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Background: The classification of patients as adherent or non-adherent to medications is
typically based on an arbitrary threshold for the proportion of prescribed doses taken. Here, we
define a patient as pharmacokinetically adherent if the serum drug levels resulting from his/her
pattern of medication-taking behavior remained within the therapeutic range.

Methods: We used pharmacokinetic modeling to calculate serum drug levels in patients whose
patterns of dosing were recorded by a medication event monitoring system. Medication event
monitoring system data were from a previously published study of seven psoriasis patients
prescribed 40 mg subcutaneous adalimumab at 14-day intervals for 1 year. Daily serum concen-
trations of adalimumab were calculated and compared with a known therapeutic threshold.
Results: None of the seven patients took adalimumab precisely every 14 days. Three patients
who took adalimumab at intervals of 6-26 days could be classified as pharmacokinetically
adherent, because their daily adalimumab serum concentration never fell below the therapeutic
threshold. The four other patients, who took adalimumab at intervals of 7-93 days, could be
classified as pharmacokinetically non-adherent, because their adalimumab serum concentration
fell below the therapeutic threshold on 3.5%—71.3% of days.

Conclusion: Patients with varying patterns of adalimumab dosing could be classified as
pharmacokinetically adherent or non-adherent according to whether or not their serum drug
concentrations remained within the therapeutic range.

Keywords: pharmacokinetic adherence, drug therapy/utilization, drug administration schedule,
patient compliance, adalimumab, pharmacokinetics

Introduction

Medication adherence is typically defined as a ratio of the number of drug doses taken
to the number of doses prescribed over a given time period, eg, as the medication pos-
session ratio (MPR).! The canonical threshold for adherence is 80%, based on Haynes’
definition of adherence to antihypertensive medication as taking =80% of pills.? This
and similar thresholds are arbitrary.> The use of such arbitrary categories of good
and poor adherence is almost invariably unsupported by research documenting the
appropriateness of the cutoff for a specific medication class or disease.* In addition,
the MPR is a unidimensional concept that does not differentiate between different
patterns of non-adherence at any given MPR value. Hence, the MPR does not make
use of the detailed information on timing of doses that is provided by a medication
event monitoring system (MEMS).

Relationships between patterns of adherence — ie, distributions of time intervals
between doses — and drug exposure (ie, serum levels) can be analyzed by pharma-
cokinetic modeling.> Maclean et al used pharmacokinetic modeling to compute
the serum drug levels resulting from different patterns of adherence and compared
them to the therapeutic range of the drug.® These authors proposed that patients with
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varying patterns of medication-taking behavior could be
dichotomized according to whether or not their daily serum
drug concentration remained within the therapeutic range.¢
Maclean et al applied pharmacokinetic modeling to math-
ematically simulated clusters of medication-taking behaviors
rather than to individual patients.® In this paper, we apply
pharmacokinetic modeling to MEMS data of individual
patients prescribed adalimumab.

Methods

Data sources and variables
We used pharmacokinetic modeling to calculate the effect
of different distributions of dosing intervals on serum lev-
els of adalimumab. Adalimumab is a US Food and Drug
Administration (FDA)-approved treatment for psoriatic and
rheumatoid arthritis, Crohn’s disease, ankylosing spondylitis,
plaque psoriasis, juvenile idiopathic arthritis, and ulcerative
colitis.”® Pharmacokinetic parameters were obtained from
published data for 30 patients with active rheumatoid arthri-
tis receiving 40 mg adalimumab by subcutaneous injection
every 14 days.’ Pharmacokinetic variables required for the
model were the steady-state volume of distribution (V ), the
clearance (CL), and absorption rate constant (K, ). The values
reported by Ternant et al were: V =10.8 L, CL=0.013 L/h,
and K =0.0117/h.°

Adherence patterns, ie, timing of doses, were from
West et al who electronically monitored self-administration
of adalimumab in seven patients with moderate to severe
psoriasis who participated in a 1-year open-label trial of
educational materials.! One patient (number 3) was lost to
follow-up at approximately 190 days. The intervals (days)
between doses are presented in Table 1. None of the seven
patients exhibited perfect adherence, ie, took adalimumab
precisely every 14 days. The interval between doses varied
from a range of 618 days for patient number 7 to a range
of 7-93 days for patient number 2 (Table 1).

