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ARTICLE INFO ABSTRACT

Keywords: Background: Tamoxifen is important in the adjuvant treatment of breast cancer. A plasma concentration of the
Tamoxifen active metabolite endoxifen of > 16 nM is associated with a lower risk of breast cancer-recurrence. Since inter-
Eg‘;‘;’]‘)‘?“ individual variability is high and > 20 % of patients do not reach endoxifen levels > 16 nM with the standard

dose tamoxifen, therapeutic drug monitoring is advised. However, ideally, the correct tamoxifen dose should be
known prior to start of therapy. Our aim is to develop a population pharmacokinetic (POP-PK) model incor-
porating a continuous CYP2D6 activity scale to support model informed precision dosing (MIPD) of tamoxifen to
determine the optimal tamoxifen starting dose.

Methods: Data from eight different clinical studies were pooled (539 patients, 3661 samples) and used to develop
a POP-PK model. In this model, CYP2D6 activity per allele was estimated on a continuous scale. After inclusion of
covariates, the model was subsequently validated using an independent external dataset (378 patients). There-
after, dosing cut-off values for MIPD were determined.

Results: A joint tamoxifen/endoxifen POP-PK model was developed describing the endoxifen formation rate.
Using a continuous CYP2D6 activity scale, variability in predicting endoxifen levels was decreased by 37 %
compared to using standard CYP2D6 genotype predicted phenotyping. After external validation and determi-
nation of dosing cut-off points, MIPD could reduce the proportion of patients with subtherapeutic endoxifen
levels at from 22.1 % toward 4.8 %.

Conclusion: Implementing MIPD from the start of tamoxifen treatment with this POP-PK model can reduce the
proportion of patients with subtherapeutic endoxifen levels at steady-state to less than 5 %.

Pharmacokinetics
Pharmacometrics
Model-informed precision dosing (MIPD)

1. Introduction specific death by 22 % [1]. However, despite this effective treatment,
breast cancer still recurred in 30 % of patients within 15 years of

Tamoxifen is being used for decades to prevent disease recurrence follow-up [2,3].
and mortality in patients suffering from estrogen receptor-positive Tamoxifen is a prodrug which is metabolized by CYP2D6 and
breast cancer. In prior research, five years of adjuvant tamoxifen ther- CYP3A4 into 4-hydroxytamoxifen, N-desmethyl-tamoxifen and is sub-
apy reduced breast cancer recurrence with 42 % and breast cancer sequently metabolized into its most clinically relevant metabolite;
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endoxifen [4]. Endoxifen competes with estrogen for the estrogen re-
ceptor and thereby inhibits the stimulating effect of estrogen on breast
cancer cells [5]. An exposure — response relationship of endoxifen was
found in a large retrospective cohort and an activity threshold of 16 nM
endoxifen plasma concentration was reported [6]. Patients with
endoxifen levels below this threshold showed 26 % higher breast cancer
recurrence rates compared to patients with endoxifen levels above the
16 nM threshold. The endoxifen exposure — response relation has been
validated in a different study showing that patients with endoxifen
concentrations < 14 nM had an almost two-fold higher risk of distant
recurrence [7]. Therefore, it is hypothesized that applying therapeutic
drug monitoring (TDM) of tamoxifen to verify that patients are above
the 16 nM endoxifen threshold could further decrease disease
recurrence.

A large cohort study showed that approximately 21 % of patients did
not reach sufficient steady-state endoxifen levels (<16 nM), using the
standard dose of 20 mg tamoxifen once daily. When TDM was applied,
the proportion of patients below the threshold was reduced to 11 % [8].
However, as endoxifen reaches steady-state after three months, six
months was needed to assign the correct personalized dose to each pa-
tient. Ideally, the appropriate dose to reach the endoxifen threshold
concentration should be known prior to starting tamoxifen treatment. If
the appropriate dose is not known, patients could be exposed to insuf-
ficient endoxifen levels and thus, suboptimal treatment. Selecting the
optimal dose, from the start of treatment, using model-informed preci-
sion dosing (MIPD) may solve these problems.

