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Low Z-40Htam concentrations are associated with adverse
clinical outcome among early stage premenopausal breast
cancer patients treated with adjuvant tamoxifen
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Low steady-state levels of active tamoxifen metabolites have been associ-
ated with inferior treatment outcomes. In this retrospective analysis of 406
estrogen receptor-positive breast cancer (BC) patients receiving adjuvant
tamoxifen as initial treatment, we have associated our previously reported
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tamoxifen (Z-4OHtam), with treatment outcomes in an independent cohort
of BC patients. Among all patients, metabolite levels did not affect sur-
vival. However, in the premenopausal subgroup receiving tamoxifen alone
(n = 191) we confirmed an inferior BC -specific survival in patients with
the previously described serum concentration threshold of Z-
40Htam < 3.26 nm (HR =2.37, 95% CI =1.02-5.48, P =0.039). The
‘dose-response’ survival trend in patients categorized to ordinal concentra-
tion cut-points of Z-4OHtamoxifen (< 3.26, 3.27-8.13, > 8.13 nm) was also
replicated (P-trend log-rank = 0.048). Z-endoxifen was not associated with
outcome. This is the first study to confirm the association between a pub-
lished active tamoxifen metabolite threshold and BC outcome in an inde-
pendent patient cohort. Premenopausal patients receiving 5-year of

BC, breast cancer; BCSS, breast cancer-specific survival; 95% Cl, 95% confidence interval; ER, estrogen receptor; HER2, human epidermal
growth factor receptor-2; LC-MS/MS, liquid chromatography-mass spectrometry/ mass spectrometry; pN, pathological nodal status; pT,
pathological tumor size; TDM, therapeutic drug monitoring; Z-4OHtam, Z-4-hydroxy-tamoxifen.
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Z-40Htam levels predicts breast cancer outcome

T. Helland et al.

tamoxifen alone may benefit from therapeutic drug monitoring to ensure
tamoxifen effectiveness.

1. Introduction

Endocrine therapy is indicated for estrogen receptor
(ER)-positive breast cancer (BC) patients to attenuate
the cell supportive effect of estrogens and prevent
growth of residual micro-metastatic disease after sur-
gery. This can be achieved by mitigated production of
estrogens by aromatase inhibitors in postmenopausal
women or by inhibiting ER transcriptional activity by
the use of selective ER modulators like tamoxifen in
premenopausal women. Tamoxifen may also be used
in sequence with aromatase inhibitors for peri-/post-
menopausal women [1]. Adjuvant treatment with
tamoxifen for 5 years significantly improves outcomes
for women with ER-positive BC [2], and extending the
treatment time to 10 years adds additional outcome
benefits [3].

Despite the improved outcomes, ~ 25% of patients
using tamoxifen experience a relapse within 10 years
[2]. Thus, micro-metastases harbor endocrine refrac-
tory traits in these patients [4,5], meaning that resis-
tance to a particular antihormonal therapy has been
developed. Several mechanisms of endocrine resistance
have been identified including ESRI mutations and
switch to ER-independent estrogen-induced signaling
pathways [6,7]. However, metabolic resistance may be
an additional mechanism of resistance to tamoxifen.

Metabolic resistance to tamoxifen is the inability to
form adequate active metabolite concentrations,
thereby not achieving sufficient ER antagonism.
Tamoxifen is regarded as a weak antiestrogen and is
believed to be dependent on enzymatic biotransforma-
tion into the active metabolites 4-hydroxy-N-desmethyl
tamoxifen (Z-endoxifen) and 4-hydroxy-tamoxifen (Z-
40Htam) to reinforce its antiestrogenic effect [8—10].
These two metabolites have ~ 100x higher affinity to
the ER compared with tamoxifen itself [10], and it is
hypothesized that tamoxifen’s therapeutic effect is
dependent on adequate formation of these two
metabolites. The hypothesis stems from a long line of
evidence showing that activity impairing polymor-
phisms in the tamoxifen-metabolizing enzyme
CYP2D6 significantly reduce concentrations of endox-
ifen and 4OHtam in BC patients [11-13] and multiple
studies have linked CYP2D6 genetic variants with
diminished metabolic activity to worse tamoxifen treat-
ment outcome [14].

