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Introduction: Patients rarely, if ever, take their medications exactly as prescribed. The
extent to which missed doses interfere with a drug’s therapeutic effect remains unclear.
Methods: After weekly oral dosing of methotrexate (MTX) for rheumatoid arthritis, its
polyglutamate derivatives (MTXglu) accumulate in red blood cells, where they are markers
for the drug’s therapeutic effectiveness. We used Medication Event Monitoring System data
and pharmacokinetic modeling to analyze whether missing MTX doses causes the MTXglu
level in red blood cells to fall below the range associated with the drug’s clinical effect.
Results: For patients initiating oral MTX, the threshold for clinical effectiveness and the
steady state level were reached in medians of 6 weeks and 22 weeks, respectively. For
patients at steady state who discontinued MTX, the MTXglu level fell below the therapeutic
threshold after a median of 3 weeks. After initiating MTX, single missed doses did not cause
a loss of therapeutic effect in the median patient if they occurred after 10 weeks, while runs
of >3 consecutive missed doses did cause the MTXglu level to fall below the therapeutic
threshold.

Conclusion: While there is considerable variation between patients, pharmacokinetic mod-
eling indicates that instances of isolated single missed doses of MTX typically will not cause
polyglutamated methotrexate levels in red blood cells to fall below the range associated with
the therapeutic effect. Runs of >3 consecutive missed doses, however, are typically expected
to result in a loss of the therapeutic effect.

Keywords: therapeutic effect, adherence, pharmacokinetic modeling, antirheumatic agents,
rheumatoid arthritis, drug therapy

Introduction

If a patient misses one or more doses of a prescribed medication, the pertinent
medical question is whether this causes a loss of the therapeutic effect.' If the
duration of the therapeutic effect of a dose exceeds the dosing interval—as with
some statins, for example—the therapeutic effect may persist despite missed doses,
unless there are runs of consecutive missed doses.”* Hence, it is not the total
number of missed doses, but their distribution that determines if there is a loss of
therapeutic effect.

Methotrexate is a folic acid antagonist, widely used in the treatment of rheumatoid
arthritis.” Oral methotrexate (MTX) clears rapidly from the serum after ingestion, but
its polyglutamated derivatives accumulate in red blood cells.> Polyglutamated MTX
(MTXglu,, where n is a number from 1 to 5) in red blood cells mirrors, it is thought, its
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concentration in the tissues, and is related to the therapeutic
effect in patients with rheumatoid arthritis.°

Here, we use pharmacokinetic modeling to analyze
whether missed doses of oral MTX cause MTXglu levels
in red blood cells to fall below the range associated with
the therapeutic effect, using published data on the pharma-
cokinetics of MTX and patterns of non-adherence

observed in rheumatoid arthritis patients.

Methods
Study Overview

This was a modeling study of the effect of rheumatoid
arthritis patients’ non-adherence to prescribed MTX
dosing on the therapeutic effect, by determining whether
MTXglua (henceforth, “MTXglu”) concentrations in
red blood cells remain within the therapeutic range if
doses are missed. The pharmacokinetics of MTXglu
concentrations in red blood cells were previously
described by Dalrymple et al (2008) using first-order
exponential equations.” We used such equations to cal-
culate MTXglu concentrations in red blood cells over
periods of 24 to 36 weeks after initiating MTX.
MTXglu concentrations were checked against the
threshold for therapeutic effectiveness reported by de
Rotte et al (2015).% Patterns of missed MTX doses
over 24 weeks in clinical practice were extracted from
a study of adherence in patients participating in the
National Data Bank (NDB) for rheumatic diseases.”'°
Adherence data were measured using a Medication
Event Monitoring System (MEMS) and presented in
the form of a “heat map”, a color-coded graph of the
number of doses taken each week by each patient.'”
Dosing patterns were used for selected patients with
instances of single missed doses (patients 006, 0021,
0034), or of 2 consecutive (patients 0017, 0027) or 3
consecutive (patients 008, 0011) missed doses.

