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Background: The efficacy of acetylcholinesterase inhibitors (AChE-I) might depend on
blood concentration. While rivastigmine metabolism is independent of the cytochrome P450
system, its isoenzymes, especially CYP2D6, metabolize donepezil. CYP2D6 polymorphisms
can cause altered enzyme activity resulting in lower or higher than expected drug concentra-
tions of donepezil.

Objective: We investigated correlations between clinical efficacy and serum concentrations
of rivastigmine and donepezil under special consideration of CYP2D6 genotype or gene
dose—dependent metabolism of donepezil.

Methods: Serum concentrations of donepezil and rivastigmine were measured by liquid
chromatography — tandem mass spectrometry (LC-MS/MS). Real-time quantitative polymerase
chain reaction (PCR) and allele-specific PCR were performed to assess CYP2D6 genotype and
gene dose.

Results: Patients treated with rivastigmine (n=28) or donepezil (n=48) were included in the
study. Both gene dose and metabolism type significantly predicted the level of donepezil serum
concentration (p=0.019 and p=0.013, respectively). In the rivastigmine group, changes of the
word list delayed recall subtest before treatment and under stable medication were significantly
associated with rivastigmine serum levels (f=0.465; p=0.018). Drug serum concentrations were
outside the recommended range in a substantial percentage of participants, which might have
contributed to poor correlations between changes in cognitive measures and drug concentrations.
Donepezil serum concentrations significantly depended on CYP2D6 gene dose.

Conclusion: Testing AChE-I serum concentration should be considered in patients without
clinical response to treatment or those with severe side effects. Patients with donepezil drug
levels outside the recommended range might additionally profit from CYP2D6 genotyping or
treatment with an AChE-I independent of CYP metabolism.

Keywords: Alzheimer’s disease, cytochrome P-450 enzymes, genetic polymorphism,
therapeutic drug monitoring, mass spectrometry

Introduction

Acetylcholinesterase inhibitors (AChE-I) such as donepezil, galantamine, and rivas-
tigmine are recommended for the treatment of mild to moderate Alzheimer’s
dementia.'™> One factor that may influence the efficacy of AChE-I is blood drug
concentration. However, studies investigating this association have shown inconsistent
results.®'* Blood concentration, in turn, might depend on the way the substance is
metabolized. Whereas rivastigmine is mainly hydrolyzed and the inactive metabolite
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renally excreted,'> donepezil is metabolized by CYP 450
isoenzymes 2D6 and 3A4 in the liver and undergoes glucur-
onidation. CYP2D6 polymorphisms can result in altered
metabolism rates.'®'” Even though CYP3A4 is majorly
involved in donepezil metabolism, genetic polymorphisms
do not seem to relevantly influence donepezil clearance and
clinical outcome.?*! For this reason, we are going to focus
on CYP2D6 polymorphisms in this study.

Depending on CYP2D6 activity, the corresponding phe-
notypes can be classified as poor metabolizers (PM) with no
enzyme activity, intermediate metabolizers (IM) with
reduced enzyme activity, extensive metabolizers (EM) with
normal enzyme activity, and ultra-rapid metabolizers (UM)
with increased enzyme activity. Approximately 15% of
patients with Alzheimer’s disease (AD) might be classified
as either PM or UM.?** Instead of correlating the phenotype
with the genotype, Steimer et al recommend correlating the
phenotype with a semiquantitative gene dose that is depen-
dent on the number and activity of CYP2DG6 alleles present.*®
They further suggest correlating the gene dose and not the
genotype with the phenotype.

Even though a large genetic variability of the hepatic
metabolism of donepezil has been reported,”® neither the
CYP2D6 genotype nor donepezil blood concentrations are
routinely tested in clinical settings. Metabolism and subse-
quently concentrations of donepezil are also affected by con-
comitant treatment with CYP2D6 inhibitors or CYP2D6
inducers.”® Other factors influencing donepezil or rivastigmine
blood concentrations have been described, such as sex,””

aVge’2&28

weight,'>** daily dose,?® and duration of treatment.""

Despite high clinical relevance, only a few studies have
investigated the association between CYP2D6 polymorph-
ism, donepezil plasma concentrations, and clinical efficacy
of donepezil. While most studies did not find a statistically
significant correlation between allele frequency and donepe-

10,11,14,29 - 128,30
» 7 g few did.”™

zil concentration or clinical outcome,
So far no single study has compared different AChE-I
in terms of correlations between blood concentrations and

clinical efficacy.