To date, six population pharmacokinetic (pop-PK) models have been
developed to describe both tamoxifen and endoxifen PK [9-14]. These
models found that inter-individual variation (IIV) on the rate of
endoxifen formation was best explained by CYP2D6 phenotype or
CYP2D6 activity score with scores of 0, 0.5 or 1 per allele. However,
recent findings showed that CYP2D6 activity could also be described on
a more sensitive continuous scale [15]. In this study we use a continuous
CYP2D6 activity scale to develop a more sensitive pop-PK model. This
model may, in turn, be used in MIPD to treat the patient with the correct
tamoxifen dose when starting tamoxifen treatment.

2. Materials and methods
2.1. Clinical database

Data was pooled from multiple datasets originating from eight
different clinical studies conducted in the Erasmus Medical Center
Cancer Institute. Both, sparse data describing tamoxifen/endoxifen PK
over multiple years and dense data describing PK during a single-dose
interval were available. Sparse PK data was provided by the TOTAM
study, a prospective open-label intervention study [8]. Female patients
treated with adjuvant tamoxifen for breast cancer were eligible for
participation. In this study, blood samples were obtained from patients
at 3, 4.5, 6, 12, 18 and 24 months after starting tamoxifen treatment.
Dense PK data was available from seven studies which were studying
possible interacting agents (i.e. rifampicin, curcumin, green tea, pro-
benecid, and cannabidiols) [16-20], the effect of circadian rhythm on
tamoxifen PK [21], or using dextromethorphan as phenotyping test to
predict endoxifen plasma concentrations [22]. All PK samples which
were taken during co-administration with a potent interacting agent
were excluded to ensure model and covariate stability. In total, 37
participants of the mentioned dense sampling studies also participated
in the TOTAM study. All patients provided written informed consent
prior to participation and all studies were conducted according to the
declaration of Helsinki.

All PK samples in the clinical database were analyzed in the labo-
ratory of translational pharmacology at the Erasmus MC Cancer Institute
using a validated LC-MS/MS method [23]. CYP2D6 and CYP3A4 geno-
typing analyses were performed using both the Quantstudio (Thermo-
Fisher Scientific; Waltham, MA) and the Infiniti (Autogenomics;
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Carlsbad, CA) machines.
2.2. Population PK model

All PK data was converted into molar values and subsequently
logarithmically transformed prior to modeling. Initially, tamoxifen PK
data was modeled to a one-compartmental model with first order ab-
sorption and first order elimination. Thereafter, multi-compartmental
models, different absorption models (lag-time, transit compartments,
Weibull absorption, and zero-order absorption), different elimination
models (zero-order, nonlinear clearance) and introduction of exponen-
tially modeled IIV, on different parameters were tested. Subsequently,
the available NDM-tamoxifen and 4-hydroxytamoxifen samples were
added to the model. Thereafter, endoxifen was included in the model
using a first-order metabolic rate with IIV. Residual error in plasma
concentrations was estimated with a proportional error model. As two
types of data were available, the residual error was separately estimated
for each data type (i.e. dense, sparse) and each compound. In addition,
for the dense data, inter-occasional variability (IOV) was introduced to
account for differences between dense sampling occasions.

The effect of CYP2D6 genotype on the endoxifen formation rate was
incorporated as a continuous scale into the model. When an allele was
present in less than two patients, the activity score was fixed to the
categorical activity score of Pharmvar (activity of 0, 0.5 or 1) [24]. If the
CYP2D6 genotype was unknown, the genotype was assigned to a distinct
variable for unknown CYP2D6 activity so that known alleles were not
affected by this group. The allele showing the lowest activity expressed
by at least five patients was fixed to O (no activity) and the * 1 genotype
was fixed to 1 (full activity). An additional parameter estimated the
relative amount of the formation rate to be dependent of CYP2D6 ge-
notype activity. All patients in the model development dataset were
tested for CYP2D6 * 1 - * 7, * 9, * 10, * 17, * 29, * 31, * 41 and
duplications.

