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Abstract Oral anti-hormonal drugs are essential in the
treatment of breast and prostate cancer. It is well known
that the interpatient variability in pharmacokinetic expo-
sure is high for these agents and exposure-response rela-
tionships exist for many oral anti-hormonal drugs. Yet,
they are still administered at fixed doses. This could lead to
underdosing and thus suboptimal efficacy in some patients,
while other patients could be overdosed resulting in
unnecessary side effects. Therapeutic drug monitor-
ing (TDM), individualized dosing based on measured
blood concentrations of the drug, could therefore be a valid
option to further optimize treatment. In this review, we
provide an overview of relevant clinical pharmacokinetic
and pharmacodynamic characteristics of oral anti-hor-
monal drugs in oncology and translate these into practical
guidelines for TDM. For some agents, TDM targets are not
well established yet and as a reference the median
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pharmacokinetic exposure could be targeted (exemestane:
minimum plasma concentration (Cy,;,) 4.1 ng/mL and
enzalutamide: Cy,;, 11.4 mg/L). However, for most drugs,
exposure—efficacy analyses could be translated into specific
targets (abiraterone: Cp,;, 8.4 ng/mL, anastrozole: Cp;,
34.2 ng/mL, and letrozole: C,,, 85.6 ng/mL). Moreover,
prospective clinical trials have shown TDM to be feasible
for tamoxifen, for which the exposure—efficacy threshold of
its active metabolite endoxifen is 5.97 ng/mL. Based on the
available data, we therefore conclude that individualized
dosing based on drug concentrations is feasible and
promising for oral anti-hormonal drugs and should be
developed further and implemented into clinical practice.

Key Points

Although many oral anti-hormonal drugs show
exposure—response relationships and the interpatient
variability in pharmacokinetic exposure is high, they
are still administered at fixed doses.

This could lead to underdosing in some patients,
which may result in suboptimal efficacy, while other
patients might be overdosed, causing unnecessary
toxicity.

Treatment could be optimized by therapeutic drug
monitoring (TDM), which is individualized dosing
based on measured blood concentrations of the drug.

In this review, we summarize the available
pharmacokinetic and pharmacodynamic data, discuss
exposure—toxicity and exposure—efficacy
relationships, and propose pharmacokinetic targets
that can be used for TDM.
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1 Introduction

Breast and prostate cancer are both highly prevalent
malignancies, with breast cancer being the most commonly
diagnosed malignancy in women and prostate cancer in
men in the Western world. Breast and prostate cancer
represent the second leading cause of cancer deaths in
women and men, respectively [1]. As these tumors are
often dependent on estrogens and androgens for their
growth, anti-hormonal drugs are imperative in their
treatment.

Even though many oral anti-hormonal drugs show
exposure—response relationships and the interpatient vari-
ability in pharmacokinetic (PK) exposure is high (up to
141% for abiraterone) [2], they are still administered at
fixed doses. As a result, some patients may be underdosed,
which could lead to suboptimal efficacy, while other
patients might be overdosed, causing unnecessary toxicity.
Treatment could be optimized by therapeutic drug moni-
toring (TDM), which is individualized dosing based on
measured blood concentrations of the drug [3-8].

Use of TDM in oncology has been previously advocated
and for other targeted therapies, such as kinase inhibitors,
TDM targets have been described previously [3, 4, 6, 7, 9].
The aim of this review is to summarize the available PK
and pharmacodynamic (PD) data on oral anti-hormonal
drugs, to discuss exposure—toxicity and exposure—efficacy
relationships and to propose PK targets, which can be used
for TDM.

Table 1 provides a summary of selected (steady-state)
PK parameters of these drugs. The proposed targets and
TDM recommendations have been summarized in Table 2.

2 Methods

Although this is not a systematic review, the literature was
searched as comprehensively as possible. For all oral anti-
hormonal drugs, the US FDA Clinical Pharmacology and
Biopharmaceutics Review and the Committee for Medici-
nal Products for Human Use European Public Assessment
Report were consulted. Furthermore, PubMed searches
were performed using the term ‘pharmacokinetics’ in
combination with the different oral anti-hormonal drugs. In
addition, citation snowballing was used to find other rele-
vant studies.
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3 Practical Recommendations for Therapeutic
Drug Monitoring of Oral Anti-Hormonal Drugs
in Oncology

3.1 Anti-Androgens
3.1.1 Abiraterone

Abiraterone acetate (Zytiga®) is the prodrug of abiraterone,
which is a steroidal irreversible inhibitor of 17a-hydroxy-
lase [cytochrome P450 (CYP)17], thereby blocking the
androgen synthesis. Abiraterone acetate is currently indi-
cated for metastatic castration-resistant prostate cancer
[10]. In the near future, this indication might be expanded
to patients with locally advanced or metastatic prostate
cancer who are naive to anti-hormonal treatment [11].