Objectives

In this study we investigated two AChE-I — donepezil, that
is hepatically metabolized and rivastigmine, which is ren-
ally excreted — in regard to correlations between blood
concentrations and clinical efficacy while putting
a special focus on the role of CYP2D6 genotype and

gene dose-dependent metabolism of donepezil.

Methods

The methods have already been described elsewhere.?'

Ethics Statement

The study protocol was approved by the ethics committee
of the Faculty of Medicine of the Technical University of
Munich, Munich (reference number 673/02). All patients
provided written informed consent prior to any study-
specific procedures. All clinical investigations have been
conducted in accordance with the principles of the
Declaration of Helsinki, sixth revision.

Patient Recruitment and Study Design
The study was conducted at the outpatient unit of the Centre for
Cognitive Disorders at the Department of Psychiatry,
Klinikum rechts der Isar, Technical University of Munich,
Munich, Germany and the Memory Clinic at the Institute for
Stroke and Dementia Research, Klinikum der Universitaet
Muenchen, Munich, Germany between October 2012 and
December 2014. Patients had initially been referred for the
diagnostic evaluation of cognitive impairments by self-
referral, general practitioners, neurologists, psychiatrists, or
other institutions, and had undergone a standardized diagnostic
procedure that has been described previously.** It included an
interview with the patient and an informant, obtaining demo-
graphic data, medical history, concomitant medication,
physical, neurological, and psychiatric examinations,
a neuropsychological evaluation including the Mini-Mental
State Examination (MMSE),** the Consortium to Establish
a Registry for Alzheimer’s Disease Neuropsychological
Assessment Battery (CERAD-NAB),** and the clock drawing
test,” as well as a routine laboratory screening test. The treat-
ing physician started patients diagnosed with mild to moderate
Alzheimer’s dementia®® on treatment with an AChE-I by his
own choice in accordance with the German treatment guide-
lines for Alzheimer’s dementia.” Mild dementia was defined
by a MMSE of 26-20 points and moderate by 19-10 points.
German treatment guidelines recommend AChE-L, such as
donepezil, rivastigmine, or galantamine, for symptomatic
treatment of mild and moderate Alzheimer’s dementia.” Each
doctor is independent in choosing which AChE-I he pre-
scribes. Besides medical reasons, such as known skin condi-
tions and allergies, the patients’ preferences for oral or
transdermal applications are usually taken into account.

At a routine follow-up appointment after 3—6 months,
patients were informed about the study and asked to provide
written informed consent if they met the inclusion criteria.
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Patients needed to be able to provide written informed consent
and have started treatment with either donepezil capsules or
rivastigmine transdermal patch after the initial assessment.
They should be compliant in taking their medication and
have reached steady state. The only study-specific procedure
consisted of a venous blood draw in order to assess serum
concentrations of donepezil and rivastigmine and the genotype
and gene dose of CYP2D6 alleles. Routine follow-up proce-
dures included a patient and caregiver interview with an assess-
ment of the current medication, the start of AChE-I treatment,
the time point when the dose of that AChE-I was increased,
side effects of AChE-I treatment, a neuropsychological assess-
(CERAD-NAB, MMSE,
a psychiatric and a neurological examination.

ment clock drawing), and

Patients were excluded from study participation if they
were incapable to provide written informed consent, were
not started on or not on a stable dosage of donepezil or
rivastigmine, or if dementia was due to any other disease
than Alzheimer’s disease, for instance, Parkinson’s dis-
ease. Further exclusion criteria were other possible causes
of cognitive impairment such as sedating psychotropic
medication (eg, tricyclic antidepressants, low-potent anti-
psychotics), substance misuse, clinical signs of major
depression, or major abnormalities in routine blood testing
at the initial presentation of the patient.

For the correlation between donepezil serum concen-
tration and gene dose an a-priori power analysis was
calculated: using 158 patients’ correlations of p=0.8 will
be detected with a 97.5% confidence interval.