To further explain variability in the endoxifen formation rate,
weight, height, age, body mass index (BMI), lean body mass (LBM), and
body surface area (BSA) were tested as continuous covariates. These
were centered on the median and tested as power models. Missing values
were replaced by the carry-forward method or if no data was known the
median value was imputed. CYP3A4 * 22 genotype and radiation ther-
apy were tested as categorical covariates. Covariates models were
included using a stepwise forward inclusion (p < 0.05) with backward
elimination (p < 0.01) procedure.

2.3. Model validation

The final model was internally evaluated using visual predictive
checks (VPCs). External validation was performed using data from the
Margarete Fischer-Bosch-Institute of Clinical Pharmacology in Stuttgart,
Germany [25]. Patient characteristics of this population are depicted in
the Appendix. In contrast to the model-development dataset, patients
were not screened for harboring CYP2D6 * 2 (normal activity), * 17
(decreased activity), * 29 (decreased activity) or * 31 (no activity) al-
leles, whereas patients in the validation set were screened for the * 35
allele (normal activity), which was not present in the model develop-
ment dataset. These patients were excluded from the validation. Using
the final model the median prediction error (MDPE) (<20 %), the me-
dian absolute prediction error (MAPE) (<30 %), and the fraction within
30 % (F309) (>50 %) and 20 % (Fag9,) (>35 %) were calculated to test
the accuracy and precision of the final model [26,27].

2.4. MIPD simulations

Cut-off values for each dosing interval (20, 30 or 40 mg) were
determined using receiver operating characteristic (ROC) curves. The
population prediction was used as a predictor whereas the first
measured endoxifen trough concentration at steady-state was used as
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true value. The optimal cut-off point was determined, as proposed by
Perkins and Schisterman, using the prevalence of subtherapeutic
endoxifen concentrations in the dataset and a cost which was set to 0.35
in consultation with clinicians [28]. After determining the cut-off points,
this dosing strategy was implemented on both the development dataset
as well as the validation dataset.

3. Results
3.1. Clinical database

The model-development dataset constituted of 539 patients and
3613 plasma samples in which both endoxifen and tamoxifen were
quantified. Almost half of these samples were steady-state trough levels
(n = 1655), whereas the other half (n = 1958) constituted of dense PK
data from one of 165 24 h-cycles on steady-state. In total, data from 25
patients and 11 additional samples were excluded due to concomitant
CYP2D6 inhibitor use (12 patients), missing dosing information (seven
patients), tamoxifen non-adherence (six patients and three additional
samples) or samples that were accidentally taken after discontinuation
of tamoxifen therapy (six samples), two samples were excluded as both
the tamoxifen and endoxifen concentrations from a patient raised by 50
% after hospitalization for allopurinol induced drug induced rash with
eosinophilia and systemic symptoms. The endoxifen and tamoxifen
concentrations thereafter returned to normal steady-state concentra-
tions. Patient characteristics are depicted in Table 1. All patients were
treated in the adjuvant setting for primary breast cancer (stage I to stage
III breast cancer). Patient characteristics per study population and the
validation dataset are shown in table S1.

Table 1
Patient characteristics of the model-development cohort.

Patient characteristic Median IQR

Age (years) 56 47-65

Height (cm) 168 164-173

Weight (kg) 74 66-84

BMI (kg/m?) 26.1 23.0-29.9

BSA (m?) 1.87 1.75-1.99

LBM (kg) 45.3 41.9-49.1

Data type

Dense 134 24.4 %

Sparse 415 75.6 %

No. %

CYP2D6 alleles
*1/*2 83 15.1 %
*1/*4 76 13.8%
*1/*1 72 131 %
*1/*41 36 6.6 %
*2/*2 33 6.0 %
*2/%41 30 5.5 %
*2/%4 28 51%
*4/%4 22 4.0 %
*1/*9 15 2.7 %
*1/*5 11 2.0 %
*4/*%41 10 1.8 %
*4/*5 8 1.5%
*2/*5 8 1.5%
*2/*3 8 1.5%
*2/*9 7 1.3 %
*1/*10 7 1.3%
*4/*10 6 1.1%
Unknown 10 1.8 %
Other 123 13.5%