Parameters and Equations
A logarithmic rise to maximum equation was fitted to the
data for patients initiating MTX, with the accumulation of
MTXglu in red blood cells over time being described by
the parameters, half-life of accumulation (t;/)) and even-
tual maximum concentration (a). MTXglu concentrations
after stopping MTX were modeled as first-order exponen-
tial decay, to calculate the half-life of elimination (t;()).
The parameters and their definitions are listed in Table 1.
The logarithmic rise to maximum of MTXglu concen-
tration in red blood cells is described by:

y = ax(1 — EXP(—b % x)) (1)

where y is the MTXglu concentration, x is the time in
weeks, and b is a function of t;).

The exponential decay in MTXglu concentration is
described by:

y = ¢ * EXP(—d * x) 2)

where ¢ is the MTXglu concentration at the time dosing
stops and d is a function of t ).

Data Sources

The primary data source for the parameters listed in
Table 1 was the prospective observational study reported
by Dalrymple et al (2008).” Dalrymple et al (2008)
reported the median and range of the accumulation half-
life (t/2(x)) and range of the maximum MTXglu concen-
tration (a) for 10 patients initiating MTX and continuing
for 40 weeks.” The median starting dose of 10 mg/week
was titrated according to clinical response and the final
median dose was 15 mg/week. Dalrymple et al (2008) also
reported the median and range of t,e) values for 10
rheumatoid arthritis patients stopping MTX.” At the time
of discontinuing MTX, the median dosage was 12.5 mg/
week (range 7.5-20 mg/week) and patients had been

Table | Parameters for MTXglu Concentration in Red Blood Cells

Parameter Symbol Units Median Lower Limit | Upper Limit | Source
Maximum MTXglu concentration a nmol/L 163 90.9° 351.5° [7.8]
Accumulation half-life i) Weeks 6.5% 18.8° 2.0° [7.8]
(LNQ))/ ti120) b - 0.107 0.0369 0.347 Calculated
Starting MTXglu concentration® 4 nmol/L - - - -
Elimination half-life ti/2(e) Weeks 3.1° 0.94° 4.1° [7]
(-LN(O.5))/ ti/2¢e) d - 0.22 0.74 0.17 Calculated

Notes: MTXglu, MTXglu., i€, the total concentration in red blood cells of polyglutamated derivative of methotrexate. *Median parameter values were calculated by curve

fitting to data for the MTX in Rotterdam (MTX-R) cohort. “Values reported by Dalrymple et al (2008). “The MTXglu concentration before a missed dose(s).
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receiving a stable dosage of MTX for a median of 17
months (range 1.5-120 months).’

Dalrymple et al (2008) did not, however, provide the
median value of the maximum MTXglu concentration
(a). Hence, we calculated median values of both a and
ti2(a from median MTXglu levels in red blood cells
reported for the “derivation cohort” in the “MTX in
Rotterdam” (MTX-R) study.® (We did not include the
data for the “validation cohort” because it was a clinical
trial in which the starting MTX dose was set at 25 mg/
week).® The MTX-R derivation cohort was a longitudinal
prospective cohort of patients who started MTX for rheu-
matoid  arthritis  between  January 2006 and
March 2011.%"" Median serum levels of MTXglu were
reported for 102 patients at 12, 24, and 36 weeks. The
MTX dosage was set by the physician at each visit; the
mean (SD) dose was 15 (2) mg/week.® The median value
of ty5() calculated for the MTX-R study (6.5 weeks) is
similar to the median value observed by Dalrymple et al
(8.3 weeks). For the lower and upper limits of MTXglu
levels in red blood cells while taking MTX, we used the
range of MTXglu levels (91-352 nmol/8x10'* red blood
cells) reported by Dalrymple et al (2008).” This range of
values is similar to that reported in the MTX-R study (0—
396 nmol/L).”®

Patterns of MTX dose taking in clinical practice were
extracted from the NDB study of 60 rheumatoid arthritis
patients using MEMS.'® Patients included in the NDB
study were currently taking oral MTX that had been
initiated <12 months prior to study enrollment. At the
time of the most recent questionnaire, the mean (SD)
MTX dosage was 14.1 (5.5) mg/week. Based on the heat
map, and excluding the 10 patients who discontinued
MTX, the percentages of patients with zero missed
doses, patients with instances of single missed doses, or
with instances of 2, 3, or >4 consecutive missed doses
were, respectively, 28%, 44%, 12%, 10%, and 6%.

