeling was performed using the SIM module of
ADAPT v. 5 [11]. We used doses of simvastatin 20 mg and
atorvastatin 5 mg, based on a systematic review of clinical
trials showing that these doses would be expected to pro-
duce the same ~ 30% reduction in LDL-C [12]. Parameters
required for PK/PD modeling of simvastatin [13] and
atorvastatin [14] were obtained from published studies. The
pmlag model file from the ADAPT library was modified as
needed to use the published PK data for each statin. The PK
parameter names and values are shown in Tables 2 and 3,
and schematic diagrams of the models are shown in Fig. 2.

Among the published PD indirect response models for
statins [13, 15, 16], the model described in Kim et al. [13]
was found to be the best match to the published PK/PD
data for both simvastatin and atorvastatin. This model
assumes inhibition of LDL-C production by a factor of
(1 = (Emax X CY/I(ECso+ Cy)), where E, .. is the maxi-
mum inhibitory effect (a unitless number between 0 and 1),
ECs is the statin concentration producing half-maximal
inhibition, and C; is the concentration of the active
metabolite of the statin. To ensure the internal consistency
of the model for both statins, the ECsqy values were
obtained from a study of HMG-CoA reductase activity in
human liver microsomes [17].

2.4 Clinical Scenario

The relationship between the adherence rate and the ther-
apeutic effect was assessed within a cardiovascular
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Fig. 1 Dosing patterns for each Adherence
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prevention scenario in which a patient with an initial LDL-
C level of 100 mg/dL took simvastatin or atorvastatin to
achieve an LDL-C goal of <70 mg/dL. This LDL-C goal
corresponds to both the target level recommended by the
2016 Guidelines of the European Society for Cardiology
and the European Atherosclerosis Society for very high risk
patients [18] and to the > 30% reduction recommended by
the American College of Cardiology/American Heart
Association for patients expected to benefit from treatment
with a moderate-intensity statin [19].

2.5 Statistical Analysis

The PK/PD simulations produced LDL-C concentration
profiles consisting of 1000 data points over 30 days
(720 h). The increment of time associated with each data
point (approximately 0.7 h) was calculated, and a binary
(yes/no) determination was made of whether that increment
was spent at the LDL-C goal (<70 mg/dL). Summing the
‘yes’ increments and dividing by the total time course gave
the percentage of time for which the serum LDL-C level

Day

was at goal. The adherence rate threshold was defined as
the lowest adherence rate that facilitated attainment of the
LDL-C goal for the same amount of time as perfect
adherence (i.e., 1.0), subject to a z test of proportions.
Z tests were performed in SigmaPlot v. 12.

3 Results

3.1 Low-Density Lipoprotein Cholesterol (LDL-C)
Reduction at Various Adherence Rates

The predicted levels of LDL-C in patients taking simvas-
tatin 20 mg or atorvastatin 5 mg are shown in Fig. 3. With
perfect adherence (a rate of 1.0), LDL-C levels decreased
to ~ 60 mg/dL with simvastatin 20 mg and to ~ 50 mg/
dL with atorvastatin 5 mg. The simvastatin curves showed
sensitivity to the adherence rate, i.e., each curve was dif-
ferent from the others, across the entire range of rates,
whereas the atorvastatin curves were very similar for
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Table 2 PK/PD model
parameters for simvastatin

Table 3 PK/PD model
parameters for atorvastatin
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ADAPT parameter Value Corresponding parameter in Kim et al. [13]

PK component

K> (b7 2.76 K,
Vi (L) 8980 Vs
Ko (h™1)? 0.136 Calculated from CL,/V, (see below)
K4 (h71H)? 0.058 Calculated from CL,/V, (see below)
V4 (L) 1190 Vs
Ko (h7HP 0.322 Calculated from CL3/V; (see below)
Tau (h) 0.212 Lag
PD component
kin (mg/dL-h) 1.14 kin
E\nax 0.489 Emax
ECso (ng/mL) 66.97 ¢
kout (mg/dL-h)/(mg/dL) 0.0114 kin/baseline LDL-C

The following model parameters were set to zero: Vs, K3, K31, Vs, K45, and Ksy

For the ADAPT parameters, single-digit subscripts correspond to the compartment numbers in the models.
Two-digit subscripts indicate flux between numbered compartments

CL clearance, ECs, concentration producing half-maximal inhibition, E,,x maximum inhibitory effect,
K CL/V, m metabolite, p parent compound, PD pharmacodynamic, PK pharmacokinetic, Q intercom-
partmental clearance, V volume

#Calculated from CL, and V, in Kim et al. [13]. K;o = K; x 0.7, K14 = K; x 0.3. K; = CL,/V, = 1740/
8980 = 0.194 h™!