Blood Sample Collection and Analyses
We aimed to measure steady-state trough drug levels. To
achieve this, the patient needed to be on the respective
AChE-I at least 5 half-times and blood was drawn as close
as possible to the time the next dose would have been due. If
the blood draw could not be achieved prior to the scheduled
time point, medication was held until after the blood draw.
Serum concentrations of donepezil and rivastigmine were
measured by liquid chromatography — tandem mass spectro-
metry (LC-MS/MS). Standard procedures were used for
genotyping. Depending on allele status subjects were classi-
fied into PM, IM, EM, and UM (Supplementary Table 1).
Additionally, as proposed by Steimer et al,”> an individual

gene dose was assigned to each allele to calculate
a semiquantitative gene dose (Supplementary Tables 1-3).
Details of blood sample collection, LC-MS/MS method and
genotyping and gene dose assignment are provided in

Supplementary Materials.

Cognitive Assessments and Evaluation of

Treatment Efficacy

Efficacy of the treatment with donepezil or rivastigmine was
evaluated by changes in the results of cognitive assessment
tests before initiation of an AChE-I and under stable treat-
ment. The absolute differences in points scored in the initial
and follow-up assessment for the individual subtests, as well
as the sum score for the CERAD-NAB were calculated.
Negative values indicated worsening, positive values indi-
cated improvement of cognitive functions.

Statistical Analyses

Subjects under treatment with donepezil or rivastigmine
were characterized using descriptive statistics. All statistics
were calculated using SPSS Statistics 23 (SPSS Inc.,
Chicago, IL, USA). A significance threshold of 0.05 (two-
sided) was applied. Group comparisons for normally distrib-
uted variables were calculated using #-test, for not normally
distributed variables, Mann—Whitney U-test was applied.

In the donepezil group only, we assessed the correlation
between serum concentration of donepezil and gene dose of
CYP2D6 using linear regression analysis. The dependent vari-
able was donepezil serum concentration; the independent vari-
able of interest was gene dose. The analysis was controlled for
other independent variables chosen based on their known
influence on donepezil concentrations. These variables con-
sisted of the daily dose of donepezil, concomitant medication
with CYP2D6 inhibitors (citalopram and carvedilol each as
separate factor), age, sex, duration of treatment with donepezil,
and time since last dosing. As a confirmative analysis, the same
model was calculated using metabolism type instead of gene
dose.

Since serum concentrations also depend on tissue mass,
body weight and body mass index (BMI) were included as
independent variables in the respective regression model. BMI
was calculated by the formula body weight [kg]/height [m]?.

The differences between scores in the subtests of the
CERAD-NAB of the initial assessment and the follow-up
assessment were calculated to investigate correlations between
serum concentration and efficacy of the respective treatment.
In a second step, linear regression analyses with the differences
in the individual subtest as the dependent variable were calcu-
lated. The independent variables were serum concentration,
results of CERAD-NAB subtest at initial assessment, time
between initial assessment and follow-up, sex, and age.

We decided on the CERAD-NAB wordlist delayed recall
subtest as the primary analysis (i) to avoid multiple
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comparisons and (ii) because we expected most variability in
this test and it is the best discriminatory measure in the
CERAD-NAB to distinguish between healthy controls and
subjects with even mild dementia.>” The regression analyses
using the other CERAD-NAB subtests were considered
exploratory. Accordingly, uncorrected p-values are reported
and a value of p<0.05 was considered statistically significant.

All statistical models were tested for interaction. There
was no imputation of missing data.

Results

Patients’ Characteristics

Characteristics of participants are shown in Table 1. There
were no statistically significant differences between the 48
subjects in the donepezil group and the 28 subjects in the
rivastigmine group regarding demographic data, time-to-
follow-up, duration of treatment with donepezil or rivastig-
mine, body weight, BMI (Table 1), or test results of the initial
neuropsychological assessment (Supplementary Table 4). Six

subjects in the donepezil group were treated with weak
CYP2D6 inhibitors (Table 1). Supplementary Figure 1 shows
a flow diagram of the progress of participants.

Serum Drug Concentration and Gene
Dose

Drug Serum Concentrations

The next AChE-I dose was not administered until after the
blood draw, which occurred 1.25 + 2.4 (-10 to +4) hours before
the time point of the next scheduled drug administration. Drug
serum concentrations are shown in Table 2. Serum concentra-
tion of donepezil 10 mg daily showed a very high variance of
242 ng*/ml?, which differed significantly from the variance of
26.5 ng/ml® under treatment with a rivastigmine patch of

Table | Characteristics of Participants

9.5 mg daily (p<0.001). Variation coefficients of serum mea-
surements did not differ between groups (Table 2). Donepezil
serum concentrations were significantly higher in female sub-
jects (all dosages p=0.021; 10 mg daily p=0.004), while body
weight was lower (p<0.001). The BMI did not significantly
differ between sexes (Table 3). Rivastigmine serum concentra-
tions did not differ between sexes (Supplementary Table 5).

