1

RBMO VOLUME 00 ISSUE 0 202 2

REVIEW

Breast cancer treatment and ovarian function
BIOGRAPHY

Sule Yildiz graduated from Ankara University School of Medicine and completed her
OBGYN residency at Gazi University in 2013. She worked as a researcher at Northwestern
University between 2018 and 2021, where her research focused on endometriosis and
adenomyosis. She is currently working at Koç University Assisted Reproduction Unit.
Sule Yildiz1,#, Gamze Bildik2,#, Can Benlioglu3, Volkan Turan4,
Ece Dilege5, Melis Ozel6, Samuel Kim7, Ozgur Oktem1,*
KEY MESSAGE

Ovarian function after breast cancer treatment is largely related to the age and type of chemotherapy agents.
Patients aged under 40 are more likely to retain menstrual function after exposure to chemotherapy drugs. It is
crucial to counsel patients about the risk of infertility and to offer treatment options.
ABSTRACT

The aim of this study was to provide an update on ovarian function and the mechanisms of gonadal damage after
exposure to chemotherapy in breast cancer survivors. The alkylating agents are toxic to both primordial and growing
follicles. However, anti-metabolite drugs are more likely to destroy preantral and antral follicles. Younger patients are
more likely to have a higher ovarian reserve, and therefore, more likely to retain some residual ovarian function after
exposure to gonadotoxic regimens. However, there can be significant variability in ovarian reserve among patients of
the same age. Furthermore, patients with critically diminished ovarian reserve may continue to menstruate regularly.
Therefore age and menstrual status are not reliable indicators of good ovarian reserve and might give a false sense of
security and result in an adverse outcome if the patient is consulted without considering more reliable quantitative
markers of ovarian reserve (antral follicle count and anti-Müllerian hormone) and fertility preservation is not pursued.
In contrast to well-documented ovarian toxicity of older chemotherapy regimens, data for newer taxane-containing
protocols have only accumulated in the last decade and data are still very limited regarding the impact of targeted
therapies on ovarian function.
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INTRODUCTION

B

reast cancer is the most
frequent neoplasm among
females and accounts for 30%
of all new cancer diagnoses
(Siegel et al., 2019). Breast cancer is
also frequently seen in childhood cancer
survivors among patients with recurrent
cancer, especially those with Hodgkin's
lymphoma treated with chest radiation
(Dracham et al., 2018). The 5-year
relative survival rate has reached 99%
among women with localized breast
cancer (Siegel et al., 2019). Increased
life expectancy has raised concern about
fertility among young survivors of breast
cancer, many of whom suffer from
amenorrhoea, infertility or premature
ovarian failure (POF) after exposure to
gonadotoxic adjuvant chemotherapy
regimens. Moreover, postponement of
pregnancy for years will further increase
the risk of infertility in breast cancer
patients due to ageing-related decline in
ovarian reserve. It is essential that at the
initial visit to counsel and inform patients
about the risk of infertility, personalized
risk assessment and treatment options
are offered to preserve their fertility.
Although there is an abundance of
data on the incidence of amenorrhoea
in breast cancer patients treated
with older classical chemotherapy
regimens such as cyclophosphamide,
methotrexate and 5-fluorouracil (CMF)
and cyclophosphamide, epirubicin and
5-fluorouracil (CEF), amenorrhoea rates
associated with newer chemotherapy
protocols have begun to emerge recently.
Therefore, the aim of this study was to
provide a comprehensive update on the
risk of POF in breast cancer survivors
in different chemotherapy protocols
in the light of available markers to
assess pre- and post-chemotherapy
ovarian reserve and function. Finally,
current fertility preservation strategies
under the guidance of the most recent
recommendations are reviewed.

MATERIALS AND METHODS
A total of 58 peer-reviewed articles and
abstracts were identified between 1985
and 2021 after searching PubMed as
well as the proceedings of professional
society meetings relevant to cancer
and reproductive medicine (American
Society of Clinical Oncology [ASCO],
San Antonio Breast Cancer Symposium,
European Cancer Summit, European
Society for Medical Oncology, American

Society for Reproductive Medicine
[ASRM] and European Society of Human
Reproduction and Embryology [ESHRE]).

THE MECHANISMS OF
CHEMOTHERAPY-INDUCED
OVARIAN DAMAGE
Most of the follicles are found at dormant
primordial follicle stage in the adult
human ovary. The number of primordial
follicles determines ovarian reserve while
growing follicle fractions, particularly
those small antral follicles that produce
anti-Müllerian hormone (AMH),
constitute functional ovarian reserve
(Moolhuijsen and Visser, 2020; Oktem
and Urman, 2010) (FIGURE 1). Among the
components of the female reproductive
system, the ovary is the most sensitive
organ to the cytotoxic effects of
chemotherapy regimens. Chemotherapy
drugs of the alkylating category are
the most toxic to the ovaries, causing
extensive organ damage and massive
follicle destruction characterized by
apoptotic death of oocyte and somatic
cells (FIGURE 2) (Oktem and Oktay,
2007a; Plowchalk and Mattison, 1991).
Accumulating evidence indicates that,
in addition to the direct toxic effects of
chemotherapy agents on the follicular
apparatus, there are some additional
mechanisms that play a role in the
development of chemotherapy-induced
ovarian damage/failure. Ovarian vascular
damage is one of those proposed
mechanisms (FIGURE 2). Previous studies
have demonstrated that chemotherapy
drugs injure vascular structures in the
cortical and medullary portions of the
human ovary, resulting in obliteration,
fibrosis and decreases in vascular
endothelial growth factor (VEGF) and
microvascular intensity (Bildik et al.,
2015; Meirow et al., 2007). The decrease
in ovarian vascularization may impede
blood supply, aggravating follicle loss and
accelerating ovarian ageing. The second
proposed mechanism is the so-called
burn-out phenomenon. It was shown
that exposure to cyclophosphamide
activates the phosphatidylinositol
3-kinase signalling pathway, which causes
premature activation of primordial
follicles and hence ‘burn-out’ or early
depletion of the follicle pool of the
ovary (FIGURE 2) (Kalich-Philosoph
et al., 2013). Based on the findings
above, the investigators also observed
that primordial follicles were lost after
chemotherapy exposure. Only a few were
positive after staining with the apoptosis