However, the validity of CYP2D6 genotypes as a
surrogate biomarker for systemic concentrations of
active metabolites and thereby the clinical effect of
tamoxifen remains unclear due to heterogeneous
results [15]. As opposed to using a surrogate marker
like CYP2D6 that only explains portions of the vari-
ability in endoxifen concentrations, a more direct
method for testing the hypothesis of metabolic resis-
tance is to measure systemic levels of active metabo-
lites and investigate their association with BC
outcome. Three retrospective studies [12,16,17], includ-
ing a recent publication by our group [17], have
reported inferior BC outcomes in tamoxifen-treated
patients with low steady-state levels of active tamox-
ifen metabolites. The opposite effect was reported in
an explorative hypothesis-generating study [18]. The
association has not been validated prospectively [19-
21] in various BC subgroups, and the clinical validity
of the association still remains unclear [15,22]. The
inconsistent findings from many studies on the associa-
tion of endoxifen levels or CYP2D6 genotypes with
tamoxifen treatment outcomes have resulted in con-
flicting clinical guidelines on whether to use any pre-
dictive biomarker to optimize tamoxifen treatment
[23-26]. There is therefore a need for evidence-based
guidelines regarding the possibility for therapeutic
drug monitoring (TDM) of tamoxifen in BC patients.
In this study, we aimed to provide further evidence on
the association between impaired tamoxifen metabo-
lism and BC outcome by confirming the predictive
effect of our previously determined therapeutic concen-
tration thresholds for Z-4OHtam (3.26 nm) and Z-en-
doxifen (9 nMm) in an independent patient cohort.

2. Materials and methods

2.1. Patients

Patients included in this retrospective analysis were
selected from subjects on a prospective trial investigat-
ing the value of Secondary Adjuvant (rescue) Treatment
with docetaxel (Taxotere) [SATT (Secondary Adjuvant
Treatment with Taxotere) study] for BC patients with
disseminated tumor cells in their bone marrow (BM)
[27]. The original study prospectively enrolled 1121
patients between October 2003 and May 2008 from
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seven Norwegian hospitals. Inclusion criteria were com-
pletion of primary surgery, completion of six cycles of
anthracycline (AC)-containing chemotherapy, and
node-positive or pT1c-T4G2-3 node-negative BC with
no earlier or other concomitant carcinoma. Endocrine
treatment was given according to national guidelines at
the time, which indicated 5 years of tamoxifen for ER+
patients included before 2005 regardless of menopausal
status. From 2005, tamoxifen was given for 5 years to
ER+ premenopausal patients and for 2-3 years fol-
lowed by 3-2 years of an aromatase inhibitor for ER+
postmenopausal patients > 55 years.

From this patient population, 406 ER+ patients who
received tamoxifen, had BM plasma sample(s) avail-
able, and did not receive secondary adjuvant treatment
with docetaxel (i.e., did not have detectable dissemi-
nated tumor cells in the BM 8-9 months after com-
pleting adjuvant chemotherapy) (Fig. 1) were included
in this study. Thus, they reflect patients treated with
endocrine treatment outside studies, according to
national guidelines.