Serum concentrations for the donepezil and rivastigmine group
are shown for the respective cohort in its entirety and addition-
ally divided by sexes in Figure 1.

Genotype and Gene Dose

In 47 participants in the donepezil group, CYP2D6 poly-
morphisms were analyzed. For one subject the analysis
could not be completed. Tested alleles, their frequency
and gene doses are shown in Supplementary Table 6.

Supplementary Table 7 shows the distribution of gene

dose, type of metabolizer and the respective donepezil
serum concentration. For Boxplots of the distribution of
donepezil serum concentrations for the respective gene
doses, please see Supplementary Figure 2.

Associations Between Donepezil Levels
and CYP2Dé Gene Dose

The applied linear regression model was significant
(p<0.001) and explained 47.3% of the variability of serum
drug concentration. Gene dose (f=—0.342; p=0.019), daily
donepezil dose (p=0.378; p=0.003), duration of donepezil
treatment ($=0.285; p=0.038), and sex (f=—0.532; p<0.001)
were significant predictors of drug serum concentration
(Table 4 and Figure 2).

In univariate regression analyses no hints for significant
interactions were found; forcing interaction terms into the
model did not improve the model fit (Supplementary Table 8).

Donepezil Rivastigmine p-value

Numbers 48 28 -

Sex: male:female 23:25 (48%:52%) 16:12 (57%:43%) 0.435°
Age (in years) 72.6+8.89 (53-88) 72.5+6.91 (53-86) 0.960°
Time baseline to follow-up (in days) 216.8£70.92 (80—441) 225.5+£78.40 (122-442) 0.979¢
Duration from start of AChE-| treatment to follow-up (in months) 5.7£2.53 (2-13) 5.59+2.09 (2-12) 0.905°¢
Number of participants taking CYP2D6 inhibitors 6 (Citalopram x5; Carvedilol xI) na. -

Number of participants taking CYP2D6 inducers none n.a. -

Weight (in kg) n=42 (Donepezil) n=25 (Rivastigmine) 69.5+9.14 (50-83) 68.5+13.55 (47-90) 0.764°
BMI (in kg/m?) n=42 (Donepezil) n=25 (Rivastigmine) 23.9+3.14 (17.2-34.5) 23.8+3.77 (16.5-30.9) 0.853°

Notes: where applicable: mean + standard deviation (minimum—maximum); p-values calculated from *Chi-squared test, “t-test or “Mann-Whitney-U-test.

Abbreviations: AChE-|, acetylcholinesterase inhibitor; kg, participants’ weight in kilogram; BMI, body mass index.
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Table 2 Serum Concentrations of AChE-I

Donepezil Rivastigmine p-value
Daily dose (number of participants) 15mg (1); 10mg 9.5mg (26);
(41); 5mg (6) 4.6mg (2)
Serum concentration in ng/mL in all participants 38.9+16.50 6.2+5.10
(12.95-87.55) (0-17.50)
Serum concentration in ng/mL in participants under treatment with donepezil 10mg/d or 41.2+15.56 6.5+5.14
rivastigmine 9.5mg/d, respectively (18.8-87.6) (0.47-17.50)
Variance of serum concentration with donepezil |0mg or rivastigmine 9.5mg/d, respectively 242.0 26.5 <0.001*
Variation coefficient of serum concentration measurement 5.2+2.44 5.9+3.75 0.775°
(0.57-10.32) (1.05-17.41)
Time since last dosing (in h) 222 +2.13 23.6 + 2.95 0.001°
(14-26) (15-28)

Notes: Daily drug dose, serum concentration, and variance of blood serum concentration for donepezil and rivastigmine group. Where applicable: mean + standard
deviation (minimum—maximum). *Calculated from F-test. ®Calculated from Mann-Whitney U-test.
Abbreviations: AChE-|, acetylcholinesterase inhibitor; mg, milligram; ng, nanogram; mL, milliliter; d, day; h, hours.