marker, TdT (terminal deoxynucleotidyl
transferase)-mediated dUDP nickend labelling, which suggests that the
reduction in primordial follicle numbers
is caused by accelerated growth initiation
rather than a direct toxic effect of the
chemotherapy (Morgan et al., 2013).
Because AMH has an inhibitory effect
on the activation of primordial follicles,
declining AMH concentrations as a
result of destruction of AMH producing
small antral follicles after exposure
to chemotherapy drugs might cause
premature activation and therefore,
subsequent atresia of primordial
follicles (Spears et al., 2019). The third
theory, conducted with mice ovaries,
explains the different mechanisms of
follicle loss. For example, while cisplatin
exposure causes oocyte-specific damage,
doxorubicin induces more selective
damage to the mitotic granulosa cells of
secondary follicles (Morgan et al., 2013).
Taken together, it appears that there
are multiple pathogenetic mechanisms
underlying chemotherapy-induced
ovarian damage and follicle loss in the
ovary.
Although chemotherapy-induced
gonadal toxicity is a significant concern
for premenopausal women with
breast cancer, the fundamental role of
chemotherapy in improving survival is
undeniable. As a striking example, the
15-year survival rate in breast cancer
patients under the age of 40 dramatically
increased to 70.2% in patients who
received chemotherapy compared with
60.1% in those who did not (Clarke
et al., 2005). Different chemotherapy
regimens are used in the treatment of
patients with breast cancer, some of
which include cyclophosphamide-based
alkylating agents. Cyclophosphamide
is in fact a pro-drug, which undergoes
a 4-hydroxylation step in the liver and
forms 4-hydroxycyclophosphamide.
After a spontaneous ring opening,
4-hydroxycyclophosphamide gives rise
to the generation of the final products
phosphoramide mustard and acrolein.
Phosphoramide mustard is responsible
for the gonadotoxic effects while acrolein
causes urinary toxicity of the drug. The
formation of guanosine adducts that
prevent DNA replication and damage
to mitochondria and other organelles
within cells are the primary mechanisms
of the cyclophosphamide-induced
cellular cytotoxicity (Plowchalk and
Mattison, 1991; Spears et al., 2019). A
human ovarian xenograft model provided
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FIGURE 1 Adult human ovary. Dormant primordial follicles constitute almost 90% of the follicle stockpile, whereas the growing follicle fraction is

made up of the follicles from the primary stage onwards. Scale bar: 100 µm.

FIGURE 2 The molecular mechanisms of chemotherapy-induced ovarian damage and follicle loss. 1: Direct damage and apoptotic death of the

oocytes and somatic cells in the ovary (TUNEL staining before and after cyclophosphamide exposure). 2: Vascular damage within the ovarian
stroma post-exposure to chemotherapy (PCAM-1/CD31, endothelial cell marker). 3: Premature activation and subsequent atresia of primordial
follicles (burn-out theory).
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FIGURE 3 Cell cycle stages targeted by chemotherapy drugs. Those drugs that exert their anti-proliferative impact at a specific cell cycle stage,

such as mitosis-specific taxanes and S-phase-specific anti-metabolite drugs, are less detrimental than alkylating agents, which act in a cell cycle
non-specific manner and cause more widespread destruction.

in-vivo evidence that administration of
cyclophosphamide triggers apoptotic
death of not only the oocytes and somatic
cells of primordial follicles but also the
surrounding stroma in the grafts, starting
as early as 24 h after administration
(Oktem and Oktay, 2007a).
Chemotherapeutics used in breast
cancer patients vary based on cell cycle
specificity (FIGURE 3). The alkylating
agents and anthracyclines (not cell cycle
specific agents) exert cytotoxic effects
at every stage of the cell cycle, causing
more widespread damage in the ovary.
However, cell cycle specific agents (e.g.
5-fluorouracil and methotrexate) are
more likely to impact growing preantral
and antral follicles than primordial
follicles due to their higher metabolic
demand. Patients older than 40 are likely
to have a lower ovarian reserve and so
chemotherapeutics may result in a more
significant reduction of residual ovarian
functions. By contrast, younger patients
(below the age of 40) are more likely to
retain menstrual function (22–56% versus
11%) (Bines et al., 1996). It should also
be remembered that age is not always
a reliable indicator of ovarian reserve

as there could be a mismatch between
chronological age and ovarian reserve
status in some women, underscoring
the importance of using more reliable
and specific markers of ovarian
reserve, such as antral follicle count on
ultrasound examination and serum AMH
concentrations.
Acute ovarian failure (AOF) is the
cessation of menstrual function during
or shortly after the completion of
cancer treatment and is caused by the
destruction of the growing follicles. AOF
may be reversible if the primordial follicle
pool is not completely depleted and
follicle development from primordial to
antral follicles resumes later on. However,
it should be kept in mind that the return
of menses does not guarantee a normal
reproductive lifespan, because a subset
of these women will ultimately experience
POF (premature menopause) before the
age of 40 due to a diminished primordial
follicle pool. If the magnitude of ovarian
damage is severe enough to destroy all
primordial follicles, as in cases exposed
to very high dose alkylating agents and/
or ionizing radiation, permanent ovarian
failure may develop without resumption

of menses. Studies have assessed
the risk of amenorrhoea after various
chemotherapeutic exposures, and these
regimes are summarized in TABLE 1 and
shown in detail in Supplementary Table 1.

ALKYLATING REGIMENS
CMF
A typical chemotherapy regime for
adjuvant treatment of breast cancer is
CMF (cyclophosphamide, methotrexate
and 5-fluorouracil). According to 24
studies in the literature, the incidence
of amenorrhoea after the CMF regime
ranges from 0% (Bianco et al., 1991)
to 97% (Richards et al., 1990). The
differences in the age of the patients
enrolled, duration of therapy and length
of the follow-up period are probably
responsible for the observed variations in
the reported amenorrhoea rates among
the studies. Bines et al. (1996) reported
that ovarian failure incidence after the
CMF regime is lower in patients younger
than 40 compared with those aged 40
and over (40% versus 76%, respectively).
The amenorrhoea risk is higher in older
patients because of age-related decline
in their ovarian reserve. As a striking
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TABLE 1 SUMMARY OF THE STUDIES ASSESSING THE RISK OF AMENORRHEA FOLLOWING EXPOSURE TO VARIOUS
CHEMOTHERAPY REGIMENS FOR BREAST CANCER
Chemotherapy protocol (study
references)