Calculation of Red Blood Cell Levels of
MTXglu

Logarithmic Rise to Maximum

Median values for parameters a, b, and t 5, (see Table 1)
were calculated by curve fitting to red blood cell MTXglu
concentrations in the MTX-R cohort using equation 1.% We
assumed that the denominator for MTXglu concentration
in Dalrymple et al (8 x 10'? red blood cells) corresponds
to1lL.

Exponential Decay

Equation 2 was used to calculate MTXglu levels after
cessation of MTX dosing. The value of ¢, the starting
MTXglu level, was the median (range) steady state
value, calculated as 90% of the maximum (0.9%a), as
computed for the MTX-R cohort.®

MTXglu Levels with Missed Doses of MTX

Median MTXglu levels during periods of missed dose(s)
were calculated using the median (range) value of d shown
in Table 1, with the value of ¢ the MTXglu level before the
missed dose(s). It was assumed that patients took MTX at
the beginning of the week and that the MTXglu level was
the value at the end of the week (ie, the trough value). On
resumption of dosing, the value of x (calculated by rear-
ranging equation 1) corresponding to the last MTXglu
level was taken as the initial value of x.

Therapeutic Range of MTXglu

For the lower limit of the therapeutic range of MTXglu
levels, we used the threshold discriminating moderate/
good- from non-response (74 nmol/L) reported by de
Rotte et al (2015) for the MTX-R cohort at assessments
at 12, 24, and 36 weeks.® In the MTX-R cohort, clinical
effect was measured using the disease activity score in 28
joints (DAS28) and response defined according to
(EULAR)
criteria.® We also considered the range of estimates of

the lower limit of the MTXglu threshold for clinical
8,12-15

European League Against Rheumatism

response reported in the literature (60-83 nmol/L).
In a cross-sectional study, measuring clinical response
using a physician’s global assessment, Angelis-Stoforidis
et al (1999) reported mean MTXglu concentrations in red
blood cells for responders, partial responders, and non-
responders of 61 nmol/L, 51 nmol/L, and 21 nmol/L,
respectively.'? In another cross-sectional study, Dervieux
et al (2004) reported a cutoff of 60 nmol/L for a good
response to MTX, based on a VAS score in a physician’s
global assessment.'> Murosaki et al (2017) reported
a cutoff of 69 nmol/L, based on a change in Disecase
Activity Score-28-C-reactive protein (DAS28-CRP) score
of >1.2."* Finally, Takahashi et al (2017) showed that an
MTXglu concentration of 83 nmol/L at week 12 was the
threshold for a DAS28 improvement of >1.2 at week 24."

Data Analysis
Curve fitting to data points for MTXglu concentration in
red blood cells by time was done in SigmaPlot 12. The
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MTXglu concentration in the MTX-R cohort was graphed
to determine the times to reach: first, the threshold of the
therapeutic effect, and second, the steady state level. After
reaching steady state and then discontinuing MTX, the
time for the MTXglu concentration to fall below the
threshold for the therapeutic effect was determined.
MTXglu levels by time were graphed for selected patients
in the NDB cohort with instances of single missed doses,
and with instances of 2 and 3 consecutive missed doses.

Results

Time to Reach Therapeutic Range and
Steady State

Figure 1 shows MTXglu concentration in red blood cells
by time after initiating oral MTX, modeled for the MTX-R
cohort. The median patient reached the therapeutic thresh-
old at 5.7 weeks, and steady state at 21.7 weeks. The
patient at the upper limit reached the therapeutic threshold
at 0.75 weeks, and the steady state at 6.7 weeks, while the
lower limit patient did not reach the therapeutic threshold
before 40 weeks of treatment.

Time to Lose Therapeutic Effect After
Discontinuing MTX

The time to lose the therapeutic effect after discontinuing
MTX while at steady state is shown in Figure 2. The median
(range) time was 3.1 weeks (range 0.24-8.6 weeks).