According to the Summary of Product Characteristics,
abiraterone acetate should be ingested in a modified fasting
state, which means no food 2 h before or 1 h after drug
intake. Chi et al. studied the food effect of the pharma-
cokinetics of abiraterone acetate and found a seven- and
five-fold increase in maximum plasma concentration
(Crax) and area under the plasma concentration-time curve
(AUC), respectively, with a low-fat meal and a 17- and
10-fold increase in Cp,,x and AUC, respectively, with a
high-fat meal, compared to overnight fasting in healthy
subjects. However, in patients with metastatic castration-
resistant prostate cancer, the food effect was compared to a
modified fasting state, showing a less pronounced effect
(similar exposure with low-fat meals and a twofold
increase with high-fat meals). Adverse events (all grade
< 3) were similar in the different groups (mainly hot fla-
shes, fatigue, and hypokalemia) [12].

Abiraterone acetate has a high interpatient variability of
41-141% for AUC from time zero to infinity and 46% for
Chin» With an intrapatient variability of 33% [2, 13]. In the
population-PK model described by Stuyckens et al., food
and hepatic impairment appeared to be relevant covariates
that influence abiraterone exposure, while 70% of the
interpatient variability remained unexplained [14].

Unfortunately, insufficient PK data have been collected
in the pivotal trial and phase II trials to evaluate the
exposure—toxicity relationships [10]. Abiraterone acetate
was generally well tolerated, and no dose-limiting toxici-
ties were reported for doses up to 2000 mg once daily (QD)
[15].

A model has been developed in which a relationship
between pharmacokinetics and prostate-specific antigen
(PSA) reduction has been established [2, 16]. Additionally,
in a prospective observational study in patients with cas-
tration-resistant prostate cancer (n = 61), higher abi-
raterone trough concentrations (Cp,;,) were found in PSA
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Table 2 Overview of practical therapeutic drug monitoring (TDM) recommendations for oral anti-hormonal drugs in oncology

Drug TDM Proposed Mean/median Outcome parameter associated with References

recommendation® target (ng/ exposure (Cpyin TDM target

mL) in ng/mL)

Anastrozole Exploratory Chnin > 34.2 33.2 Estradiol suppression [42]
Exemestane Exploratory 4.1° [47]
Letrozole Promising Chin > 85.6 88.4 Increased time to tumor progression [34]
Tamoxifen Viable Chin > 5.97 9.72 Lower recurrence rate [24, 28]
Abiraterone Promising Chin > 8.4 10.9 PSA reduction, progression-free survival [8, 14]
Enzalutamide Exploratory Chnin = 5000 11,400 16B-'8F-50-dihydrotestosterone imaging [21]

C,,in minimum plasma concentration, C,,,, maximum plasma concentration, PSA prostate-specific antigen, #,, elimination half-life

*The provided TDM recommendation is considered promising if a pharmacokinetic TDM target is available, or viable if a prospective TDM
study has been conducted. Otherwise, the recommendations are considered exploratory

bCalculated Chnin based on median Cy,,x and t;,,, calculated with the formula proposed by Wang et al. [49]

responders compared to non-responders (12.0 vs. 8.0 ng/
mL, p = 0.0015), in which PSA response was defined as a
PSA decline of at least 50% after 3 months of treatment
[13]. The most predictive C;, cut-off for PSA response
was 8.4 ng/mL according to a receiver operating charac-
teristic curve. Using this threshold, exposure—survival
analysis found a progression-free survival, defined as the
time from treatment initiation to the first progression event
(either PSA or radiologic progression), of 7.4 months in
patients with a C,,;, below 8.4 ng/mL and 12.2 months in
patients with a Cy,;, above 8.4 ng/mL (p = 0.044). Nine-
teen of the 55 patients (35%) in this study had a C,;, below
8.4 ng/mL [13].