No. of included Duration of
Chemotherapy-induced amenorrhea rate range (%)
patients
chemotherapy (months)
Age <40
Age >40

9874
CMF only
Bonadonna et al., 1985; Ludwig Breast
Cancer Group 1985; Goldhirsch et al., 1990;
Richards et al., 1990; Bianco et al., 1991;
Campora et al., 1992; Valagussa et al., 1993;
Cobleigh et al., 1995; Bines et al., 1996; Levine et al., 1998; Pagani et al., 1998; Goodwin
et al., 1999; Jonat et al., 2002; Castiglione-Gertsch et al., 2003; Di Cosimo et al.,
2004; Bonadonna et al., 2005; Parulekar
et al., 2005; Vanhuyse et al., 2005; Kil et al.,
2006; Petrek et al., 2006; Lee et al., 2009;
Jung et al., 2010; Sukumvanich et al., 2010;
Najafi et al., 2011

1–12

4–74

34–97

CEF or FEC
2925
Levine et al., 1998; Luporsi and Weber, 1998;
Goodwin et al., 1999; Di Cosimo et al., 2004;
Parulekar et al., 2005; Samuelkutty et al.,
2005; Vanhuyse et al., 2005; Venturini et al.,
2005; Roche et al., 2006; Berliere et al.,
2008; Zhou et al., 2010; Sakurai et al., 2011;
Zhou et al., 2012; Meng et al., 2013; Tiong
et al., 2014

6

0–50

49–92

AC-containing regimen
11,773
Hortobagyi et al., 1986; Lower et al., 1999;
Stone et al., 2000; Ball and Fox, 2001;
Nabholtz, 2002; Borde et al., 2003; Fornier
et al., 2005; Kramer et al., 2005; Martin
et al., 2005; Basser et al., 2006; Colleoni
et al., 2006; Kil et al., 2006; Petrek et al.,
2006; Tham et al., 2007; Reh et al., 2008;
Zekri et al., 2008; Han et al., 2009; Lee et al.,
2009; Swain et al., 2009; Abusief et al., 2010;
Perez-Fidalgo et al., 2010; Sukumvanich et al.,
2010; Ganz et al., 2011; Najafi et al., 2011;
Okanami et al., 2011; Koga et al., 2017; Vriens
et al., 2017

4–6

5.3–98

44–96

Taxane-containing regimen
4181
Stone et al., 2000; Balland Fox, 2001;
Nabholtz, 2002; Fornier et al., 2005; Kramer
et al., 2005; Martin et al., 2005; Samuelkutty
et al., 2005; Petrek et al., 2006; Tham et al.,
2007; Reh et al., 2008; Han et al., 2009; Lee
et al., 2009; Swain et al., 2009; Abusief et al.,
2010; Perez-Fidalgo et al., 2010; Su et al.,
2010; Sukumvanich et al., 2010; Ganz et al.,
2011; Najafi et al., 2011; Okanami et al., 2011;
Zhou et al., 2012; Meng et al., 2013; Tiong
et al., 2014; Ruddy et al., 2015; Koga et al.,
2017; Vriens et al., 2017

4–8

6–100

17–100

AC = anthracycline; CEF or FEC = cyclophosphamide, epirubicin and 5-fluorouracil; CMF = cyclophosphamide, methotrexate and 5-fluorouracil.

example, none of the 25 patients under
the age of 35 developed amenorrhoea
after six courses of CMF, whereas
33.3% and 80% of the patients aged
36–40 and 41–45 years, respectively,
developed amenorrhoea after receiving
the same regimen (Bianco et al., 1991).
It was reported in another study that
completion of six courses of the CMF
chemotherapy regimen was associated
with 0, 19–38 and 76–96% risk of
amenorrhoea in breast cancer patients at
ages <30, 30–40 and >40, respectively
(Partridge et al., 2007).

CEF or FEC
Cyclophosphamide combined with
epirubicine and 5-fluorouracil (CEF or
FEC) is another regimen used in the
treatment of breast cancer. Parulekar
et al. (2005) compared CEF with CMF
in premenopausal patients with breast
cancer for the risk of chemotherapyinduced amenorrhoea (CIA) and found
that the risk appears to be higher in
patients treated with the CEF regime
(76% versus 64%, respectively; relative
risk 1.2; 95% confidence interval [CI]
1.0–1.3). Furthermore, although the

cumulative dose of cyclophosphamide
was higher in the CMF treatment arm
at 6 months post-random assignment,
there was no difference at 12 months.
In oestrogen receptor positive (ER+)
subgroup analysis, relapse-free survival
and overall survival were significantly
associated with amenorrhoea at 12
months (respectively, hazard ratio
0.51, 95% CI 0.32–0.82, P = 0.005;
hazard ratio 0.40, 95% CI 0.22–0.72,
P = 0.002) (Parulekar et al., 2005).
Other studies also found comparable
rates of amenorrhoea after CMF and
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CEF regimens (Di Cosimo et al., 2004;
Goodwin et al., 1999; Levine et al.,
1998; Vanhuyse et al., 2005). If the
amenorrhoea rate is calculated based on
the eight studies including 1190 breast
cancer patients for the occurrence
of CEF-related amenorrhoea, the
risk appears to be around 51% after
six courses at 12 months of follow-up
(Berliere et al., 2008; Di Cosimo et al.,
2004; Goodwin et al., 1999; Levine et al.,
1998; Parulekar et al., 2005; Vanhuyse
et al., 2005; Venturini et al., 2005; Zhou
et al., 2010). In the multicentre PACS
01 trial, Berliere et al. (2008) indicated
comparable amenorrhoea rates between
patients treated with six cycles of FEC
(6FEC) versus three cycles of FEC
followed by three cycles of docetaxel
(3FEC/3D) at the end of chemotherapy
(93% versus 92.8%). On the other
hand, at 1 year after completion of
chemotherapy, returning hormone
concentrations to premenopausal levels
and resumption of menses were more
frequently observed in the 3FEC/3D
arm than in the 6FEC arm (respectively,
43% versus 29%, 35.5% versus 23.7%)
(Berliere et al., 2008). Zhou et al.
(2010) showed different amenorrhoea
rates between various chemotherapy
protocols; 44.87% for FEC and 30.30%
for TE (docetaxel–epirubicin), and
23.08% for NE (navelbine–epirubicin).
Furthermore, although significant
differences were not found between the
FEC and TE groups, the amenorrhoea
rate was significantly higher in the FEC
compared with the NE regimen (Zhou
et al., 2010).