From the 406 patients, a ‘tamoxifen-only’ subgroup
including 191 operable patients < 45 years of age with a
pathological tumor size (pT) < 5 cm was selected. Selec-
tion of patients younger than 45 years ensured that the
patients received tamoxifen as a monotherapy for
5 years according to guidelines at the time of inclusion
[28]. The selection of pT1-2 represents primary operable
patients which ensured that neoadjuvant treatment had
not been given, in line with the primary operable patient
population from the learning set. Patients with plasma
tamoxifen concentrations of < 40 nm were considered to
be nonadherent to tamoxifen and excluded from both
subgroups [12]. As molecular subtyping was not avail-
able, the relevance of luminal subgroup status on active
metabolite thresholds was investigated by creation of a
Luminal B-like subgroup based on tumor pathological
surrogate markers available. Information on Ki-67 and
PgR percentage was not available, and the following
approximation was used to create the groups for this
post hoc subgroup analysis; Luminal B-like: ER level
< 50% or grade > 3 or human epidermal growth factor
receptor-2 (HER2) positive. All other patients were
grouped as Luminal A [29,30].

2.2. Extraction of bone marrow plasma

To investigate the prognostic value of disseminated
tumor cells, 40 mL BM was aspirated from the poste-
rior iliac crests bilaterally at two different time points
after primary chemotherapy to isolate mononuclear
cells. This procedure is described in detail elsewhere
[31]. During the isolation of mononuclear cells, BM
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SATT trial population (N=1121)
6 cycles AC-containing chemotherapy
+/- secondary adjuvant treatment with docetaxel,
+/- endocrine therapy (tamoxifen/Als)

Inclusion criteria:

ER positive, tamoxifen initiated, BM plasma
drawn (n=506)

Exclusion criteria in 506 patients:

Received secondary chemo therapy (n=43)

BM plasma not available at steady state (n=65)
Non-adherent (n=12)

Main cohort (n=406)
6 cycles AC-containing chemotherapy, tamoxifen
5/3 years, +/- Als 2 years.

Exclusion criteria:
>45 years (N=203)
pT23 (N=12)

Secondary cohort (n=191)
6 cycles AC-containing chemotherapy, tamoxifen 5
years

Exclusion criteria: HER2 missing (n=63)
ER% missing (n=6)
Grade missing (n=1)

Luminal-like status (n=121)
6 cycles AC-containing chemotherapy, tamoxifen 5

years
ER<50% or

grade=3 or All other
HER2+ patients

Non-Luminal B-like
N =53

Luminal B-like
N =68

Fig. 1. Patient flow from SATT trial into present analyses.
Nonadherence represents patients with tamoxifen concentrations
below 40 nwm.

samples were diluted 1:2 in PBS and centrifuged
10 min at 1000 g. After centrifugation, 3 x 1 mL sam-
ples of BM plasma was removed and stored at —40 °C
and later transferred to —80 °C.

2.3. Quantification of tamoxifen metabolites in
bone marrow plasma

Tamoxifen and seven metabolites (Table 2) were quan-
tified in human BM plasma samples collected
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~ 8 months from tamoxifen initiation using our previ-
ously described method for serum [17]. In brief, pro-
tein precipitation (20 uL) of BM plasma was
performed in acetonitrile containing deuterated inter-
nal standards. The supernatant (80 pL) was evapo-
rated to dryness using nitrogen and subsequently
reconstituted in 500 pL water : methanol (20 : 80, v:
v). Subsequently, the samples were chromatographi-
cally separated on a Waters Acquity UPLC system
(Milford, MA, USA) using a Waters BEH Phenyl col-
umn (100 mm x 2.1 mm, 1.7 um particle size). The
column was developed by a gradient elution of 0.01%
aqueous solution of formic acid and methanol as weak
and strong mobile phases, respectively. The com-
pounds were subjected to atmospheric pressure pho-
toionization and detected in positive ion mode using a
Xevo TQ-S tandem mass spectrometer (Waters, Taun-
ton, MA, USA). All measured concentrations were
multiplied by 3 to account for the dilution factor
caused by adding 2 volumes of PBS during the isola-
tion of mononuclear cells.