Table 3 Sex Differences Donepezil Group: Serum
Concentration and BMI of Male and Female Participants

Male Female p-value
Serum concentration 33.1 £ 120 442 + 1844 0.021
donepezil (in ng/mL) (12.95-56.65) (14.85-87.55)
Serum concentration on 348 £ 11.17 48.0 £ 16.83 0.004
daily dose of 10mg (18.75-56.65) (23.4-87.55)
Body weight (in kg) 747+ 59 64.8 £ 9.1 <0.001
(60-83) (50-83)
BMI (in kg/m?) 23.8 £ 233 24.0 + 3.79 0.762
(17.2-26.5) (18.6-34.5)

Notes: Where applicable: mean * standard deviation (minimum—maximum).
p-value calculated from Mann—Whitney-U-test

Abbreviations: ng, nanogram; mL, milliliter; mg, milligram; kg, participants’ weight
in kilogram; BMI, body mass index.

As a confirmative analysis, the same regression
model was calculated using metabolism type instead of
gene dose which yielded similar results with metabolizer
status, daily donepezil dose, concomitant treatment with
CYP2D6 inhibitors, and sex as significant predictors for
donepezil serum concentration (corrected R?=0.482,
p<0.001; Supplementary Table 9).

To rule out spurious correlation caused by differences

in body weight between sexes additional linear regression
analyses with body weight or BMI as additional indepen-
dent variables were conducted. Both models were signifi-
cant (p<0.001) and explained 43.9% and 43.4% of
variability of serum drug dose, respectively, comparable
to the original analysis (Supplementary Tables 10 and 11).

Explorative Analysis of Influence Factors
on Rivastigmine Drug Serum

Concentration

As a plausibility check, a regression analysis to explore
possible predictors of rivastigmine serum concentration
was conducted including daily dose of rivastigmine, con-
comitant medication with CYP2D6 inhibitors, age, sex,
duration of treatment with rivastigmine and time since
last dosing as independent variables. Neither the regres-
sion model (p=0.767, corr. R?=—0.112) nor any of the
variables were statistically significant (Supplementary
Table 12), even after adding body weight or BMI as
independent variables (Supplementary Tables 13 and 14).

Correlations Between AChE-l Serum
Concentrations and Changes in the
Results of the Neuropsychological

Assessments

Treatment groups did not significantly differ regarding the
efficacy of AChE-I treatment based on neuropsychological
assessments with marked wvariability in both groups

(Supplementary Table 15).

Results of multivariate regression analyses for individual
CERAD-NAB subtests and the sum-score are shown in
Supplementary Tables 16 and 17. In both treatment groups,
the “word list delayed recall” subtest yielded a significant

model. However, only the rivastigmine serum drug concentra-
tion significantly predicted the variability of this subtest

Drug Design, Development and Therapy 2020:14
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Figure | Participants treated with donepezil 10mg per day or rivastigmine 9.5mg per day: distribution of serum concentration in relation to the therapeutic range and sex.
Notes: (A) shows donepezil serum concentrations, (D) rivastigmine serum concentrations for the respective sample. As we found a significant difference in donepezil
serum concentration between sexes (p = 0.004, Table 3) and as sex was a significant predictor for donepezil serum concentration (p < 0.001, Table 4), we additionally depict
serum concentrations for each sex (for donepezil (B and C)), for rivastigmine (E and F). The proposed therapeutic range for donepezil (A, B, C) and rivastigmine (D, E, F)
according to the AGPN Consensus Guidelines is shown between the red dotted lines.*

Abbreviations: ng/mL, nanograms per milliliter; n, number of participants.

(B=0.465; p=0.018) and the regression model explained 26.9%
of the variability (adjusted R?=0.269). Results of all univariate
models are shown in Supplementary Tables 18 and 19.