PCalculated from CL; and Vj in Kim et al. [13]. K40 = CL3y/V5 = 383/1190 = 0.322 h™!

“ECsq values were obtained from Dansette et al. [17]

ADAPT parameter Value Corresponding parameter in Narwal et al. [14]

PK component

K> (h7h 3.5 K,

Vi (L) 3250 Vi

Vs (L) 2170 Va

Kz (h7h 0.578 o,

Ky (h7h 0.866 Q/V,

Kis (h7h) 0.155 CL,w/V)

Ky (h7hH 0.175 CLnp/Vim

V4 (L) 137 Vin

Ky (h7H 0.847 CL/Vin
PD component

kin (mg/dL-h) 1.14 b

Epmax 0.489 b

ECs (ng/mL) 223 ¢

koue (mg/dL-h)/(mg/dL) 0.0114 b

The following model parameters were set to zero: Kjg, Vs, Kys, Ks4, and 7

For the ADAPT parameters, single-digit subscripts correspond to the compartment numbers in the models.
Two-digit subscripts indicate flux between numbered compartments

CL clearance, ECs, concentration producing half-maximal inhibition, E,,x maximum inhibitory effect,
K CL/V, m metabolite, p parent compound, PD pharmacodynamic, PK pharmacokinetic, Q intercom-
partmental clearance, V volume

dCalculated as a secondary parameter in ADAPT
®From Kim et al. [13]
‘From Dansette et al. [17]
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Fig. 2 Compartmental PK/PD
models for a simvastatin and
b atorvastatin. Dashed lines
indicate inhibition of LDL-C
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adherence rates of 1.0, 0.8, and 0.6, showing more vari-
ability only at rates of 0.4 and 0.2.

3.2 Time at the LDL-C Goal

The percentage of time spent at the LDL-C goal of
<70 mg/dL is shown in Fig. 4. For simvastatin 20 mg, an
adherence rate of 0.8 resulted in a significant loss of time at
the LDL-C goal compared to perfect adherence (54.8 vs
85.1%; P <0.001), and rates < 0.8 resulted in progressively
less time at goal (21.1, 8.3, and 0.0%, for 0.6, 0.4, and 0.2,
respectively). For atorvastatin 5 mg, adherence rates of 0.8
and 0.6 allowed attainment of the LDL-C goal for essen-
tially the same amount of time as perfect adherence (87.8
and 87.7%, respectively, vs 88.1%; P >0.05 for both), with
a reduction of time at goal only occurring at rates <0.4
(63.5% for 0.4 and 22.4% for 0.2; P<0.001 for both).
Based on the data in Fig. 4 and our definition of the
adherence rate threshold, the threshold for simvastatin
20 mg was >0.8 and that for atorvastatin 5 mg was
between 0.4 and 0.6.

»' LDL-C :

koue X LDL-Clevel

>

4 Discussion

Patient adherence patterns have previously been incorpo-
rated into PK/PD modeling, with applications in clinical
trial design and drug development [20, 21]. A number of
studies have quantified the relationship between adherence,
drug exposure, and clinical effect using PK/PD models,
producing metrics for “pharmacokinetic adherence” based
on the mean and trough serum drug levels, the variance of
these parameters, and on thresholds for these parameters
[22-26]. We applied a similar approach to the question of
an adherence rate threshold. Adherence rate thresholds
have been previously defined in terms of the serum con-
centration of a drug, either for clusters of dosing patterns
[25] or for individual patients [26]. The current study
defined the adherence rate threshold based on the physio-
logical effects of the drug (i.e., LDL-C concentration).
Thus, we have extended the concept of PK adherence to
include PD effects and now define pharmacometric
adherence as any pattern of dosing that achieves or main-
tains therapeutic efficacy.
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Fig. 3 Predicted levels of LDL- (a)

C at various adherence rates for

a simvastatin 20 mg and 110
b atorvastatin 5 mg. The black 100
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Fig. 4 Time at the <70 mg/dL LDL-C goal with a simvastatin
20 mg and b atorvastatin 5 mg. LDL-C low-density lipoprotein
cholesterol
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Our findings are consistent with what is known about the
PK properties of statins. Other variables being equal, drugs
with longer half-lives and with indirect physiological
effects are known to be more forgiving, i.e., less sensitive
to variations in dosing [27]. All statins are somewhat for-
giving, in part because of the delay between inhibition of
HMG-CoA reduction and reduction of serum LDL-C
levels. However, in addition to this feature, the plasma
elimination half-lives vary widely among statins, with
values of 2-5 h for simvastatin and 14 h for atorvastatin
[13, 28]. Thus, we hypothesized a priori that LDL-C would
be less sensitive to missed doses of atorvastatin than to the
same pattern of misses with simvastatin.