ANTHRACYCLINES
Anthracyclines act as inhibitors
of the nuclear topoisomerase II
enzyme, promoting chromosome
disentanglement. They therefore
prevent topoisomerase II DNA complex
formation, leading to the accumulation
of DNA fragments and eventual death of
the cell (Spears et al., 2019). Cell viability
decreases with mitochondrial damage
and free radical formation. Clinically
used anthracyclines are doxorubicin,
daunorubicin, epirubicin and idarubicin.
The gonadal effects of doxorubicin have
been more thoroughly investigated
than other members of the family, using
several animal models (Spears et al.,
2019) and two human studies (Li et al.,
2014; Soleimani et al., 2011). These
studies show that doxorubicin reduces
ovulation rate, blastocyst formation and

reproductive lifespan and specifically
causes granulosa cell apoptosis.

during meiosis I and II (Mailhes et al.,
1999).

Anthracycline-based regimens are less
harmful than alkylating regimens due
to the lower total cyclophosphamide
dosages. Therefore, amenorrhoea rates
are lower than the classic CMF regimen.
For example, 74% of patients treated
with CMF developed amenorrhoea
in contrast to 42% receiving the AC
regimen (adriamycin [doxorubicin] and
cyclophosphamide) (Anderko et al.,
2012). Similarly, Petrek et al. (2006)
found that amenorrhoea rates in patients
treated with AC and CMF regimens were
53% and 83%, respectively. On the other
hand, Hortobagyi et al. (1986) reported
that amenorrhoea risk in breast cancer
patients treated with anthracyclinebased regimens was 80%. In addition,
no patients under 30 years of age
experienced menstrual abnormalities,
whereas 96% of those aged 40–49
developed amenorrhoea, which was
permanent for most women over 40 but
was reversible for 50% of patients under
40 years of age. Subsequent studies
confirmed that the AC regimen did not
cause amenorrhoea in patients younger
than 35 during 2 years of follow-up
(Sukumvanich et al., 2010) or caused
amenorrhoea in only 13% of cases under
the age of 40 (Abusief et al., 2010). Kil
et al. (2006) studied menstrual changes
in breast cancer patients under 35 years
of age in a retrospective study. They
found similar amenorrhoea occurrences
(25 [31.3%] in those treated with CMF,
and 34 [42.5%] in anthracycline-based
regimens [adriamycin, AD]; P = 0.142)
and menstruation resumed in 83.1% of
patients (80% of those treated with CMF
and 85.3% with AD). The study indicates
that CMF and AD protocols have similar
amenorrhoea or recovery rates within 54
months of the follow-up period (Kil et al.,
2006).

Paclitaxel
According to the existing data, the
adverse effects of paclitaxel on ovaries are
still controversial. For instance, one study
comparing the CIA incidences between
ACT (doxorubicin and cyclophosphamide
followed by a taxane) and AC
(anthracycline) regimens demonstrated
that the CIA incidence was higher in the
ACT than the AC alone regimen (64%
versus 55%). Furthermore, the study also
found amenorrhoea rates were higher
(82% versus 55%) and more likely to
be irreversible in older women (over
the age of 40) (Tham et al., 2007). In a
prospective observational study, Reh et al.
(2008) found no significant difference
in amenorrhoea rates within 6 months
of follow-up after chemotherapy (ACT
group, 29%; AC group, 41.7%). However,
within the second follow-up period (28
months after chemotherapy; mean),
they found higher amenorrhoea rates
in the ACT patients and suggested that
gonadotoxicity of paclitaxel may manifest
itself at more extended follow-up periods
(35.7% in the ACT group versus 9.1% in
the AC group) (Reh et al., 2008). On the
other hand, another study with a similar
design obtained the opposite findings
by showing that while taxane use was
related to a higher amenorrhoea risk in
the first year of follow-up, after 2 years,
AC and ACT regimens yielded similar
amenorrhoea rates (66.7% versus 73.3%,
respectively) (Han et al., 2009). Regarding
the long-term effects of taxane on the
ovary, Okanami et al. (2011) showed that
even though the amenorrhoea rates
during chemotherapy are significantly
higher in the anthracycline + taxane
arm than in the anthracycline (93.9%
versus 73.6%, P < 0.05), persistent
amenorrhoea rates were similar; 24.5%
versus 11.8% (P > 0.05) after 3 years of
follow-up. The authors concluded that
patient age at diagnosis (≤35 versus
≥36) was significantly and independently
associated with chemotherapy-related
amenorrhoea within long-term follow-up.
In addition, time to resume menstruation
was longer in patients in the ACT than
in the AC group (342 versus 92 days).
Similar findings were also obtained in
another study in 466 premenopausal
breast cancer patients who were treated
with AC, ACT and CMF regimens; the
likelihood of resumption of menstrual
bleeding after 6 months of amenorrhoea
exhibited significant variation according to

TAXANES
Taxanes (paclitaxel and docetaxel)
stabilize mitotic spindles by attaching to
tubulin within existing microtubules (Kim
et al., 2019; Trudeau, 1996). As a result,
the normal microtubule breakdown
during cell division is impaired. In
addition, it leads to activation of the
mitotic checkpoint, which induces
reversion to the G-phase of the cell cycle
and apoptosis (mitotic arrest). Taxanes
can also harm the oocyte as they prevent
depolymerization of the meiotic spindles
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the chemotherapy protocols (P = 0.002;
68% with AC, 57% with ACT and 23%
with CMF). Nevertheless, no significant
difference was reported between the
chemotherapy protocols for recovery
after 12 months of amenorrhoea. Among
the patients in the CMF group, 10%
resumed menstrual bleeding after an
initial 2-year period of amenorrhoea, but
none had regular menses. The majority
of patients treated with CMF continued
to have amenorrhoea (84%), followed by
ACT (68%) and AC (58%) (Sukumvanich
et al., 2010). The findings of other
studies did not indicate an increased
risk of amenorrhoea after sequential
addition of a taxane to standard adjuvant
anthracycline-based chemotherapy
compared with historic controls (Fornier
et al., 2005); or showed that the
likelihood of remaining amenorrheic was
not statistically different in patients who
received ACT versus AC at 33 months
of follow-up (OR 1.59; 95% CI 0.8–3.2)
(Abusief et al., 2010). Interestingly, one
study even reported that taxane-based
chemotherapy was associated with an
increased probability of recovery of
menses after CIA (Minisini et al., 2009).
Docetaxel
Docetaxel is a semi-synthetic analogue
of paclitaxel. Several clinical trials
have provided information about the
gonadotoxic potential of docetaxel.
One of these trials, mentioned earlier
in this review, is PACS 01. The results of
the PACS 01 trial showed that although
amenorrhoea rates were comparable
in the FEC and 3FEC/3D arms (93%
versus 92.8%), more patients in the
3FEC/3D arm recovered menses
(35.5% versus 23.7%, P < 0.05) at 1
year after completion of chemotherapy.
Furthermore, the study revealed that
patients under 40 years of age treated
with taxane-containing regimens had
an increased incidence of reversible
amenorrhoea (20.5% versus 10.5%,
P = 0.025). By contrast, the incidence
of amenorrhoea was high in both
groups for women >40 years of age
(Berliere et al., 2008). The BCIRG 01
trial demonstrated that the CIA rates
were lower in the FAC (fluorouracil,
doxorubicin and cyclophosphamide) arm
than the TAC (docetaxel, doxorubicin
and cyclophosphamide) regimen (32.8%
versus 51.4%, respectively) (Nabholtz,
2002). The NSABP B-30 trial showed
that the estimated rate of resumption of
menses at 24 months from day 1 of cycle
4 or 9 weeks after start of chemotherapy