Abiraterone is converted into the active metabolite A*-
abiraterone (D4A) by the enzyme 3B-hydroxysteroid-de-
hydrogenase. Although the conversion ratio of abiraterone
to D4A is low (~ 5%), it targets multiple steps of the
androgen receptor signaling pathway, some of them more
potently than abiraterone. An exposure—efficacy relation-
ship has not been established for D4A hitherto, but given
the dual mechanism of action of D4A (both inhibition of
CYP17 and blockage of the androgen receptor), it is to be
expected that such a relationship exists and may be iden-
tified. Therefore, measuring this metabolite could be
interesting to refine TDM-guided dosing in the future
[17, 18].

Given the clear exposure—efficacy relationship, a target
Chnin Of > 8.4 ng/mL can be recommended for abiraterone.
At the currently used fixed dose of 1000 mg QD, 35% of
patients do not reach this threshold, with the potential to
increase progression-free survival by 4.8 months for this
subpopulation. Although it is advised to administer abi-
raterone in a modified fasting state, in clinical practice,
patients often take it after an overnight fast. Since a clin-
ically significant food effect has been shown when
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compared to overnight fasting, a first step in the case of low
exposure could be to administer abiraterone concomitantly
with a light meal or a snack, before escalating the dose.

3.1.2 Enzalutamide

Enzalutamide (Xtandi®) is an androgen-receptor antagonist
indicated for the treatment of metastatic castration-resistant
prostate cancer [19]. Enzalutamide is metabolized by
CYP2C8 and CYP3A4/5 to an inactive carboxylic acid
(M1) and an active N-desmethyl metabolite (M2). The
mean =+ standard deviation C;, of the approved 160-mg
QD dose was 11.4 4+ 3.0 mg/L for enzalutamide,
13.0 £+ 3.8 mg/L for M2, and 8.4 £+ 6.8 mg/L for M1 [20].
Since M2 has a high abundancy and similar potency to
enzalutamide, and concentrations of these two compounds
can differ between patients (£ 25%), it could be scientif-
ically interesting to measure both enzalutamide and its M2
metabolite [19]. Future studies should clarify the role of
this M2 metabolite in TDM.

No clinically significant exposure—toxicity relationships
have been found so far [19]. An exposure—efficacy analysis
has been executed for enzalutamide in the pivotal phase III
study, using the sum of the C;, for enzalutamide and M2
with overall survival as the endpoint. All quartiles per-
formed significantly better than placebo (p < 0.0001), yet
no differences between the exposure quartiles could be
found (p > 0.5499) [20].

In the phase I/II trial, PSA decreases at 12 weeks were
comparable in the different dose concentrations (range
60-600 mg) [21]. Although enzalutamide targets the
androgen receptor and could therefore cause a PSA decline
without reflecting tumor response, it has been shown that
PSA decline after 12 weeks is still associated with pro-
gression-free survival and overall survival [22].
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In the phase I trial, 16B-'®F-50-dihydrotestosterone
positron emission tomography imaging in 22 patients
suggested androgen receptor binding was higher in the
150-mg group (corresponding to a median Cp;, of
11.4 mg/L) than in the 60-mg dose group (corresponding to
a median C;, of approximately 5 mg/L). No additional
effect was seen at higher doses, suggesting a plateau at a
dose of 150 mg and Cy,;, of 12 mg/L [21].

Given the lack of an exposure—toxicity relationship, the
limited evidence for an exposure—efficacy relationship, and
the small interpatient variability in exposure (26% for
Chuin), enzalutamide may not be the ideal drug for TDM. In
the absence of an exposure—efficacy target, the mean Cp;,
of 11.4 mg/L at the standard dose of 160 mg QD could be
used as a reference. As this is the mean exposure,
approximately 50% of patients will have concentrations
below this reference. Based on the 16B-'®F-5a-dihy-
drotestosterone data, dose increments could be considered
in patients with a very low (e.g., < 5 mg/L) Cp,;,. Taking
into account the mean exposure and standard deviation,
less than 2.5% of patients will have trough concentra-
tions < 5 mg/L.