2.4. Statistical approaches

The primary objective of this retrospective observa-
tional analysis of a prospective clinical trial was to
confirm the predictive effect of our previously reported
therapeutic thresholds for Z-4OHtam (3.26 nm) and Z-
endoxifen (9.00 nm) on tamoxifen treatment outcomes
[17]. The secondary objectives were to investigate the
putative association of increasing survival trends or
dose-response effects using our previously reported
ordinal categories of low, moderate, and high concen-
trations of Z-4OHtam (< 3.26, 3.27-8.13, > 8.13 nm)
and Z-endoxifen (< 9.00, 9.01-59.59, > 59.59 nwm) [17].

Survival analyses included Kaplan—-Meier and Cox
regression analyses in which breast cancer-specific sur-
vival (BCSS), defined as time from inclusion to death
by BC, was used as the main outcome variable. The
log-rank test was applied to test for statistical differ-
ence in survival between groups. For Cox regression
models, we report hazard rates (HR) with 95% CI and
corresponding P-values. First, we fitted univariable
Cox models. Next, in multivariable Cox regression
models we included both clinically relevant variables
and variables with a P-value < 0.2 from the univari-
able analysis. Backward model selection and forward
model selection were used to suggest the final multi-
variable model. Distribution of metabolite concentra-
tions and clinical variables was calculated and
presented as means, medians, and frequencies. Interpa-
tient variability in tamoxifen concentrations was calcu-
lated as coefficients of variation. Ratios between Z-

T. Helland et al.

endoxifen and Z-4OHtam were calculated by dividing
the two metabolite concentrations and reported as
means with range. All statistical analyses were con-
ducted using 1BM® spss® Statistics version 25 (SPSS,
Inc., Chicago, IL, USA). Two-tailed P-values < 0.05
were considered statistically significant.

3. Results

3.1. Patient characteristics

A total of 406 patients were eligible for this study. The
clinical and demographic characteristics are presented
in Table 1, and patient flow from the original trial
population into secondary cohorts is presented in
Fig. 1. All patients received adjuvant chemotherapy,
and the majority (79%) of patients were pre-
menopausal. The median follow-up time for breast
cancer-specific death was 13.6 years. From this patient
population, we selected the ‘tamoxifen-only’ patient
group (as described in Materials and methods) in
order to study the tamoxifen metabolite effect on clini-
cal outcome without potential influence from later
change in endocrine treatment from tamoxifen to an
aromatase inhibitor. This a priori determined subgroup
had similar stage characteristics (pTpN) as the patients
included in the learning set in which our thresholds
were identified [17]. The median age of the ‘tamoxifen-
only’ group was 41 years, and the distribution of pTl1
and pT2 tumors was close to 50/50 (Table 1).

3.2. Tamoxifen metabolite concentrations in
bone marrow plasma

Concentrations of tamoxifen and seven metabolites
were measured in the BM plasma from 406 patients
(Table 2). The same liquid chromatography-mass spec-
trometry/ mass spectrometry (LC-MS/MS) assay as
for serum was applied with accuracy and precision
well within the limits of requirements (Table S1). The
mean and median concentrations found in BM were
comparable to what has been measured in serum from
other patient cohorts using the same LC-MS/MS assay
[17,32]. This indicated that the concentrations mea-
sured in BM were representative of systemic tamoxifen
metabolite concentrations. To investigate the systemic
abundance differences (ratios) between Z-endoxifen
and Z-4OHtam, the median ratio and range were cal-
culated. For all analyzed patients (n = 406), the med-
ian was 5.7 (range 1.2-14.9) (Fig. S1). The ‘tamoxifen-
only’ subgroup had a median of 5.6 (range 1.9-14.9).
In addition, a cross-tabulation of the 191 patients
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Table 1. Patient characteristics. Study population, N = 406.
‘Tamoxifen-only’  subgroup, n=191. All patients received
chemotherapy. Menopausal status was based on the information
from case report forms within hospital records. PR, progesterone
receptor; IDC, invasive ductal carcinoma; ILC, invasive lobular
carcinoma.