CYP3A4 alleles
*1/%1 366 66.7 %
*1/%22 16 2.9 %
*22/%22 4 0.7 %

Unknown 163 29.7 %

BMI, body mass index; BSA, body surface area; IQR, inter-quartile range; LBM,
lean body mass.
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3.2. Population PK model

The final model is schematically presented in Fig. 1. A two-
compartmental model with an additive error model best described
simultaneous tamoxifen and endoxifen plasma concentrations. As NDM-
tamoxifen and 4-hydroxytamoxifen were quantified in only 37 % of all
samples, inclusion of these samples introduced significant instability
and high shrinkage to the model and were therefore excluded. In the
base model, IIV was modeled on tamoxifen clearance and the trans-
formation rate of tamoxifen to endoxifen. Endoxifen distribution volume
was fixed to 400 L as reported earlier in literature and also used in
previous models describing tamoxifen/endoxifen PK [10,29]. Absorp-
tion was best described by a combined an absorption lag time followed
by first order absorption. The addition of a peripheral tamoxifen
compartment introduced model instability and was hence discarded. For
endoxifen, the additional compartment did not lead to a significantly
improved model. The clearance of both endoxifen and tamoxifen was
best described by a first-order rate. Introduction of IOV on tamoxifen
clearance or endoxifen formation rate between different 24-hour cycles
introduced a shrinkage > 30 % and was therefore not incorporated into
the final structural model.

The influence of CYP2D6 genotype on endoxifen formation rate was
modeled on a continuous scale and multiplied by a parameter estimating
the percentage of the endoxifen formation rate to be CYP2D6 dependent.
Duplicate fully active (*1 and *2) alleles were pooled as the CYP2D6
activity score predictions were similar. Inclusion of CYP2D6 phenotypes
decreased the inter-individual variability (IIV) of the endoxifen forma-
tion rate from 59.0 % to 42.8 %. Inclusion of known CYP2D6 activity
score subgroups instead of phenotypes decreased the IIV from 59.0 % to
33.4 % and a model-predicted continuous CYP2D6 activity scale
decreased the IIV further to 26.8 %. After careful evaluation of the re-
sidual unexplained IIV a power term was added to the equation ensuring
a good fit over all values of CYP2D6 activity, which decreased unex-
plained IIV by 0.6 % (Eq. 1) (Fig. S1).

CYP2D6activity = (Allele, + Allele, /2)° @)

In this equation, Allelel and Allele2 represent the activity of each
allele. 0 is the exponent which was estimated by NONMEM (Table 2).

Model-predicted CYP2D6 activity scores of the most common allele
combinations are depicted in Table 2. A visual comparison of the cate-
gorical phenotyping scale, the gene activity score [30], and the
model-estimated activity scale, of CYP2D6 is shown in Fig. 2.