400
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Figure | MTXglu concentration by time. The solid, dotted, and dashed curves
represent the median, lower estimate, and upper estimate of MTXglu concentration
in red blood cells plotted against time. The horizontal dotted line represents the
cut-off MTXglu concentration discriminating moderate/good- from non-response
(74 nmoI/L).8 The weeks to reach this threshold are indicated. The weeks to reach
steady state (90% of maximum) are also indicated (the lower estimate does not
reach the therapeutic threshold or steady state before 40 weeks).
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Figure 2 MTXglu concentration by time after discontinuing MTX. Shown is the
MTXglu concentration in red blood cells plotted against time after discontinuing
MTX dosing when at the steady state level. The solid, dotted, and dashed curves
represent the median, lower estimate, and upper estimate. The horizontal dotted
line represents the cut-off MTXglu concentration discriminating moderate/good-
from non-response (74 nmol/L).2 The weeks to reach this threshold are indicated.

Effect of Missed Doses

Single Missed Doses

The effect of isolated, single missed doses is shown using
the dosing patterns of patients 0021, 006, and 0034, from
the NDB study. A single missed dose prior to 6 weeks
(patient 0021) extended the time needed to cross the ther-
apeutic threshold to 7.3 weeks for the median patient (a
delay of 1.6 weeks) but was otherwise inconsequential
(Figure 3A). A single missed dose at week 11 (patient
006) did not cause a loss of therapeutic effect in the
median patient (Figure 3B). Two isolated instances of
single missed doses after the therapeutic threshold was
crossed did not cause the loss of the therapeutic effect in
patient 0034 (Figure 3C).

Consecutively Missed Doses
The effect of two consecutive missed doses before the med-
ian patient reached the therapeutic range delayed the time to
cross the therapeutic threshold to 8.1 weeks in the case of
patient 0017 (Figure 4A). In patient 0027, two consecutive
missed doses after crossing the therapeutic threshold did not
cause a loss of therapeutic effect (Figure 4B).

Three consecutively missed doses caused a loss of
therapeutic effect in both patients 008 (Figure 5A) and
0011 (Figure 5B).

Discussion

In summary, pharmacokinetic modeling indicates that, for
the median patient, the predominant pattern of missed MTX
doses after starting MTX, ie, one of isolated, single missed
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Figure 3 MTXglu concentration after isolated, single missed doses by time for
patients (A) 0021, (B) 006, and (C) 0034. Panel (A) shows the MTXglu concentra-
tion in red blood cells plotted against time for Pt 002 1. Patient 002| missed a single
dose at week 4. Panel (B) shows the MTXglu concentration in red blood cells
plotted against time for Pt 006. Patient 006 missed a single dose at week | 1. Panel
(C) shows the MTXglu concentration in red blood cells plotted against time for Pt
0034. Patient 0034 missed single doses at weeks 6, |1, and 16. The solid, dotted,

and dashed curves represent the median, lower estimate, and upper estimate of

MTXglu concentration in red blood cells plotted against time. The horizontal

dotted line represents the cut-off MTXglu concentration discriminating moderate/

good- from non-response (74 nmol/L).?
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Figure 4 MTXglu concentration after two consecutive missed doses by time for
patients (A) 0017 and (B) 0027. Panel (A) shows the MTXglu concentration in red
blood cells plotted against time for Pt 0017. Patient 0017 missed 2 consecutive
doses at weeks 2 and 3, and a single dose at week |9. Panel (B) shows the MTXglu
concentration in red blood cells plotted against time for Pt 0027. Patient 0027
missed 2 consecutive doses at weeks 14 and 15. The solid, dotted, and dashed
curves represent the median, lower estimate, and upper estimate of MTXglu
concentration in red blood cells plotted against time. The horizontal dotted line
represents the cut-off MTXglu concentration discriminating moderate/good- from

non-response (74 nmol/L).2

doses,'® would have little clinical effect, other than delaying
the time to reach the therapeutic threshold and/or steady
state. For the median patient at steady state, 3 consecutive
missed doses would be required for MTXglu levels in red
blood cells to fall below the therapeutic range.