Several studies have shown that serum levels of adali-
mumab correlate with clinical outcomes.!'"!* Serum concen-
trations correlated with clinical remission of inflammatory
bowel disease and with clinical response in patients with
rheumatoid arthritis.""'* Trough levels of adalimumab of less
than 4.9 ng/mL were associated with an absence of mucosal
healing in patients with Crohn’s disease or ulcerative colitis."
We therefore took 4.9 mg/L as the therapeutic threshold of
adalimumab serum concentration. An upper limit for the
therapeutic range, above which adalimumab becomes toxic,
has not been described, and no dose-related adverse effects
have been observed at doses up to 10 mg/kg (>10 times
the 40 mg dose for an average adult weighing 70 kg) when
injected intravenously.!*!

Pharmacokinetic modeling

Pharmacokinetic modeling analyses were performed using the
SIM program of ADAPT (version 5; Biomedical Simulations
Resource, University of Southern California, Los Angeles,
CA, USA). The pharmacokinetic parameters were consistent
with a one-compartment model.” A one-compartment model
(1compcl.for) was thus used for individual simulation with
output error. The model incorporated a series of differential
equations that calculated the serum concentration of adali-
mumab as a function of V, CL, and K .

Data files were created in ADAPT to replicate the dos-
ing intervals for each patient in the West et al article.'® In
our analyses, the dose at time 0 (day 1 in West et al) was
80 mg, and all subsequent doses were 40 mg. This dosing
regimen was based on the modification of the recommended
regimen'® implemented in the CHARM trial."” Simulations
were run for each of the seven patients in West et al using
their individual dosing patterns. Serum concentrations were
plotted versus time to show the effect of each patient’s pat-
tern of dosing on adalimumab serum levels. The percentage
of days below the therapeutic threshold was calculated by

Table | Dosing intervals and time below therapeutic threshold for patients |-7

Dosing interval (days)

Days below

Days between doses

Range (days) threshold (%)

Patient | 7,21,9,14,14,13,12,18,28,33,12,14,14,14,50,43 7-50 232
Patient 2 7,7,14,28,30,41,57,27,27,39,23,93 7-93 713
Patient 3 8,8,13,15,13,15,14,26,14,14,14,15,13,14 8-26 0.0
Patient 4 8,42,22,13,15,14,21,21,42,25,20,32,7,7 742 31.8
Patient 5 7,7,15,14,14,15,13,14,14,14,18,10,10,13,13,14,15,13,18,11,15,42 742 35
Patient 6 14,14,14,14,14,14,14,14,14,14,14,14,14,14,14,14,14,14,24,14,14 14-24 0.0
Patient 7 6,6,14,14,14,14,14,14,15,12,14,15,12,18,12,13,15,12,14 6-18 0.0

Notes: Dosing intervals in days for seven patients were reported by West et al. Days below threshold were calculated over the period of persistence of each patient, which
ranged from 196 days for patient 3 to 393 days for patient 2. Dosing interval data adapted from West C, Narahari S, O’Neill J, et al. Adherence to adalimumab in patients

with moderate to severe psoriasis. Dermatol Online J. 2013;19(5):18182.'°
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determining if the final serum concentration measurement
for each day was below 4.9 mg/L. If so, then that day was
categorized as below threshold. Otherwise, that day was
categorized as above threshold. This calculation disregarded
data on days 0—6 to account for the time it took to achieve the
therapeutic serum concentration after the initial dose.

Results

Serum concentrations of adalimumab are plotted against
time in days for patients 1-7 in Figure 1. Three patients
(numbers 3, 6, and 7) maintained serum concentrations
above the therapeutic threshold of 4.9 mg/L for the entire
observation period (Figure 1A). Serum levels fell below
the threshold at least some days for patients 1, 2, 4, and 5
(Figure 1B). One patient (number 2) spent 71.3% of the
days below the threshold, and two other patients, numbers
1 and 4, fell below the threshold on 23.2% and 31.8% of the

days, respectively (Table 1). Patient number 5 fell below the
therapeutic threshold only briefly, for 3.5% of the days at the
end of the observation period (Table 1).

Discussion

The method described here — pharmacokinetic modeling
of serum drug levels resulting from a patient’s particular
dosing pattern — leads to three advances. First, it provides
an objective means of defining a threshold for adherence
— ie, a therapeutic drug serum level — whereas adherence
has typically been defined in terms of an arbitrary cutoff
— eg, an MPR. Second, it enables the detailed timing of
doses provided by MEMS to be interpreted in terms of the
clinical effects. Third, it enables identification of patients
whose pattern of medication-taking behavior puts them at
risk of therapeutic failure, so that they can be targeted for
interventions designed to improve their adherence behavior.
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Figure | Serum concentration of adalimumab over time for patients whose serum levels (A) did not and (B) did drop below the therapeutic threshold.
Notes: Shown are serum levels of adalimumab for each of the seven patients. The timing of each dose for a patient, not specifically indicated in the figure, occurs immediately
before each trough point. The bold dashed lines represent the primary therapeutic threshold (4.9 mg/L). The finer dashed lines are alternative cutoffs of 5.4 and 3.6 mg/L.
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For example, patients whose MEMS data indicate their serum
drug levels have fallen below the therapeutic range could be
prompted in real time to take their next dose.