Discussion

We investigated the interrelations between treatment effi-
cacy, serum concentration, and CYP2D6 genotype in AD
patients treated with rivastigmine or donepezil, respec-
tively. Extending previous studies, we not only looked at

the metabolism type but also calculated a semiquantitative
gene dose for each participant in the donepezil group.
Groups did not significantly differ in terms of demo-
graphics or results of the assessments. Both gene dose
and metabolism type significantly predicted (p=0.010 and
p=0.007, respectively) the level of donepezil serum con-
centration. The subtest word list delayed recall in the
rivastigmine group ($=0.465; p=0.018) was significantly

associated with the serum concentration.
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Table 4 Prediction of Serum Concentration of Donepezil:
Multivariate Regression Model

Beta p-value
Gene dose —0.342 0.019
Daily dose 0.378 0.003
CYP2Dé-inhibitors 0.213 0.071
Age 0.160 0.165
Sex —0.532 <0.001
Duration of AChE-I treatment 0.285 0.038
Time since last dosing (in h) -0.016 0.900

Notes: n=47; corr. R*= 0.473; p <0.00|
Abbreviations: AChE-|, acetylcholinesterase inhibitor; h, hours.

Factors Influencing Donepezil

Concentration

Sex seems to affect donepezil but not rivastigmine concen-
tration. In our study female participants had 35% higher
concentrations (p=0.004), a finding that has been previously
described.'? A possible explanation for this finding could be
the relationship between increased donepezil clearance and
increased body weight.>> According to the drug label infor-
mation, donepezil clearance increases from 7.77 L/h for
a body weight of 50 kg to 14.04 L/h for a body weight of
110 kg. Therefore, the higher donepezil serum concentrations
we saw in female participants might be partially explained by
their significantly lower body weights resulting in a lower
donepezil clearance compared to male participants. Not sur-
prisingly, the average body weight of male participants in our
study was significantly higher than of female participants,
while BMI did not significantly differ between sexes.
However, we did not see a statistically significant influence
of either body weight or BMI on donepezil concentration.
This suggests that there might be other, sex-specific factors
influencing pharmacokinetics and thus donepezil serum
concentrations.

We were surprised by the significant increase in done-
pezil concentration depending on the duration of donepezil
treatment as all subjects in our study were considered to be
in a steady state regarding donepezil metabolism. We do
not have a good explanation for the mechanism behind this
accumulation of donepezil over time. However, this find-
ing is in line with a study by Miranda et al who also
described an increasing donepezil concentration over a 12-
month treatment duration.''

Although drug label information states an age-dependent
reduced elimination rate of donepezil®> Noetzli et al could

not confirm this in their study®® and neither did we see

a statistical significant influence of patient age on donepezil
serum concentration.

Correlation Between Genetics and

Donepezil Concentration

Our analyses confirmed our hypothesis of a correlation
between the gene dose or the metabolism type and
donepezil serum concentration. Both gene dose and
metabolism type predicted significantly (p=0.010 and
p=0.007, respectively) the level of donepezil serum
concentration.

To our knowledge, this is the first time the gene dose of
CYP2D6 as a parameter for the genetically determined meta-
bolism rate was correlated with donepezil serum concentra-
tion. There are few previous studies that have investigated
CYP2D6 mutations and donepezil blood concentration and
results are inconsistent,'!+!42%-30-3%

In our study, in addition to the gene dose and the type
had

a significant effect on donepezil serum concentration.

of metabolism, the daily dose of donepezil
This is in line with literature regarding pharmacokinetics
of donepezil >

Concomitant medication with CYP2D6
might affect long-term blood concentration. This factor

inhibitors

was borderline significant in our study (p=0.066 for gene
dose; p=0.031 for type of metabolizer). We have no
knowledge of studies specifically investigating the direct
influence of CYP2D6 inhibitors on donepezil plasma con-

1?° found

centration. Comparable to our result, Noetzli et a
a significant influence of CYP2D6 inhibitors on the clear-
ance of donepezil which would automatically affect the
plasma concentration. In our study, six patients in the
donepezil cohort were treated with weak CYP2D6 inhibi-
tors (citalopram or carvedilol) that are not thought to be of
clinical relevance (Table 1). As a plausibility analysis, we
post hoc calculated a new linear regression analysis with-
out these patients. The analysis yielded comparable para-
meter estimates.