Study
Clinical/pathological population ‘Tamoxifen-only’
features (n = 406) subgroup (n = 191)
Follow-up time BCSS, 154.7 (163.2) 1563.7 (163.3)
months, mean (median)
Age, years, mean 43.7 (44.5) 40.1 (41.0)
(median)
<45, n (%) 203 (50.0) 191 (100)
45-50, n (%) 202 (49.8) -
50-55, n (%) 1(0.2) -
Menopausal status, n (%)
Pre 322 (79.3) 166 (86.9)
Post 25 (6.2) 4(2.1)
Missing 59 (14.5) 21 (11.0)
Surgery, n (%)
Mastectomy 182 (44.8) 88 (46.1)
Lumpectomy 224 (55.2) 103 (53.9)
Tumor size (pT ), n (%)
pT1 203 (50.0) 96 (50.3)
pT2 178 (43.9) 95 (49.7)
pT3 20 (4.9) -
pT4 2(0.5) -
Missing 3(0.7) -
Grade, n (%)
1 32 (7.9) 14 (7.3)
2 253 (62.3) 111 (568.1)
3 115 (28.3) 64 (33.5)
Missing 6 (1.5) 2(1.0)
Histology, n (%)
IDC 339 (83.5) 171 (89.5)
ILC 40 (9.9) 13 (6.8)
Missing 27 (6.7) 7 (3.7)
pN, n (%)
Pos 249 (61.3) 115 (60.2)
Neg 157 (38.7) 76 (39.8)
HER2, n (%)
Pos 33 (8.1) 15 (7.9)
Neg 234 (57.6) 113 (69.2)
Missing 139 (34.2) 63 (33.0)
ER, n (%)
Pos 406 (100.0) 191 (100.0)
Neg 0 (0.0) 0(0.0)
PR, n (%)
Pos 350 (86.2) 165 (86.4)
Neg 50 (12.3) 24 (12.6)
Missing 6 (1.5) 2(1.0)

grouped according to our previously reported cutoffs
for Z-4OHtam and Z-endoxifen showed that 31% of
the patients in the low Z-4OHtam group belonged to
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the high Z-endoxifen group (Fig. 2). Only 5.8% of the
patients had combined low Z-Endoxifen and low Z-
40Htam.

3.3. Tamoxifen metabolite concentrations in
association with breast cancer outcome

To investigate the predictive value of Z-endoxifen and
Z-40Htam thresholds of 9 and 3.26 nwm, respectively
[17], the concentrations were split above and below
these thresholds and uni- and multivariable survival
analyses were performed. Z-endoxifen and Z-4OHtam
concentrations below the thresholds were not associ-
ated with BCSS in all 406 patients (Fig. 3A,B). The
thresholds were next tested among the ‘tamoxifen-
only’ patients. In this subgroup, patients with Z-
40Htam > 3.26 nm had improved survival compared
with the <326nm group (HR =237, 95%
CI = 1.02-548, P =0.039; Fig. 4A). After adjusting
for clinically relevant variables (Table 3), only Z-
40Htam and pathological nodal status (pN) status
were associated with BCSS in the final model with a
HR of 2.69 (95% CI = 1.15-6.25) and 3.06 (95%
CI = 1.14-8.19), respectively. No uni-/multivariable
associations were identified for the 9 nm Z-endoxifen
cutoff in this subgroup (Fig. 4B, Table 3).

As part of the secondary objective, the previously
reported ordinal categories of low, moderate, and high
concentrations of Z-endoxifen and Z-4OHtam [17]
were also compared with clinical outcome. A signifi-
cant trend for increasing Z-4OHtam concentrations
and improved BCSS was identified for the ‘tamoxifen-
only’ subgroup (P-trend = 0.048; Fig. 4C). No

15.0 ® Alive

@ Dead breast cancer

R=0.835

Z-40Htam (nM)

0.0 20.0 40.0 60.0 80.0
Z-endoxifen (nM)

Fig. 2. Distribution of Z-endoxifen and Z-40Htam concentrations
according to thresholds. Patients are from main cohort (n = 406).
Reference lines on y-axis and x-axis represent 3.26 nm Z-40Htam
(horizontal line) and 9.00 nm endoxifen thresholds (vertical line),
respectively. Red circles represent patients dead of BC, and blue
circles represent patients alive or dead of other causes.
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Table 2. Tamoxifen metabolite concentrations. Concentrations are in nm. N = 406. CV, coefficient of variation (interpatient variability); Tam,

tamoxifen; ND, n-desmethyl; NNDD, N,N-di-desmethyl tamoxifen.