was 45.3% for women <40 years, 10.9%
for women 40–50 and 3.2% for women
>50 years treated with doxorubicin and
cyclophosphamide followed by docetaxel
(Swain et al., 2009).
Also, a subgroup analysis of this trial
compared three treatment groups
containing sequential doxorubicin (A)
and cyclophosphamide (C) followed by
docetaxel (T) [AC-T], concurrent TAC or
AT, among 2445 patients. Amenorrhoea
12 months after a random assignment
was significantly different between
groups: 69.8% for AC-T, 57.7% for TAC
and 37.9% for AT (P < 0.001). The lowest
rate of amenorrhoea was in the AT group
without tamoxifen. This can provide
useful information for patients who want
to preserve their fertility (Ganz et al.,
2011).
Another study has shown that the
CIA rate was 90.2% with docetaxel/
capecitabine (TX) and doxorubicin/
cyclophosphamide (AC), 73.5% with
AC followed by paclitaxel, and 72.1%
with FAC at 1 year, and 66.7%, 73.3%
and 58.9%, respectively, at 3 years
after completion of chemotherapy. At
1 year, age (P < 0.001) and taxane use
(P = 0.002), and after 2 years, age and
tamoxifen use were significant factors for
CIA in a multivariate analysis (Han et al.,
2009).
In a follow-up study Najafi et al. (2011)
analysed 226 breast cancer patients
treated with conventional CMF,
anthracycline-based or anthracycline–
taxane-based chemotherapy protocols.
The CIA rates were 52.5%, 66.7%
and 78.7% for CMF, anthracycline
and anthracycline–taxane regimens,
respectively. Thus, the frequency of CIA
was significantly higher in the taxanebased chemotherapy group (P = 0.015),
and the two most significant factors
for the development of CIA were
anthracycline–taxane-based protocols
(OR 4.059; 95% CI 1.6–9.8) and age
>40 (OR 3.5; 95% CI 1.9–6.6) (Najafi
et al., 2011). On the contrary, another
study including 165 patients treated
with FEC (5-fluorouracil, epirubicin and
cyclophosphamide), sequential ECT
(epirubicin and cyclophosphamide
followed by docetaxel), FEC-T (FEC
followed by docetaxel) and concurrent
ECT regimens found that regimens
including taxane did not increase
the rate of CIA compared with FEC
regimens (P < 0.05 for all) (Zhou et al.,
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2012). One study comparing CAF
(tegafur + pirarubicin + ifosfamide)
and DTC
(docetaxel + pirarubicin + ifosfamide)
in 164 women found that DTC carries
a significantly higher risk of POF than
the CAF regimen (Long et al., 2016). A
meta-analysis of eight studies with 2124
patients found that the adjusted OR for
CIA in patients receiving taxanes versus
no taxanes combined with anthracyclines
is 1.45 (0.94–2.23), suggesting a weak
association between taxanes and the
occurrence of amenorrhoea (Zavos and
Valachis, 2016).

LAPATINIB AND TRASTUZUMAB
Trastuzumab is an anti-HER2 monoclonal
antibody, and lapatinib is a tyrosine kinase
inhibitor. Both drugs have been approved
for human epidermal growth factor
receptor 2 (HER2/neu receptor) positive
breast cancer therapy (Lambertini et al.,
2019). Almost 25% of breast cancers
overexpress HER2/neu receptor (Morris
and Carey, 2006). Trastuzumab improves
progression-free survival and overall
survival in both metastatic and earlystage HER2/neu positive breast cancers
(Piccart-Gebhart et al., 2005). In a crosssectional study evaluating ovarian reserve
by measuring AMH concentrations in 25
premenopausal breast cancer survivors,
trastuzumab was found to be associated
with serum AMH concentration in the
survivors with normal cycles, suggesting
that this drug does not adversely affect
ovarian reserve (Morarji et al., 2017). In
line with these findings, another study
observed no increase in the likelihood of
CIA for patients receiving trastuzumab
on short-term (12 weeks) or long-term
(52 weeks) regimens. In that study of
431 patients after a median follow-up
of 33 months (range 6–114 months) the
likelihood of remaining amenorrheic was
not statistically different in patients who
received AC-T versus AC (OR 1.59; 95%
CI 0.8–3.2), dose-dense treatment versus
treatment every 3 weeks (OR 0.56; 95%
CI 0.25–1.3) or AC-T + trastuzumab (OR
0.6;95% CI 0.22–1.61). Amenorrhoea was
significantly associated with tamoxifen
use and age at diagnosis (Abusief et al.,
2010).
The APT Trial (Adjuvant Paclitaxel and
Trastuzumab for node-negative HER2positive breast cancer) was a singlearm phase 2 adjuvant study analysing
64 premenopausal patients who had
received 12 weeks of paclitaxel and