3.2 Anti-Estrogens
3.2.1 Tamoxifen

Tamoxifen (Nolvadex®) is an estrogen receptor antagonist
indicated for the treatment of estrogen receptor-positive
breast cancer. Tamoxifen is extensively metabolized
mainly by CYP2D6 and CYP3A4 into a range of active and
inactive metabolites [23]. Endoxifen is one of the most
potent and abundant metabolites and, therefore, TDM of
tamoxifen has focused on measuring endoxifen concen-
trations. Endoxifen shows a large interpatient variability in
steady-state concentrations of 40-49%, while the intrapa-
tient variability is only 11% [24-26].

No clear relationship between endoxifen concentration
and toxicity has been reported in the literature. A retro-
spective study (n = 109) could not find evidence for an
association between exposure and hot flashes, a major side
effect of tamoxifen treatment [27]. In another prospective
trial (n = 122), no significant correlation was found
between tamoxifen metabolites and the hot flash score
(p =0.07) [8].

A retrospective analysis of 1370 patients with estrogen
receptor-positive breast cancer receiving tamoxifen in the
adjuvant setting found that patients in the lowest endoxifen
exposure quintile (0-5.9 ng/mL) had a higher risk of
recurrence than patients above this threshold (hazard ratio
0.74; 95% confidence interval 0.55-1.00). The recurrence
rate was 16% for patients in the lowest quintile vs.
10.1-14.7% in the higher exposure quintiles. The

investigators also explored dichotomized optimal cut-off
points for the association between endoxifen concentra-
tions and additional breast cancer events, in which an
endoxifen concentration > 5.97 ng/mL was the best
threshold. This threshold corresponds closely to the lowest
quintile [28].

With the same dataset, an anti-estrogenic activity score
was developed taking into account the ICsy-corrected
concentrations of tamoxifen, endoxifen, 4-hydroxytamox-
ifen, and N-desmethyltamoxifen [29]. An anti-estrogenic
activity score threshold of 1798 was associated with a
hazard ratio of 0.69 (95% confidence interval 0.48-0.99). It
should be noted that this anti-estrogenic activity score was
dominated by endoxifen, suggesting that endoxifen can
serve as a proxy for the overall anti-estrogenic effect of
tamoxifen and its metabolites.

While a clear exposure—efficacy relationship has been
demonstrated in the adjuvant setting, Neven et al. did not
find this relationship in the neo-adjuvant and metastatic
setting [30].

In a recent prospective clinical trial (n = 122), tamox-
ifen doses were tailored based on endoxifen concentrations
[8]. Breast cancer patients with an endoxifen concentra-
tion < 5.6 ng/mL (corresponding to 15 nmol/L) received a
20-mg dose increase, while patients with endoxifen con-
centrations between 5.6 and 11.2 ng/mL (or 15-30 nmol/
L) were recommended a dose increase of 10 mg. All
patients with endoxifen concentrations > 11.2 ng/mL
continued treatment at the fixed dose of 20 mg of tamox-
ifen. In total, 68 of 122 patients had at least one dose
increment, after which 96% of patients achieved an
endoxifen concentration > 5.6 ng/mL, compared to only
76% at baseline [8].

Although it is known that CYP2D6 intermediate and
poor metabolizer phenotypes are associated with lower
endoxifen concentrations, the CYP2D6 phenotype only
accounts for 18—43% of the interpatient variability in
endoxifen concentrations [28, 30-32]. Twenty-four percent
of the poor metabolizers and 58% of the intermediate
metabolizers still have an endoxifen concentration above
the efficacy threshold, while 12% of the normal metabo-
lizers do not reach this threshold [28]. As endoxifen con-
centrations cannot be adequately predicted by the CYP2D6
phenotype, we advocate endoxifen-guided dosing instead
of genotype-guided dosing.

At the currently used fixed dose of 20 mg QD, 20% of
patients do not reach the proposed efficacy threshold of
5.97 ng/mL, with the potential to lower the recurrence rate
by 26% in this subpopulation. The presence of a large
retrospective exposure—efficacy study and prospective dose
individualization study supports the conclusion that it is
feasible to dose tamoxifen based on measured endoxifen
concentrations, using > 5.97 ng/mL. as a threshold,

A\ Adis



304

S. L. Groenland et al.

although no unequivocal evidence from a prospective trial
is available yet, which demonstrates that TDM increases
tamoxifen treatment efficacy.