Our results are also consistent with the demonstrated
success of alternate-day dosing with statins (which is a
specific case of a 0.5 adherence rate) [29]. Most clinical
trials of atorvastatin have shown that reductions in LDL-C
are the same or only slightly less with alternate-day dosing
than with daily dosing [30-33]. In a PD modeling simu-
lation of the relationship between adherence to atorvastatin
and serum levels of LDL-C, the calculated mean percent-
age reduction in LDL-C among patients with perfect
adherence to atorvastatin 40 mg over 6 months was 52.0
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versus 39.9% with alternate-day dosing [34]. Together with
these findings, our results suggest that some statins can be
administered less frequently than once daily, with no
detrimental effects on LDL-C levels. Of course, LDL-C
levels are an intermediate endpoint of statin treatment, the
ultimate goal of which is to reduce the risk of cardiovas-
cular events. Future modeling studies of the adherence rate
threshold could potentially assess the effects of variable
adherence on this risk.

For doctors and their patients, the adherence rate
threshold can inform the choice of drug within a class,
based on previous or anticipated adherence patterns. The
dosage of the selected drug can also be adjusted to account
for adherence patterns (i.e., a lower dose for patients with
better adherence, as long as the desired clinical effect is
being achieved). Steiner’s seminal description of methods
of assessing refill compliance introduced the concept of the
“compliance-adjusted daily dose” [2]. More recently, an
individualized method of drug selection and dose adjust-
ment based on adherence patterns has been described for
the oral anticoagulant agents warfarin and acenocoumarol
[35]. Such individualized prescription patterns have the
potential to reduce costs and prevent adverse effects over a
long-term course of treatment.

One of the limitations of this study was the selection of
five individual patients in the iAdherence database with
specific adherence rates. The dosing patterns of these
patients are not necessarily representative of all patients at
any given adherence rate. Indeed, there are many possible
dosing patterns corresponding to each adherence rate. The
average of all of these combinations is a hypothetical
dosing pattern in which the missed doses are evenly spaced
over the dosing period. As a sensitivity analysis, we
modeled LDL-C reduction for adherence rates of 0.8, 0.6,
0.4, and 0.2 using hypothetical dosing patterns in which the
missed doses were evenly spaced. The adherence rate
thresholds for the sensitivity analysis were > 0.8 for sim-
vastatin and between 0.2 and 0.4 for atorvastatin (data not
shown). The precision of these threshold values could be
increased by incorporating a larger number of adherence
rates (e.g., 0.1, 0.2, 0.3, 0.4, 0.5, etc.). However, the five
adherence rates assessed in the current study were suffi-
cient to illustrate the drug specificity of the adherence rate
threshold.

Although only two drugs from a single class were
assessed in this study, the principle can reasonably be
expected to apply to any class of drugs whose members
exhibit variations in their PK properties. As discussed in
our previous publication, the forgiveness of a drug is
dependent on its PK/PD properties, which are unique to
that drug and which give rise to a unique adherence rate
threshold [9].

The reductions in LDL-C observed with perfect adher-
ence to simvastatin and atorvastatin were larger than the
expected 30%, based on a meta-analysis of clinical trial
data [12]. However, the 42% reduction in LDL-C observed
with perfect adherence to simvastatin 20 mg is similar to
the ~ 38% reduction reported by Kim et al. for simvastatin
20 mg after 6 weeks [13]. In addition, the PK/PD model
was derived from Korean patient data [13], and Asian
patients have been suggested in several studies to exhibit a
heightened response to statin therapy [36-38].

5 Conclusion

In conclusion, this study showed that the adherence rate
threshold is drug specific, suggesting that a universal
threshold of 0.8 is inaccurate and inappropriate. It also
illustrates the usefulness of PK/PD modeling for deter-
mining the adherence threshold for individual drugs and
individual patients.
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