8

RBMO VOLUME 00 ISSUE 0 202 2

trastuzumab followed by 9 months of
trastuzumab monotherapy. The study
found an amenorrhoea rate of 28%
(95% CI 18–41%) at long term (median
4 years after chemotherapy initiation),
which was lower than would be expected
with standard adjuvant chemotherapy
regimens (Ruddy et al., 2015).
In the multicentre, open-label, phase
3 ALTTO (Adjuvant Lapatinib and/or
Trastuzumab Treatment Optimisation;
BIG 2-06) Trial, 2862 HER2 positive
premenopausal breast cancer patients
were randomized to four groups
(lapatinib alone, trastuzumab alone, their
sequence or their combination). The
rates of treatment-induced amenorrhoea
did not show a difference in the four
arms, being 72.6%, 74.0%, 72.1% and
74.8%, respectively. However, because
the study group did not include patients
without anti-HER2 therapies, they could
not address the potential gonadotoxic
effect of these therapies beyond the
chemotherapy (Geyer et al., 2006; Xu
et al., 2017). Although the results of these
studies are encouraging, more data are
required to reach a definitive conclusion
on the gonadal effect of anti-HER2
therapies.

TAMOXIFEN
Tamoxifen selectively modulates
oestrogen receptors and demonstrates
its anti-oestrogenic actions by competing
with oestrogen at its receptor site,
and it has been used as a first-line
treatment of oestrogen receptor positive
breast cancer for almost four decades
(Rodriguez-Wallberg and Oktay, 2010).
Despite its long and widespread use,
the association between tamoxifen use
and the development of amenorrhoea
is vague. In the current literature,
amenorrhoea rates after tamoxifen
treatment vary, and several studies
found no significant differences between
patients who were and were not treated
with tamoxifen (Di Cosimo et al.,
2004; Fornier et al., 2005; Oktem and
Urman, 2010). Furthermore, prospective
analysis of the IBCSG (International
Breast Cancer Study Group) Trial 13-93
showed comparable amenorrhoea rates
in women who did and did not receive
tamoxifen after chemotherapy (88%
versus 84%) (Colleoni et al., 2006). On
the other hand, other studies revealed
higher amenorrhoea rates with tamoxifen
treatment. For instance, in a study
of 466 premenopausal breast cancer

patients who were administered AC, ACT
and CMF protocols with and without
tamoxifen and followed up at 6-month
intervals, the percentage of patients
who resumed menstrual bleeding at
6, 12 and 24 months after completion
of chemotherapy was 68, 42 and 26%
for AC; 57, 32 and 14% for ACT; and
23, 16 and 0% for CMF. The odds of
experiencing an initial 6- and 24-month
period of amenorrhoea were 2.96
(95% CI 1.68–5.24) and 2.54 (95% CI
1.32–4.88) times greater, respectively, for
women treated with tamoxifen compared
with those who were not (Sukumvanich
et al., 2010). A retrospective study
demonstrated that patients aged over 40
had twice the risk of staying amenorrheic
(OR 2.51; 95% CI 1.20–5.20), but such
an increased risk was not observed in
patients under the age of 40 at diagnosis
(Abusief et al., 2010).
In a retrospective cohort study, a total of
250 women who were premenopausal
at diagnosis were divided into two
groups: those who received tamoxifen
and those who did not. Neither group
of patients received chemotherapy.
Menstrual pattern changes were more
frequently observed in the tamoxifen
group (amenorrhoea: 22% versus 3%,
P < 0.001). The mean age of menopause
onset was 51.0 for both groups and
did not seem to be associated with the
duration of tamoxifen use or the age.
They concluded that tamoxifen use
without chemotherapy is not associated
with an earlier age onset of menopause
and is unlikely to significantly accelerate
ovarian ageing (Chien et al., 2015).
A meta-analysis has evaluated that
tamoxifen therapy significantly increased
CIA incidence in premenopausal
breast cancer patients, with an OR of
1.48 (95% CI 1.28–1.70, P = 0.00001)
(Zhao et al., 2014). Similar results were
obtained in another meta-analysis (Zavos
and Valachis, 2016). The mechanism
underlying amenorrhoea after tamoxifen
use still remains obscure. A follow-up
study has indicated no difference in
AMH concentrations between patients
receiving anti-oestrogenic versus nonanti-oestrogenic therapy, suggesting
that tamoxifen may be responsible
for amenorrhoea but not for ovarian
failure (Rosendahl et al., 2008). A
recent study demonstrated that ovarian
reserve significantly decreased in the
AC and CMF protocols compared
with the tamoxifen-only treatment
(P < 0.0001 for both AC versus

tamoxifen and CMF versus tamoxifen).
Furthermore, substantially diminished
AMH concentrations were only seen in
patients receiving AC and CMF regimens
(P = 0.53). However, patients treated
with the tamoxifen-only protocol showed
minor changes in the age-adjusted AMH
concentrations, and adjuvant tamoxifen
treatment after the AC protocol did
not impact AMH recovery (Goldfarb
et al., 2021). Tamoxifen may be used for
ovulation induction as clomiphene citrate
is also used for patients with anovulatory
infertility. In addition, it can be used
in breast cancer patients undergoing
IVF treatment based on its dual action
(Oktay et al., 2003, 2005).