3.2.2 Aromatase Inhibitors

Estrogens are synthesized from androgens by the aromatase
enzyme complex. This enzyme system is inhibited by
aromatase inhibitors (Als). After previous use of the first-
and second-generation Als (e.g., aminoglutethimide and
formestane), the third-generation Als currently used in
clinical practice are anastrozole, letrozole, and exemestane.
These drugs are indicated for the treatment of post-
menopausal patients with estrogen receptor-positive breast
cancer, either in the (neo)adjuvant or metastatic setting
[33-35]. Anastrozole and letrozole are non-steroidal Als
that bind reversibly to aromatase while exemestane is a
steroidal Al that binds irreversibly to aromatase [36].

Since Als inhibit the synthesis of estrogens, measuring
circulating estrogen levels would be a good biomarker for
efficacy. However, the sensitivity of the currently most
commonly used estrogen assays is insufficient to measure
the low concentrations of circulating estradiol in post-
menopausal women, especially in those receiving Al
treatment [37, 38]. Patients receiving anastrozole, letro-
zole, and exemestane treatment have median estradiol
concentrations of 1.26, 0.63, and 0.63 pg/mL, respectively
[39, 40]. In daily clinical practice, circulating estradiol is
measured using immunoassays (optimized to measure
concentrations between 40 and 2000 pg/mL [38]), while
mass spectrometry would be a more sensitive method,
although this method is more costly and labor intensive.
Even mass spectrometry assays are not always sensitive
enough to measure the low circulating concentrations of
estradiol in patients receiving Al treatment, for which
assays with a lower limit of quantification (LLOQ) of
0.1-0.2 pg/mL are needed [38]. A recently published
article suggested measuring gonadotrophins as a possible
surrogate marker for estrogen activity [41]. Future studies
are needed to confirm the feasibility of gonadotrophins as a
biomarker for the efficacy of Als.

Hypothetically, one could imagine the dosing of Als
could be personalized using a pharmacodynamic bio-
marker, such as measured estradiol concentrations or
gonadotrophin levels. In the absence of these data, indi-
vidualized dosing based on pharmacokinetics is more
within reach.

3.2.2.1 Anastrozole Ingle et al. reported a high variabil-
ity in anastrozole concentrations at the standard dose of
1 mg QD, with a median of 33.2 ng/mL, interquartile range
of 23.5-44.8 ng/mL, and a range from LLOQ (0.1 ng/mL)
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to 132.1 ng/mL. (n = 649) [42], while the intrapatient
variability is small (7-12%) [43].

To our knowledge, no exposure—toxicity relationship
has been described for anastrozole. In phase I studies,
patients received repeated doses up to 10 mg QD and
single doses up to 60 mg QD, which were well tolerated
and did not cause any serious adverse events [44]. A linear
dose—exposure relationship was found for doses of 0.5 up
to 10 mg [44].

Dose—efficacy and exposure—efficacy relationships have
only been studied with estrogen suppression as a surrogate
marker of effect. Although previous studies showed estra-
diol suppression to below the limits of detection (LLOQ
2 pg/mL) for doses of 1 mg or higher [44, 45], it could still
be possible that higher doses suppress estradiol to a greater
extent, which could not have been quantified with these
assays.

In a prospective study (n = 649), Ingle et al. reported
significantly lower anastrozole concentrations in patients
with stable or increased estradiol concentrations compared
with patients with decreased estradiol concentrations
(LLOQ 0.625 pg/mL) after the start of anastrozole treat-
ment (26.7 vs. 34.2 ng/mL, p < 0.001) [42]. This indicates
that TDM could be of value for anastrozole. However,
because not all patients with decreased estradiol concen-
trations compared to baseline necessarily have sufficient
estrogen suppression, higher anastrozole concentrations
might be needed to attain adequate estrogen suppression.

No definitive exposure—efficacy target has been pro-
posed yet for anastrozole. However, based on the available
data, dose escalation could be considered for patients with
a Cpin < 34.2 ng/mL [42]. Since the median exposure is
33.2 ng/mL, approximately 50% of patients will have a
Chin below this threshold at the currently used fixed dose
of 1 mg QD. Future studies should further investigate the
relationship of anastrozole plasma concentrations with both
circulating estrogen levels and progression-free and
recurrence-free survival.