In addition to CYP2D6 genotype, patients’ BMI significantly

CYP2D6*
BMI
Ka . Clmet i
. Tamoxifen > Endoxifen
e Vd(am Vdend

Age

MA

Body length

Fig. 1. Schematic representation of the final population PK model structure
and the incorporated covariate relationships represented in the blue boxes. *
The influence of CYP2D6 on the endoxifen formation rate was modeled as seen
in Eq. 1. Ka, absorption rate; taq, lag time; Vdi.m, apparent distribution volume
of tamoxifen. Cli,y,, apparent clearance of tamoxifen; Cl,e, apparent endoxifen
formation rate; BMI, body mass index; Vdeng, apparent distribution volume of
endoxifen. Cleyg, apparent clearance of endoxifen. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Table 2
Final model parameter estimates.
Parameter Estimate 95 % CI Shrinkage
Ka (h) 1.45 1.13-1.77
tlag (h) 0.44 0.37-0.50
Vdam/F (L) 880 729-1031
Cliam/F (L/h) 7.38 7.18-7.58
Cliet/F (L/h) 0.155 0.113-0.197
Vdena/F (L) 400 FIX
Clena/F (L/h) 1.23 0.91-1.56
CYP2D6 alleles
*1 1.000 FIX
*2 0.560 0.476-0.644
*3 0.066 0.024-0.108
*4 0.047 0.018-0.076
*5 0.040 0.007-0.073
*6 0.000 FIX
*7 0.000 FIX
*9 0.378 0.267-0.489
*10 0.103 0.028-0.178
*17 0.156 0.064-0.248
*29 0.490 0.278-0.702
*31 0.000 FIX
*41 0.110 0.052-0.168
duplicate *1/*2 1.400 0.806-1.994
Unknown 0.589 0.369-0.809
Exponent (Eq. 1) 0.606 0.466-0.746
% CYP2D6 mediated* 0.946 0.892-1.000
Covariates
Age (Clam)T -0.414 -0.535 to —0.293
Patient height (Clim) 1.460 0.670- 2.250
BMI (Cled) T -0.394 -0.511 to —0.277
Additive error model
Dense data
Tamoxifen 0.153 0.143-0.161 3.1%
Endoxifen 0.161 0.151-0.171 31%
Sparse data
Tamoxifen 0.188 0.178-0.198 11.0 %
Endoxifen 0.186 0.177-0.195 11.4%
Residual 1TV
11V Cliam 32.0 % 3.7%
IV Clpet 25.3 % 11.0 %

*This parameter estimated the percentage of the endoxifen formation rate to be
CYP2D6 dependent.  Power model. i Proportional model.

Ka, absorption rate; tj,s, lag time; Vdi.m, apparent distribution volume of
tamoxifen; Cli,m, apparent clearance of tamoxifen; Clye;, apparent endoxifen
formation rate; BMI, body mass index; Vdenq, apparent distribution volume of
endoxifen; Cleng, apparent clearance of endoxifen; FIX, parameter was not esti-
mated but set to this value.

influenced the endoxifen formation rate. Including these covariates in
the model, diminished unexplained variability in the endoxifen forma-
tion rate from 26.8 % to 25.1 %. Tamoxifen clearance was influenced by
both age and patient height. Inclusion of these covariates reduced IIV on
this parameter from 34.7 % to 32.1 %. CYP3A4 * 22 genotype, radiation
therapy, LBM, BSA and weight did not affect endoxifen or tamoxifen PK
to a significant extent. The effect of each covariate on the steady-state
endoxifen concentrations is shown in Fig. 3. All parameter estimates
and their corresponding 95 % confidence intervals and shrinkages are
depicted in Table 2.

3.3. Model validation

Six patients were excluded from the external validation dataset as
these patients harbored a CYP2D6 allele which was not present in the
model-development dataset. As patient height was missing in 61 % of
cases, it was imputed in the validation dataset when missing, using a
reference dataset from the Dutch central bureau for statistics which
contained the estimated height for each age group depending on their
birth year [31]. External model validation showed that the model
adequately described the data by meeting the criteria mentioned in the
methods section (MDPE, —1.53 %; MAPE, 34.25 %; Fog, 39.06 %; F30,
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55.21 %).
3.4. MIPD simulations

Dosing cut-off points were determined using ROC curves (Fig. S2).
The optimal cut-off point was determined with prevalence set to 23 %
and cost set to 0.35. The cut-off point for receiving 40 mg tamoxifen was
a model-predicted steady-state level of 11.40 nM endoxifen when
treated with 20 mg tamoxifen. When the model predicted that a patient
will not reach 20.23 nM endoxifen at steady-state when using 20 mg
tamoxifen, this patient should be given 30 mg. Patients with a predicted
endoxifen concentration above 20.23 nM will be treated with the stan-
dard dose of 20 mg. Simulations showed that instead of 22.1 % not
reaching sufficient endoxifen levels, using these model-informed dosing
recommendations could diminish this proportion to 9.9 %. When also
switching patients that were identified to be at risk for not being capable
of reaching endoxifen thresholds even at the maximum registered dose
of 40 mg (steady state endoxifen < 8.56 nM), to aromatase inhibitors,
the proportion of patients that does not reach 16 nM endoxifen de-
creases further toward 4.8 %. The results of imposing this dosing strat-
egy on the first endoxifen samples in the model development dataset is
visualized in Fig. 4A. Out of all patients with a simulated dose-increase,
19.7 % showed endoxifen plasma concentrations > 32 nM and could
have been treated with a lower dose. In addition, from all patients which
were recommended to be switched, 30.0 % could manage to obtain
endoxifen plasma levels > 16 nM with 40 mg.