ASSESSMENT OF
CHEMOTHERAPY-INDUCED LOSS
IN OVARIAN FUNCTION
Accurate assessment and prediction
of loss of ovarian function after
chemotherapy for premenopausal young
women with breast cancer are essential
for future fertility and clinical decisions
regarding the need for subsequent
adjuvant ovarian suppression. Most of
the previously published clinical studies
have used amenorrhoea as a surrogate
marker of ovarian toxicity (Oktem and
Oktay, 2007b). However, menstrual
status may not be a reliable indicator of
the impact of chemotherapy (Bines et al.,
1996). A proportion of these patients
resumed menses in the following months,
depending on the age of the patients
and the type and dose of chemotherapy
regimens. Patients younger than 40 are
more likely to retain or regain menstrual
function than those aged over 40
(22–56% versus 11%) (Bines et al., 1996).
Furthermore, patients with a critically
diminished ovarian reserve and elevated
FSH values may continue to menstruate
(Reh et al., 2008).
There is solid evidence that AMH and
antral follicle count (AFC) are the
most reliable quantitative markers of
ovarian reserve. Although basal FSH
concentration on cycle day 2 or 3 is
still used in screening tests assessing
ovarian reserve by some studies, it shows
significant inter-cycle variability (Kwee
et al., 2004). Therefore, measuring
FSH concentrations practically has no
meaning in the assessment of ovarian
reserve. AMH is produced by the
granulosa cells (van Rooij et al., 2002).
Serum AMH concentrations correlate
well with the number of antral follicles in
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the ovary (Gruijters et al., 2003) and the
number of oocytes retrieved in the IVF
cycles (Ebner et al., 2006). Serum AMH
concentrations have declined in parallel
with diminishing ovarian reserve after
chemotherapy administration (Oktay
et al., 2006a; Partridge et al., 2010).
Similarly, inhibin B has also been used
as an ovarian reserve marker (Anders
et al., 2008; Su et al., 2010). A study
investigating AMH, inhibin B and FSH as
ovarian reserve markers in breast cancer
survivors at reproductive age found that
compared with age-matched controls,
cancer subjects had significantly lower
AMH and inhibin B and higher FSH.
Also, participants with a pretreatment
AMH concentration >2 ng/ml recovered
at a rate of 11.9%, whereas participants
with pretreatment AMH concentrations
≤2 ng/ml recovered at a rate of 2.6% per
month after therapy. AFC on the third
day of the menstrual cycle also appears
to be a reliable marker of the ovarian
follicle pool (Lutchman Singh et al.,
2007). Of these markers, AMH seems
to be the earliest and most reliable
indicator of ovarian ageing and reduction
in post-chemotherapy ovarian reserve
and in predicting the return of menses
after chemotherapy for breast cancer
(Anderson et al., 2006, 2022; Chai et al.,
2014).

HOW TO PRESERVE FERTILITY IN
PATIENTS WITH BREAST CANCER
The use of gonadotoxic chemotherapy
regimens in adjuvant/neoadjuvant
settings, together with the need to delay
pregnancy while undergoing hormonal
treatment (tamoxifen with or without
gonadotrophin-releasing hormone
[GnRH] agonists) for up to 10 years in
oestrogen receptor positive disease
will cause a substantial reduction in
ovarian reserve in breast cancer patients.
Therefore, counselling for fertility
preservation is required in these patients
if they have not completed childbearing
at the time of diagnosis. In addition,
the clinical guidelines by ASCO and
the practice committee opinion of the
ISFP (International Society for Fertility
Preservation) emphasize that all cancer
patients interested in future fertility
should be referred for consideration
of fertility preservation (Kim et al.,
2012; Lee et al., 2006). In guidelines
from the ASRM (American Society for
Reproductive Medicine) and the SART
(Society for Assisted Reproductive
Technology), the designated fertility

preservation methods are embryo/oocyte
freezing and, very recently, ovarian
tissue cryopreservation. Additional
approaches are GnRH agonist adjunct
to the chemotherapy and IVM (in-vitro
maturation).
Embryo freezing
Embryo cryopreservation is one of the
most well-known fertility preservation
techniques for patients with adequate
time before cancer therapy begins. The
clinical pregnancy rate per frozen–thawed
embryo transfer is well documented
based on the SART guidelines and the
European IVF Monitoring Programme.
Actual rates exceeded 40% in women
younger than 35 (De Geyter et al.,
2020). However, conventional ovarian
stimulation protocols are characterized
by multi-follicular growth and elevated
(10–20 times) blood concentrations of
endogenous oestrogens over the natural
cycle. Therefore, tamoxifen (selective
oestrogen receptor modulator) and
letrozole (aromatase inhibitor) were
added to ovarian stimulation protocols
to minimize the possible risks of rising
oestrogen concentrations during
stimulation (Azim et al., 2008; Oktay
et al., 2005, 2006b). A very recent study
demonstrated that endogenous serum
progesterone concentrations are reduced
as well, in addition to oestrogen in breast
cancer patients undergoing ovarian
stimulation with aromatase inhibitor in
comparison to those stimulated without
aromatase (Lalami et al., 2022). Although
these studies show promising results,
there is a need for more extensive
prospective studies with long-term followup periods in patients with breast cancer
to demonstrate the safety of these
approaches.
Another important issue is the time
interval between ovarian stimulation
and initiation of chemotherapy in breast
cancer patients. There is generally a
4–6-week interval between administration
of chemotherapy protocols and surgical
treatment in breast cancer patients,
whereas chemotherapy is initiated
before surgery as neo-adjuvant therapy
in patients with advanced stage disease.
Ovarian stimulation to collect oocytes for
oocyte and/or embryo cryopreservation
typically lasts 10–14 days. The studies that
assessed the impact of the length of time
between surgery and the administration
of the chemotherapy regimens on the
success of treatment provided reassuring
findings by showing that there was no
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harmful effect of a delay if the therapy is
used within 12 weeks after the operation
(Cold et al., 2005; Jara Sanchez
et al., 2007; Lohrisch et al., 2006).
Unfortunately, some breast cancer
patients might not have sufficient time to
undergo conventional ovarian stimulation
protocols for oocyte or embryo freezing
because some of them have to start
chemotherapy without any significant
delay, necessitating an urgent ovarian
stimulation for oocyte or embryo freezing
prior to cancer therapy (Cakmak and
Rosen, 2015). Several ovarian stimulation
protocols have been developed to
overcome this problem, such as initiating
ovarian stimulation randomly (so-called
random-start ovarian stimulation), either
at the late follicular or luteal phases; and
starting gonadotrophins concomitantly
with GnRH antagonist. Current data
indicate that unconventional ovarian
stimulation protocols can shorten the
interval between ovarian stimulation
and oocyte retrieval, and the number
of oocytes retrieved in these cycles and
their competency for euploid embryo
development appear to be comparable
to conventional stimulation protocols
(Cakmak and Rosen, 2015; Cimadomo
et al., 2018; Danis et al., 2017; Llacer
et al., 2020; Muteshi et al., 2018;
Sonmezer et al., 2011; Ubaldi et al., 2016;
Vaiarelli et al., 2020, 2022).
Oocyte freezing
Oocyte freezing is an established method
of fertility preservation for young women
who do not have a partner and do
not wish to use donor spermatozoa.
Its experimental label was removed
and oocyte vitrification was accepted
as an established method of fertility
preservation in 2012 by the ASRM
(Practice Committees of the American
Society for Reproductive Medicine and
the Society for Assisted Reproductive
Medicine, 2013). Oocyte freezing should
also be considered in women who still
wish to have their oocytes frozen without
insemination, even in the presence of a
husband or partner's spermatozoa, for
other important social reasons such as
partner abandonment, a phenomenon
that is more frequently observed in
women diagnosed with cancer (Glantz
et al., 2009). Vitrification is the standard
method for oocyte cryopreservation as
the post-warming survival rates of the
oocytes and the IVF success rates of
resulting embryos are superior to the
conventional slow freezing technique.
The ongoing pregnancy, top quality
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embryo, embryo cleavage and fertilization
rates are comparable between the
vitrified and the fresh oocyte groups
(Cobo and Diaz, 2011; Cobo et al.,
2021). Available data indicate that cancer
diagnosis itself might have a negative
impact on the post-warming oocyte
survival rates and cumulative live birth
rates (CLBR), although the underlying
molecular mechanisms are not clearly
understood. When a comparison was
made between the oncology patients
and those undergoing elective fertility
preservation under the age of 35
it appears that there are significant
differences in the oocyte survival rate
(91.4% versus 81.2%), clinical pregnancy
rate (65.9% versus 42.8%) and CLBR
(68.8% versus 42.1%) (Cobo et al.,
2018). Another important issue is the
question of how many oocytes should be
vitrified to obtain a reasonable chance
of pregnancy or live birth. As mentioned
above, cancer patients are more likely
to have lower CLBR compared to those
undergoing elective oocyte freezing.
Age of the patient is one of the most
deterministic factors because CLBR
gradually decline with advancing age
(Cobo et al., 2021). Embryo biopsy
for preimplantation genetic testing is
another potential confounder that might
affect the success of IVF in patients with
inherited BRCA positive breast cancer.
Overall, it can be stated that live birth
rate per warmed oocyte is 4–6% for
patients under age 35. As an example,
CLBR with 95% CI for five oocytes used
for patients under age 35 are 9.1 (0.7–19)
and 15.8 (8.4–23.1) for cancer patients
versus elective cases, respectively (Cobo
et al., 2021). In a longitudinal cohort
multicentric study, Rienzi et al. (2012)
revealed that more than eight oocytes
are required to enhance live birth rates
(22.6 versus 46.4%). Conversely, live
birth rates are dramatically reduced
when fewer oocytes (≤8) are available in
women older than 38 years (12.6 versus
27.5%). These figures are beneficial in
providing actual information on the
success rate of oocyte freezing when
counselling breast cancer patients who
desire to have their oocytes frozen
with the aim of achieving a successful
pregnancy in the future. Another critical
issue concerning gamete freezing is
the risk of congenital anomalies in the
descendants. Fortunately, no noticeable
increase in congenital anomaly rates
has been documented compared with
natural conceptions (Noyes et al., 2009).
Furthermore, no adverse effect on