Tam NDtam Z-endoxifen Z-4'-endoxifen Z-40Htam Z-4'-OHtam TamNoX NNDDtam
Mean 365.9 694.9 28.7 20.8 5.0 6.9 49.9 94.7
Median 341.2 655.8 26.6 19.6 4.8 6.6 43.1 89.7
CcVv 36.9 38.2 53.8 38.8 411 355 55.0 43.5

Years from surgery

significant associations between ordinal categories of
Z-endoxifen and BCSS were identified (Fig. 4D).

As ER+ patients can be subgrouped into Luminal A
and Luminal B subtypes with distinct biologically
characteristics, the clinical relevance of low active
metabolite concentrations in luminal surrogate sub-
groups of BC was explored in a post hoc analysis.
Patients with and without Luminal B-like features
were created using surrogate markers as described in
the Methods section. The 3.26 and 9 nm thresholds for
Z-40Htam and Z-endoxifen, respectively, were not
predictive of survival in either subgroup (Fig. S2).

4. Discussion

In the present study, premenopausal patients with
operable BC receiving 5 years of adjuvant tamoxifen
without subsequent use of aromatase inhibitor had an
inferior BCSS if serum concentrations of Z-4OHtam
were < 3.26 nM. This is consistent with our findings
from an independent patient cohort [17]. Moreover,
we replicated our previously reported dose-response
trend for enhanced BCSS using three ordinal group-
ings of Z-4OHtam (< 3.26 nm, 3.27-8.13 nM, and
> 8.13 nm) [17]. However, we were not able to identify
an association with BCSS for our previously reported
threshold Z-endoxifen < 9 nm.

When applying the thresholds to all 406 patients, we
were not able to identify a predictive effect of the two

—~ A B

X . .
1.0 1.0 Fig. 3. BCSS according to active
S M —— metabolite  thresholds  in 406
S 08 0.8 pat?ents. Panels A and B.represent
3 patients grouped according to Z-
& 0.6| z-40Htam (nM) 0.6 | Z-endoxifen (nM) 40Htam and Z-endoxifen
S >3.26 >9.00 thresholds, respectively, in all
(] <3.26 <9.00 . incl -4 Loa-
(% 0.4 pval = 0.361 0.4 | pval=0.517 patients included (n = 406). Qg
. HR = 1.39 (0.68-2.82) HR = 0.63 (0.15-2.60) rank tests were used to determine
§ differences in BCSS between
8 0.2, tients at risk 0.2 ents at risk groups. Patients at risk are shown
= 329 321 307 267 3 375 364 352 305 3 according to color coding.

§ 0.0|75 71 66 58 0 g.0l20 28 27 23 0

@ 0.0 4.0 8.0 12.0 16.0 0.0 4.0 8.0 12.0 16.0

Years from surgery

active metabolites (Fig. 1A,B). Importantly, the
tamoxifen treatment duration and potential inclusion
of an aromatase inhibitor during the adjuvant endo-
crine treatment course differed between the entire
study population in the present study and the patients
included in the learning set [17]. In the learning set, all
patients were recommended 35 years of tamoxifen,
while in the current study 53% of the 406 patients
may have switched to an aromatase inhibitor. Two
separate retrospective studies have reported positive
associations between active metabolites and outcome.
These studies exclusively included patients receiving
tamoxifen monotherapy [12,16].