These findings are dependent on the definition of the ther-
apeutic range of MTX in terms of MTXglu levels in red blood
cells. Despite some contradictory results,'®!” most investiga-
tors have reported a relationship between the concentration of
MTXglu in red blood cells and the clinical effect in patients
with rheumatoid arthritis®'*'>'®2% and juvenile idiopathic
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Figure 5 MTXglu concentration after three consecutive missed doses by time for
patients (A) 008 and (B) 001 I. Panel (A) shows the MTXglu concentration in red
blood cells plotted against time for Pt 008. Patient 008 missed 3 consecutive doses
at weeks 10, 11, and 12, and a single dose at week 21. Panel (B) shows the MTXglu
concentration in red blood cells plotted against time for Pt 001 1. Patient 0011
missed a single dose at week 15 and 3 consecutive doses at weeks 19, 20, and 21.
The patient was censored at week 23. The solid, dotted, and dashed curves
represent the median, lower estimate, and upper estimate of MTXglu concentration
in red blood cells plotted against time. The horizontal dotted line represents the
cut-off MTXglu concentration discriminating moderate/good- from non-response
(74 nmol/L).2

arthritis.”' There is consistent evidence that the lower limit of
the MTXglu threshold for clinical response in rheumatoid
arthritis is in the range 6083 nmol/L.*'*"* Using different
thresholds would have only a minor effect on the results. With
a threshold of 74 nmol/L, the estimated time to lose the
therapeutic effect when discontinuing MTX after reaching
steady state is a median of 3.1 weeks (range 0.24-8.6 weeks).
The corresponding times using the threshold of 60 nmol/L are
4.0 (0.53-9.9) weeks, and using the 83 nmol/L threshold 2.6
(0-7.9) weeks (data not shown).

There are no consistent data with which to define an upper
limit of the therapeutic range. Oral doses of 5-25 mg/week of

MTX are considered low.”> While adverse effects occur at
these doses, they do not seem to be related to the concentra-
tion of MTXglu in red blood cells.* In a systematic review of
13 studies, an association between MTXglu and adverse
effects was reported in only one study.®> A correlation with
hepatotoxicity has been reported.'> There were 7 studies of
the association between MTXglu in red blood cells and
hepatotoxicity in the systematic review cited above.> In
only one of these studies was a statistically significant asso-
ciation reported.” In addition, there was no consistent defini-
tion of hepatotoxicity in these studies.*®

The results presented here are subject to certain caveats.

Because this was a modeling study, the findings represent
a hypothesis that requires testing in prospective studies. The
pharmacokinetic analysis is dependent on data available in
the published literature, which are in the form of summary
statistics rather than individual patient data. There is a lack
of information about the distribution of values for pharma-
cokinetic parameters, other than the median, minimum, and
maximum. The principal limitation, however, is the wide
variation in pharmacokinetic parameter values between indi-
vidual patients. The finding that 3 or more consecutive
missed doses are required before loss of the therapeutic
effect applies to the average patient and for some patients,
the therapeutic effect could be lost after missing a single
dose. Prospective individual patient monitoring will be
required to resolve this. Nevertheless, the findings suggest
that it is not necessarily a cause for immediate action if
a patient misses isolated single doses.

This analysis is focused on patient behavior as the
cause of missed MTX doses, but a pause in MTX treat-
ment may be advised for medical reasons—for example,
the administration of antibiotics or vaccines, or interrup-
tions due to surgery. MTX treatment decreases the
response to pneumococcal and influenza vaccines in
patients with rheumatoid arthritis.** A pause in MTX
treatment for 2 weeks after a seasonal flu vaccination—a
period corresponding to missing two consecutive weekly
doses—has been demonstrated to improve the immuno-
genicity of the vaccination.>> Consistent with our analysis,
the 2-week pause in MTX treatment resulted in no
increase in rheumatoid arthritis disease activity.”

Conclusions

Pharmacokinetic modeling indicates that, for the median
patient, instances of isolated, single missed doses after
starting MTX might delay the time to reach the threshold
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for the therapeutic effect, but otherwise are likely to be
inconsequential. For the median patient at steady state, 3
or more consecutive missed doses of MTX—ie, a 3-week
discontinuation of MTX treatment—would be required for
the MTXglu level in red blood cells to fall below the
therapeutic threshold. Prospective individual patient mon-
itoring of rheumatoid arthritis patients taking MTX is
required, but the analysis suggests that missing individual
doses should not be an immediate cause for concern.
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