We used absolute concentrations of the AChE-I in our
statistical models. As previous studies used dose and/or
weight adapted medication concentrations'*'*?** we did
a post hoc analysis between gene dose and dose-and-
weight adapted donepezil serum concentration. The effect
of the gene dose was comparable to the original model
although the coefficient no longer reached statistical
significance.
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Factors Associated with Rivastigmine

Levels

Rivastigmine concentrations were not significantly
affected by any of the variables (total daily dose, conco-
mitant therapy with CYP2D6 inhibitors, age, sex, duration
of AChE-I therapy, body weight or BMI (Supplementary
Tables 13—14)). In accordance with the drug label infor-
mation, we had expected to see an association between
weight and rivastigmine concentration.'> Despite pointing
in the expected direction, the B-coefficient for weight did
not attain statistical significance, maybe due to the small
sample size. There are very few other studies investigating
rivastigmine plasma concentration and none of them
investigated further variables that might affect rivastig-

mine concentrations.®”*!3

Therapeutic Range of Blood Drug

Concentrations

For donepezil, the AGNP Consensus Guidelines for
Therapeutic Drug Monitoring in Psychiatry recommend
a therapeutic range of 50-75 ng/mL at trough steady-
state.*” Following this recommendation, 73% of our subjects
in the 10 mg donepezil cohort had a drug concentration
below and 5% above this range (Figure 1). None of the
subjects with a drug concentration below the recommended
range was a rapid or ultra-rapid metabolizer. One of the
subjects with a drug concentration above the recommended
range was under medication with citalopram, a weak
CYP2D6 inhibitor that usually does not cause clinically
significant interactions. Having a substantial percentage of
patients with a serum concentration below the recommended

1,*" who

range has previously been described by Koeber et a
found serum concentrations below 30 ng/mL in 34.5% of
patients under therapy with donepezil. The authors pointed
out that in some cases therapeutic concentrations of donepe-
zil could possibly only be achieved with a dosage higher than
10 mg/day. That we found an even higher percentage of
subjects with serum concentrations below the recommended
range can be explained by the increase of the lower limit
from 30 ng/mL to 50 ng/mL in 2018.%°

The recommended therapeutic range for rivastigmine is
between 5 and 13 ng/mL measured during trough steady-
state.* 65% of the participants in this study with a daily
dose of 9.5 mg rivastigmine were below and 15% above
this target range (Figure 1). Therefore, 4 out of 5 subjects
under therapy with rivastigmine had drug concentrations
outside the recommended range, possibly resulting in less

treatment efficacy or increased risk of side effects. That we
had an unexpected large number of participants with riv-
astigmine serum concentrations below the recommended
range might be due to several factors. Firstly, according to
the drug label information'> mean trough rivastigmine
plasma concentrations measured for the 9.5 mg/24 hours
patch are below 4 ng/mL, which already is below the
recommended range of 5—15 ng/mL. Secondly, the recom-
mended range for transdermal application does not differ-
entiate between different doses of the patch, eg, 4.6, 9.5
and 13.3 mg/24 hours. Given that in a study by Lefevre
et al*? the average maximal plasma concentration of riv-
astigmine under treatment with 9.5 mg/24 hours was 7.29
ng/mL and with 13.3 mg/24 hours was 12.9 ng/mL raises
concerns about the validity of the recommended trough
concentration of 5-15 ng/mL. Thirdly, considering the
short half-life time of rivastigmine of approximately 3.4
hours,'” the fact that in some subjects blood draw occurred
over 24 hours after the patch was applied might also have
contributed to the finding. Consistent with this view, only
a smaller proportion of subjects treated with donepezil
with 70 hours half-life time*® were below the recom-
mended therapeutic range.

Currently, there is a lot of debate about specifications
of the therapeutic range for AChE-inhibitors.
Nevertheless, looking at the blood concentration of AChE-
inhibitors in the case of insufficient clinical response or
side effects would be recommended before discontinuing

or switching medication.

Correlation Between Changes in
Cognitive Function Level and Drug Dose

Level

Previous studies on the correlation between cognitive
functions and the blood drug concentration of either done-
pezil or rivastigmine showed inconsistent results. While
some authors found no correlation between donepezil or
rivastigmine concentrations and cognitive changes,'>'
others could demonstrate a significant association between
serum concentrations and cognitive performance.®%1%%®
In both treatment groups, we found improvements in
some tests and deterioration in others at follow-up. This
could be due to substantial variability in the course of the
disease in individual subjects as well as varying individual
responses to AChE-I treatment. Due to the progressive

nature of AD, it is difficult to estimate drug efficacy for
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single individuals as even in the event of deterioration the
drug could still be effective.’