When imposing these dosing cut-off points on the external validation
set, a similar reduction in patients with endoxifen plasma concentrations
< 16 nM is seen. Whereas with a one-dose-fits-all dosing regimen 17.9 %
of patients do not reach endoxifen levels > 16 nM, with MIPD this could
be reduced to 9.5 % (Fig. 4B) and further toward 6.5 % when also
switching patients at risk for underexposure on 40 mg to aromatase
inhibitors.

4. Discussion

Using a continuous individual CYP2D6 allele activity score, the
model’s accuracy to predict endoxifen trough concentrations was
significantly improved compared to using CYP2D6 phenotypes. There-
fore using this model for MIPD could reduce the number of patients
being below the threshold of 16 nM from 22.1 % toward 4.8 % imme-
diately after reaching steady-state. Similar results were seen when
simulating the MIPD in an external dataset. The addition of MIPD using
this model at the start of tamoxifen treatment could help to ensure a fast
and safe determination of the right tamoxifen dose.

Continuous-scale CYP2D6 activity assignment has been previously
performed in one study [15]. The assignments of our predicted activity
scores per genotype using NONMEM are comparable to this study.
However, in this previous research, an additive model with an addition
from a neural network when a patient harbored a single * 1 genotype
was used. As no machine learning was implemented in this research, we
described the relation between genotypes and CYP2D6 activity using a
power model.

Although most of the IIV was explained, 25 % still remains unex-
plained. This could be due to patients harboring SNPs which were not
included in our panel. However, the minor allele frequency of these are
low (<1 %) or, like CYP2D6 * 35, are known to minimally affect
CYP2D6 activity compared to a fully functioning variant [24]. There-
fore, we feel this should not significantly affect the results of our activity
scale. Besides, non-genetic causes such as treatment adherence, which
was not quantified in every dataset, or unknown interactions are more
likely explaining this residual variability.

In addition to the more sensitive CYP2D6 activity scale, age and
patient height affected tamoxifen clearance, whereas BMI influenced
endoxifen formation rate. Although age has been described in previous
tamoxifen models [10], patient height has not been described as an
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CYP2D6 phenotype

IM EM um 3

1 2
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Model-predicted CYP2D6 activity scale

Fig. 2. Comparison of conventional and the model-predicted CYP2D6 activity scales. The observed endoxifen concentration was stratified on conventional CYP2D6
predicted phenotype (A), gene activity score (B) and the model-predicted CYP2D6 activity score (C). Data comprised of the first endoxifen trough observations at
steady-state. The dotted lines represent the interval in which 80% of all datapoints lie. The dashed horizontal line represents the 16 nM effectivity threshold. The
colors represent the predicted phenotype where red dots represent poor metabolizers, blue represents the intermediate metabolizers, green represents the extensive
metabolizers and purple dots represent ultrarapid metabolizers. PM, poor metabolizer; IM, intermediate metabolizer; EM, extensive metabolizer; UM, ultrarapid
metabolizer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Effect of incorporated covariates on the

predicted steady-state endoxifen concentration.
For every situation, 1000 simulations were run.
For CYP2D6, different genotypes were depicted
based on prevalence and activity score. In the
CYP2D6 simulations, other covariates were set
to the median. In the other simulations, the * 1/
* 1 genotype was used. CYP2D6 phenotypes are
represented by colors where red is poor
metabolizer, blue is intermediate metabolizer,
and green represents normal/extensive metab-
olizer. The 16 nM threshold is shown as a
dashed-line. The dotted line represents the
median of a person with median age (56 years),
patient height (168 cm), BMI (26.03 kg/m?)