Further, the learning set consisted of patients with
operable BC (pT1-2), while the present main cohort
(n = 406) included patients both with higher stage dis-
ease and endocrine treatment biases. Because of these
differences, the patient selection for the present ‘ta-
moxifen-only’ subgroup (n = 191) was made to align
with the stage characteristics of the learning set, conse-
quently reducing the heterogeneity within the patient
population. The International Tamoxifen Pharmacoge-
nomics Consortium performed a meta-analysis in 4973
patients from 12 globally distributed study sites [14],
and a considerable heterogeneity among patients from
the various study sites was reported. When strict eligi-
bility requirements were applied, poor metabolizer sta-
tus on CYP2D6-level was significantly associated with
poorer survival (HR =1.25; 95% CI = 1.06-1.47).
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However, this pattern was blurred when the inclusion
criteria were not specified. Thus, studies allowing for
robust and strict inclusion criteria were advocated.
This is in line with our results, showing the importance
of selecting homogenous groups when investigating the
association between tamoxifen metabolism and out-
come. However, the meta-analysis was criticized for
testing many potential subgroups and the important
point of whether the subgroups were determined a pri-
ori was raised [33]. In the present study, the ‘tamox-
ifen-only’ subgroup analysis was determined a priori.

No association was observed between level of active
metabolites and luminal-like subtypes, but the results
of this post hoc analysis should be interpreted with
caution both because of the low number of patients
and the proxy-determination of subtype that differ
from the PAM-50 luminal subtypes. Previous research
indicates that patients with PAM-50 determined lumi-
nal B status may benefit more by achieving threshold
active metabolite concentrations [34] compared with
Luminal A.

The lack of predictive effect of Z-endoxifen is in
contrast to other retrospective studies investigating

Years from surgery

tamoxifen metabolites in association with outcome
[12,16]. These thresholds were not associated with
BCSS in our dataset. Kaplan—Meier analyses using the
threshold from Madlensky (16 nm) and Saladores
(14.15 nm) resulted in log-rank P-values of 0.349 and
0.523 for the main cohort and 0.710 and 0.754 for the
‘tamoxifen-only’ cohort. The significance of Z-4OHtam
over Z-endoxifen in this dataset may be attributed to
the number of unique patients captured by the thresh-
olds of Z-4OHtam and Z-endoxifen. A cross-tabula-
tion between the Z-4OHtam and Z-Endoxifen
thresholds demonstrated that only 5.8% of the
patients had combined low Z-endoxifen and Z-
40Htam concentrations. Further, 68% of the patients
within the low Z-4OHtam threshold were above the Z-
endoxifen threshold. In addition, in this dataset the Z-
40Htam threshold captured twice as many patients
below the threshold (n = 34) compared with patients
found below the Z-endoxifen threshold (n = 16)
(Fig. 2). Our prior report on these thresholds yielded
hazard ratios (HR) of 3.56 and 3.73 for Z-4OHtam
and Z-endoxifen, respectively [17]. Post hoc power cal-
culations using these HRs show that there was 89%
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Table 3. Univariable and multivariable analyses in secondary cohort
(n=191). PR, progesterone receptor; Z-40Htam, Z-4-hydroxy-
tamoxifen.

Event/ Survival P
Factor patients % HR (95% CI) (Cox)
Age (linear) — 0.95 (0.87- 0.198
1.03)
pT
pT1 9/96 90.6% 1
pT2 16/95 83.2% 1.89 (0.84— 0.127
4.28)
pN
Neg 5/76 93.4% 1
Pos 20/115 82.6% 2.77 (1.04- 0.042
7.38)
Pos® 3.06 (1.14— 0.026°
8.19)
Grade
Grades 15/125 88.0% 1
1&2
Grade 3 10/64 84.4% 1.33 (0.60- 0.480
2.97)
HER2
Neg 13/113 88.5% 1
Pos 2/15 86.7% 1.20 (0.27- 0.813
5.31)
PR
Pos 19/165 88.5% 1
Neg 6/24 75.0% 2.69 (1.07- 0.035
6.73)
Z-Endoxifen
>9 nm 23/174 87.5% 1
<9 nm 2/16 86.8% 0.98 (0.23- 0.976
4.15)
Z40Htam
>3.26nv  17/156 89.1% 1
<326 nv 8/35 77.1% 2.37 (1.02- 0.045
5.48)
< 3.26 nv? 2.71 (1.15- 0.022°2
6.25)