3.2.2.2 Exemestane Although exemestane is extensively
metabolized, 17-hydroxy-exemestane is the only active
metabolite. However, because the 17-hydroxy-exemestane
concentration is ten times lower than the exemestane
concentration and 17-hydroxy-exemestane is 2.6 times less
potent than exemestane, its additional anti-estrogenic effect
is limited [35].

Estradiol and exemestane share the same steroidal
backbone. This structural resemblance can lead to falsely
elevated estradiol concentrations in immunoassays.
Therefore, measuring estradiol concentrations with liquid
chromatography—tandem mass spectrometry instead of
immunoassays is the preferred option [46].
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Hertz et al. reported a median C,,x of exemestane of
7.7 ng/mL (range 2.5-72.0, n = 246) at the standard daily
dose of 25 mg. Higher exemestane concentrations have
been associated with the CYP3A4*22 variant, white race,
elevated liver enzymes, renal insufficiency, lower body
mass index (BMI), and not having received prior
chemotherapy (all p < 0.05). However, these factors
explained less than 10% of the overall interpatient vari-
ability in exemestane concentrations [47].

No exposure—toxicity relationship has been shown for
exemestane. In general, exemestane is well tolerated, with
single doses up to 800 mg and multiple doses up to 200 mg
administered in phase I studies [35].

Exposure increases proportionally with increasing dose.
Estrogen suppression was maximal at a dose of 25 mg
(used assay is not mentioned) [35]. However, exemestane
concentrations were not significantly different in patients
who did and did not achieve estradiol suppression to
undetectable concentrations (LLOQ 1.25 pg/mL) [48].

No exposure—efficacy analyses have been reported yet
for exemestane. Future studies need to explore any rela-
tionship between exemestane exposure and clinical
response. In the absence of an exposure—efficacy target, the
median C,,x of 7.7 ng/mL could be used as a reference for
TDM, corresponding to a calculated trough concentration
of 4.1 ng/mL [49]. As this is the median exposure,
approximately 50% of patients will have trough concen-
trations below this proposed reference.

3.2.2.3 Letrozole Desta et al. reported a high interpatient
variability, with a median steady-state exposure of 88.4 ng/
mL [range: LLOQ (7 ng/mL) — 349.2 ng/mL)] at the
standard dose of 2.5 mg QD [50]. Higher exposure was
associated with increasing age, lower BMI, and CYP2A6
genetic variations. The lower exposure with increasing
BMI can be explained by the fact that letrozole is a highly
lipophilic drug with a large volume of distribution (183 L),
which increases with increasing BMI. These three variables
explain only 32.3% of the interpatient variability, thus a
large proportion remains to be elucidated [50].

In phase I studies, single doses up to 30 mg and repeated
doses up to 5 mg were well tolerated. Higher exposure did
not cause increased toxicity [34]. Exposure increases
approximately linearly with doses up to the standard dose
of 2.5 mg QD, while at higher doses the exposure increases
non-linearly [34].

No significant relationship was found between dose
(range 0.5-5.0 mg) and estrogen suppression, albeit the
assay used may not have been sensitive enough (LLOQ
2.5 pg/mL) [34]. Furthermore, Hertz et al. found that
median steady-state concentrations of letrozole were
comparable in patients who did and did not achieve E2
suppression to undetectable concentrations (LLOQ

1.25 pg/mL, 88.8 vs. 105.7 ng/mL, respectively, p = 0.63)
[48].

In an exposure—efficacy analysis, patients were divided
into groups reaching different letrozole plasma concentra-
tions. This analysis showed a tendency to an increase in the
time to tumor progression for those patients with a letro-
zole plasma concentration > 85.6 ng/mL [34]. Future
studies need to confirm this exposure—efficacy relationship.
Until then, the most appropriate target for TDM of letro-
zole is 85.6 ng/mL. Because the median exposure is
88.4 ng/mL, slightly less than 50% of patients will not
reach this target at the currently used fixed dose of 2.5 mg

QD.

4 Discussion

The data presented in this review highlight clear opportu-
nities to improve and to optimize treatment with anti-hor-
monal agents in oncology through TDM. However, the
evidence for this is not equally strong for all agents.
Because of this, we evaluated the available evidence and
proposed TDM recommendations, which we considered
either exploratory, promising, or viable, as presented in
Table 2. The provided TDM recommendation is consid-
ered promising if a PK TDM target is available or viable if
a prospective TDM study has been conducted. Otherwise
the recommendations are considered exploratory.