and a * 1/* 1 genotype. BMI, body mass index.
(For interpretation of the references to color in
this figure legend, the reader is referred to the

web version of this article.)
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35 persons: <16 nM (9.5%)

10 20 30 40 50
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Fig. 4. Simulation of model-informed prediction dosing for tamoxifen/endoxifen. (A) Data comprised of the first endoxifen trough concentrations at steady-state in
patients in the model development dataset (n = 443). (B) The MIPD cut-off points simulated in the external dataset (n = 369). The horizontal line represents the
16 nM effectivity threshold and the vertical lines represent the 40 mg and the 30 mg dosing cut-off values. The dotted line is the unity line.

influential covariate. However, as IIV was only modeled on tamoxifen
clearance, patient height may be affecting distribution volume as
tamoxifen is mostly distributed into organs, which size are affected by
patient height [32]. The effect of BMI or body weight has already been
described in previous papers [9,10,33]. As BMI is mostly affected by
body weight instead of height and the covariate analysis was performed
using forward inclusion, including both in the model is feasible.

Because the validation cohort was not specifically tailored for this
study some covariate information was missing. The uncertainty of
harboring the * 2, * 17, * 29 or * 31 alleles could have influenced the
results from the external validation as these alleles were present in the
development dataset. Patients harboring these genotypes will be falsely
interpreted as fully functioning * 1 alleles. In addition, although the
imputation of patients’ height corrected for the influence of age, the
approximation still leads to loss of data. Although the effect of patient
height on the steady-state endoxifen levels is clinically irrelevant, this
could have affected the validation. However, most importantly, the
validation showed that the model adequately described the data despite
these impediments.

In addition to developing a model using a more sensitive CYP2D6
activity scale, cut-off points which can be used for MIPD were identified.
Using these cut-off values, simulations showed that the proportion of
patients not reaching > 16 nM endoxifen after three months of treat-
ment could be diminished. As endoxifen reaches steady-state concen-
trations after three months of tamoxifen use, using TDM guided dosing
could take six to nine months to get patients on the ideal dose to reach
sufficient endoxifen trough levels [8]. Using MIPD with a simple
knowledge of patients’ age, patient height and weight and determining
CYP2D6 genotype could decrease the proportion of patients with
insufficient endoxifen levels to less than 5 % when steady-state is first
reached. Rapid achievement of sufficient endoxifen levels may translate
into better outcomes for tumor relapse. In addition, patients with a high
risk of not reaching sufficient tamoxifen steady-state concentrations can
be identified before starting therapy and could be treated with an aro-
matase inhibitor and sooner receive adequate treatment.

However, in most cases, subsequent TDM at steady-state should still
be used to identify the small amount patients that do not reach sufficient
steady-state endoxifen concentrations. As shown in Fig. 4, a small

proportion of patients in the 20 mg group do not reach endoxifen con-
centrations > 16 nM at first TDM. However, in some cases TDM does not
have to be necessary, an old patient with a * 1/* 1 genotype or patients
with a duplicate * 1 allele have an approximate 99 % chance of reaching
adequate endoxifen concentrations at 20 mg. In addition, using MIPD,
less TDM samples will be necessary as more patient will be sufficiently
exposed at the first TDM occasion. When more research is performed
explaining variability in tamoxifen and endoxifen pharmacokinetics,
over time MIPD might wholly replace TDM.

In conclusion, applying MIPD with the developed model incorpo-
rating the influence of CYP2D6 activity on a continuous scale could
diminish the amount of patients with insufficient endoxifen levels to less
than 5 %. Applying MIPD may therefore improve outcomes for women
with estrogen-receptor positive breast cancer. Prospective imple-
mentation of this dosing strategy will further ensure the feasibility of
MIPD for tamoxifen in clinical practice.
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