‘Multivariable analyses with clinically relevant variables or variables
with P-value < 0.2 from the univariate analysis, that is, Z-40Htam,
PR, age, pT, and pN in the model).

and 61% chance of detecting a significant difference
between the Z-4OHtam and Z-endoxifen groups,
respectively, with the sample sizes we have in the cur-
rent study. Using a more realistic HR of 2.5, the
power calculations resulted in 65% and 34% power to
detect differences between the groups. Thus, in regard
to the Z-endoxifen threshold this study was underpow-
ered to detect a meaningful difference in survival and
studies including more patients should be conducted to
further elucidate the potential effect of the Z-endoxifen
threshold. Z-4OHtam and Z-endoxifen have the same

T. Helland et al.

affinity to the ER (100x compared to tamoxifen);
however, Z-endoxifen has been reported to be up to
10 times more abundant in serum compared with Z-
40Htam and has therefore been considered the main
effector in terms of ER blocking. As a measure of
abundance, we report that the median ratio between
the two active metabolites is 5.2 and ratios as low as
1 : 2 were identified. The ratio was not normal dis-
tributed, but rather skewed toward the lower values
(Fig. S1), indicating that Z-4OHtam may be more
abundant and of higher clinical relevance than previ-
ously noted.

There are limitations to this study. First, our study
used BM plasma to measure systemic tamoxifen
metabolite concentrations. Although the concentra-
tions we measured were highly comparable to previous
LC-MS/MS tamoxifen metabolite concentrations
[17,32], and research on drug concentration ratios
between systemic serous fluids and BM plasma [35]
indicates highly similar concentrations as in serum, the
optimal approach would have been to compare paral-
lel serum and BM plasma samples from the same
patients. However, serum samples were not available.

A second weakness was the relatively low number of
patients (191 out of 406) that were part of the ‘tamox-
ifen-only’ subgroup in which the predictive effect of Z-
40Htam was replicated. However, the median follow-
up time was 15.5 years, which ensured enough events
for survival analysis.

An additional weakness includes not having data on
adherence or concomitant drugs that may act as inhi-
bitors or inducers of different tamoxifen-metabolizing
enzymes. Patients may have become nonadherent or
initiated concomitant drugs that interact with tamox-
ifen after the timepoint at which the metabolites were
measured.

The strengths of this study include a highly sensitive,
selective, and reproducible detection method for active
tamoxifen metabolites, a homogenous patient cohort
treated with adjuvant tamoxifen alone and a long fol-
low-up time allowing for use of BC -specific survival
as endpoint.

5. Conclusions

In conclusion, this study confirmed the association of
our previously determined therapeutic Z-4OHtam
threshold (< 3.26 nm) with inferior tamoxifen treat-
ment outcomes in early-stage BC patients receiving
tamoxifen monotherapy for 5 years. This gives hope
for TDM as a principle to personalize and optimize
treatment. However, additional validation and testing
of clinical utility is needed in light of recent conflicting

8 Molecular Oncology (2020) © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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results on the association between tamoxifen metabo-
lism and BC outcome [22]. If supported by future
studies, this could give the clinicians the opportunity
to adjust the patient’s dosing regimen based on drug
concentration measurements, avoiding undertreatment,
and inferior clinical outcome. For patients who do not
reach the threshold after dose escalation, a switch to
an alternative endocrine treatment could be advised.
Our results suggest that Z-4OHtam is a metabolite
candidate for such use and could be helpful for further

improvement in long-term survival of ER+ BC
patients.
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