The pharmacokinetic modeling method represents a
conceptual change in the definition of adherence. Instead
of a unidimensional measure, in which adherence is defined
as a point on a linear scale, adherence is now defined in
terms of distributions of dosing intervals. We define phar-
macokinetic adherence as any pattern of dosing that main-
tains a serum concentration within the therapeutic range.
More broadly, medication adherence has traditionally been
defined as whether a patient complies with a physician’s
instructions. Instead, we define it as whether or not a pat-
tern of patient behavior results in an unfavorable outcome,
ie, whether or not the serum drug level remains within the
therapeutic range.

In the present study, all of the seven patients sometimes
took adalimumab at shorter dosing intervals than the pre-
scribed 14 days. This would tend to lead to higher serum
levels than maintained by the 14-day dosing interval. The
levels achieved, however, never exceeded 11 mg/L, and no
dose-related adverse effects have been observed at much
higher levels of adalimumab.'*!> Hence, the upper limit of
the therapeutic range, which may be highly relevant to some
drugs, does not appear to be important for adalimumab.

While MEMS provides extraordinary detailed informa-
tion about the timing of doses, there is an inherent limitation —
the act of opening/closing the container does not necessarily
mean that the patient actually consumed the medication.
Other potential limitations of this study include the fact that
the dosing intervals were from patients with psoriasis and
may not be representative of medication-taking behavior
in patients with other inflammatory diseases. In addition,
pharmacokinetic parameters for adalimumab were from
patients with rheumatoid arthritis, and may differ from
values in patients with other inflammatory diseases, due to
differences in drug metabolism. However, the FDA-approved
maintenance dosing regimen is the same across all indications
(40 mg every other week), which suggests that the variations
in the pharmacokinetic parameters across different diseases
are not expected to be greater than those among patients with
the same disease. The pharmacokinetic models we employed
did not take into account individual patient variables, such
as weight and body mass index, which may affect serum
drug levels, as this information was not available. These
variables can, in principle, be incorporated in future phar-
macokinetic modeling studies. Similarly, other factors that
might affect serum drug levels, such as co-medications,

were not considered in this analysis but could in principle
be addressed by pharmacokinetic modeling. The pharma-
cokinetic modeling approach does not take into account the
loss of clinical response due to development of antibodies
to adalimumab, which occurs in some patients on long-term
treatment.'® Antibody testing would be required to detect this.
Finally, the validity of the method depends on knowledge
of the relationship between serum drug levels and clinical
outcomes. We took a serum concentration of adalimumab
of 4.9 mg/L as a cutoff value — the trough level below which
mucosal healing does not occur in patients with Crohn’s
disease or ulcerative colitis.!* This is similar to the value of
5.05 mg/L, the median concentration reported in Crohn’s
disease patients who did not achieve clinical remission.!!
Other values reported in patients with rheumatoid arthritis are
5.4 mg/dL (the median serum concentration in non-
responders)'? and 3.6 mg/dL (the serum concentration leading
to a 50% decrease in CRP)’. The application of the latter two
cutoffs would not change the assignment of patients except
in the case of patient number 5, whose serum levels never
fell below 3.7 (Figure 1B). For the remaining patients with
serum levels below the therapeutic threshold, use of the cutoff
value of 3.6 mg/L would simply decrease the proportion of
days with serum concentrations below the threshold. Further
research may be required to examine the relationship between
serum threshold levels and clinical response.

In conclusion, this pharmacokinetic modeling study
showed that patients with varying patterns of adalimumab
dosing could be classified according to whether or not their
serum drug concentrations remained within the therapeutic
range. A dichotomy between pharmacokinetic adherence and
non-adherence can be defined by an objective rather than
arbitrary threshold. The concept of pharmacokinetic adher-
ence can be applied to any drug for which pharmacokinetic
parameters and a therapeutic range are known. This approach
could be used to identify individual at-risk patients who
could be targeted for intervention. Furthermore, studies of
adherence — eg, estimation of a population adherence rate,
studies of factors associated with adherence, and trials of
interventions to improve adherence — could be based on an
objective definition of adherence rather than an arbitrary
threshold.
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