Future studies are needed to explore exposure—efficacy
relationships for those oral anti-hormonal drugs that are
classified as exploratory (anastrozole, enzalutamide, and
exemestane). In addition, prospective clinical studies
should be performed to demonstrate the safety and feasi-
bility of TDM for those oral anti-hormonal drugs that are
classified as promising (abiraterone and letrozole). Ideally,
for those drugs for which TDM is viable (tamoxifen),
randomized controlled trials comparing TDM and fixed
dosing with regard to relevant clinical efficacy endpoints
such as progression-free survival and overall survival
would be needed. Then, TDM could be fully integrated in
clinical practice and become the standard of care. How-
ever, given the large patient numbers needed to conduct
adequately powered randomized controlled trials, espe-
cially in the adjuvant setting, this will be a major challenge.
Instead, future research could focus on prospective clinical
studies strengthening the evidence of the PK target and
confirming the safety and feasibility of TDM [51].

Currently, exposure—efficacy and exposure—toxicity
analyses are pivotal parts of the drug development process
[52]. However, in the era in which most of the older oral
anti-hormonal drugs were registered, this was uncommon,
resulting in a paucity of PK-PD data for these agents.
Nonetheless, a PK target could be identified for four of the
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TDM threshold as % of average exposure

Fig. 1 Proposed therapeutic drug monitoring (TDM) thresholds as
percentages of the average exposure, on average the threshold
amounted to 85% (& 19%) of the population average (indicated by
the dotted line)

seven included agents. Overall, these targets amounted to
85% (£ 19%) of the mean population exposure (Fig. 1).
This is in accordance with the data for kinase inhibitors, as
reported previously of 82% (£ 17%) [3, 4]. Thus, targeting
the mean exposure, in the absence of exposure—efficacy
analyses, generally leads to adequate concentrations.

While awaiting a TDM target based on exposure—re-
sponse analyses, measuring drug concentrations and col-
lecting data on the efficacy and toxicity in routine patient
care can provide us with valuable data on exposure—effi-
cacy and exposure—toxicity relationships, comparable to
safety monitoring as part of post-marketing surveillance.

To measure drug concentrations of oral anti-hormonal
drugs, validated bio-analytical assays are needed. Our
methods for the quantification of abiraterone, enzalu-
tamide, and endoxifen have been previously published
[53-55]. Additionally, methods on the quantification of
anastrozole, letrozole, and exemestane have been published
by other investigators [56—58]. Currently, we are validating
an assay for the simultaneous measurement of all men-
tioned oral anti-hormonal drugs, which makes this a suit-
able assay for TDM in clinical practice.

Apart from the apparent advantages of TDM, another
potential advantage for anti-hormonal drugs could be the
monitoring of medication adherence, as it is has been
shown that compliance decreases with long-term treatment
[59]. Additionally, TDM could help in detecting drug—drug
interactions.

Since many of the anti-hormonal drugs have consider-
ably long elimination half-lives, PK sampling for TDM
should be timed appropriately to ensure that steady-state
concentration has been achieved. In Table 1, the time until
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steady-state concentration has been reached is specified for
the different compounds.

In disciplines other than oncology, TDM is being
broadly applied, for example in patients using antibiotics,
antiretroviral drugs, and immunosuppressants. An impor-
tant difference, however, is the fact that in oncology we are
reluctant to reduce the dose in the case of high drug con-
centrations because tumor progression is irreversible. For
this reason, we advise to increase the dose in the case of
low drug concentrations, while reducing doses only in the
case of toxicity.

5 Conclusion

This review has summarized the clinical PK and PD
properties of oral anti-hormonal drugs used in daily
oncology practice and aimed to translate these data into
practical guidelines for TDM. For abiraterone, anastrozole,
and letrozole, PK targets for TDM could be identified.
Furthermore, for tamoxifen, a prospective clinical trial has
already demonstrated the feasibility of individualizing the
dose based on the endoxifen concentration. However,
prospective studies to correlate individualized dosing with
tumor response or outcome parameters, such as progres-
sion-free survival and overall survival, are lacking. To
conclude, the data presented in this review highlight clear
opportunities to study and improve treatment with oral
anti-hormonal agents in oncology via TDM.
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