Changes in the wordlist delayed recall subtest were
significantly influenced by the serum concentration of
rivastigmine. Overall regression analyses of the J-
coefficients of the rivastigmine serum concentration were
higher than regression analyses of the B-coefficients of the
donepezil serum concentration, hinting at a closer correla-
tion between rivastigmine serum concentrations and clin-
ical efficacy. Bullock et al demonstrated greater treatment
response to rivastigmine compared to donepezil in patients
younger than 75 years of age (p<0.05).?” They hypothe-
sized that this finding might be due to the additional
inhibition of butyrylcholinesterase by rivastigmine. Blood
drug concentrations were not measured in that study.

In addition, correlations between the clinical efficacy
of donepezil and gene dose or metabolic profile without
considering the mediating effect of serum levels could
have been assessed. Yet, serum concentration is also influ-
enced by factors other than the gene dose, such as age, sex,
weight, daily dose, or duration of treatment, that was
actually the case in our study (compare Table 4,
Supplementary Table 9). However, we indirectly demon-

strated the influence of gene dose or metabolic profile on
the efficacy of donepezil by investigating the relationship
between donepezil serum concentration and gene dose/
metabolic profile as well as between donepezil serum

concentration and clinical efficacy.

Limitations

The recruitment was slower than expected and we were
not able to recruit the aspired sample size before funds for
the study ran out. Despite the fact that our sample size was
smaller than expected, we were able to show significant
correlations between gene dose or type of metabolizer and
donepezil serum concentration.

Due to the small sample size, weak correlations might
not have been detected. However, even in our small sam-
ple, the correlation between rivastigmine serum concentra-
tion and cognitive changes, measured by the wordlist
delayed recall subtest, as well as the influence of the
gene dose or metabolism type on the level of donepezil
serum concentrations, were statistically significant.

The compliance of patients regarding their regular
intake of the medication as prescribed could not be ver-
ified. All data concerning time and regularity of intake are
based on patient and caregiver statements.

Patients were routinely supposed to make follow-up
appointments 3—6 months after the initial diagnosis. In
reality, however, there was much variability regarding
time to follow-up. As, according to our results, donepezil
concentration seems to depend on the duration of treat-
ment, less variation would have been preferable.

Although we aimed to measure medication levels in the
trough state as closely as possible prior to the next scheduled
drug intake, for organizational reasons this was not always
possible. If the blood draw did not take place before the
scheduled drug administration, the AChE-I was not adminis-
tered until after the blood was drawn, ie, up to a maximum of
4 hours later. On average blood was drawn 1.25 + 2.4 hours
before the time point of the next scheduled medication
administration. Depending on the CYP2D6 genotype,
a gene dose and metabolism type were allocated to each
participant. Genotyping was performed on an assortment of
CYP2D6 alleles that predict with almost 100% accuracy
most patients without enzyme activity (PM).** Individuals
with a duplication of a working allele were categorized as
UM. However, using this method only 10-30% of subjects
with the phenotype UM can be detected.'”**** In addition,
further genetic alterations explaining UM phenotype in sub-
jects without allele duplication are as yet unknown.*® Hence,
further unknown mutations of CYP2D6 gene influencing
metabolism cannot be ruled out.

Another point that needs to be considered is that the
cognitive functions of patients with Alzheimer’s demen-
tia are subject to fluctuation from day to day and display
only one point in time. They also depend on the motiva-
tion of the patients tested. CERAD-NAB is a very well-
validated and standardized neuropsychological assess-
ment tool. However, inter-rater variability cannot be
ruled out in our study. Also, the CERAD-NAB does
not allow for any objective evidence regarding efficacy
on activities of daily living or neuropsychiatric symp-
toms which might have improved even if CERAD-NAB
scores did not.

Conclusion

As in both the donepezil and rivastigmine cohort subjects had
serum drug concentrations beneath or above the respective
recommended range, testing drug blood concentrations is
recommended. This might be especially important for sub-
jects treated with donepezil not responding to treatment or
suffering from side effects. These subjects might further
profit from additional testing of CYP2D6 polymorphisms as
genetic variability of CYP2D6 contributes significantly to
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serum donepezil concentration. Evaluating both, serum con-
centration and CYP2D6 polymorphisms, might help to attri-
bute the lack of clinical response or side effects to either
adherence or genetic causes. Thereby giving the treating
physician valuable information when deciding if donepezil
should be replaced by another AChE-I or if a home nursing
service should be involved to ensure medication is adminis-
tered as prescribed.
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