the grade of the oocytes and embryos
has been detected with tamoxifen or
letrozole used during ovarian stimulation
(Meirow et al., 2014; Revelli et al., 2013).
Do breast cancer patients already
have reduced ovarian reserve
or impaired response to ovarian
stimulation?
The results of several recent studies
raised the question of whether
malignancy itself impacts ovarian reserve
or response to ovarian stimulation for
gamete cryopreservation before any
therapeutic intervention. In a study with
108 recently diagnosed breast cancer
patients and 99 healthy women in a
control group, Su et al. (2013) compared
AMH, inhibin B and FSH concentrations.
Although the AMH concentrations did
not differ significantly in younger patients
with breast cancer, in a subgroup
of older patients (above 37 years of
age), AMH concentrations showed a
downward trend (Su et al., 2013). The
other two studies with a similar design
analysed ovarian response in cancer
patients undergoing ovarian stimulation
for fertility preservation compared
with healthy controls (Domingo et al.,
2012; Friedler et al., 2012). Their results
showed that hormone-dependent
cancers and malignancy are associated
with a weaker response to ovarian
stimulation and a lower number of
oocytes retrieved before oncological
treatment. However, the pooled results
of a recent meta-analysis with 10 case–
control retrospective studies (a total of
722 cycles of women with cancer and
1835 cycles of healthy women) showed
a negligible effect of a cancer diagnosis
on fertilization rates (95% CI –0.29 to
0.183, P = 0.273) and the mean number
of total oocytes (95% CI –0.23 to 0.12,
P = 0.517), mature oocytes (95% CI
–0.23 to 0.01, P = 0.104) and twopronuclear embryos (95% CI –0.32 to
0.04, P = 0.136) (Turan et al., 2018).
Women with germline BRCA mutations
(gBRCA) were also reported to have
lower AMH concentrations (Johnson
et al., 2017). Recently a meta-analysis
including five datasets on 828 patients
has shown that women with gBRCA1/2
had lower serum AMH concentrations
compared with women without gBRCA1/2
mutation after adjustments (23%; 95%
CI 4–38; P = 0.02). This significant
difference persisted in adjusted analysis
when only women with breast cancer
were included (25% lower; 95% CI

9–38; P = 0.003). However, only the
women with gBRCA1 mutation had
lower AMH concentrations (33%; 95%
CI 12–49; P = 0.004). In those with
gBRCA2 mutation the difference was
not significant (7% lower; 95% CI 31%
lower to 26% higher; P = 0.64). The
findings could be explained by DNA
repair deficiency in women with gBRCA
pathogenic variants. Therefore, it would
be plausible to counsel patients with
gBRCA about the possibility of decreased
ovarian reserve (Turan et al., 2021).
Safety of ovarian stimulation
Exposure to higher oestradiol
concentrations may be detrimental to
tumour proliferation and dissemination
in women with hormone-dependent
cancer. It is therefore crucial to
investigate the safety of ovarian
stimulation in these women. There is
a paucity of data regarding the safety
of IVF in women with breast cancer.
The first study to determine the effect
of ovarian stimulation in breast cancer
evaluated 79 women and compared
recurrence rates with 136 women who
did not choose any fertility-preserving
procedure. After a median follow-up of
23.4 months (7.5–63.6 months) postchemotherapy, the hazard ratio for
recurrence after IVF was 0.56 (95% CI
0.17 to 1.90), and the survival was not
compromised in women who underwent
ovarian stimulation compared with
controls (Azim et al., 2008). The same
group published another follow-up
study in 2016. The mean follow-up after
diagnosis was 5.0 years in women with
breast cancer who underwent ovarian
stimulation and 6.9 years in the control
group. The recurrence and survival rates
were similar between the two groups
(P = 0.61) (Kim et al., 2016). Recently,
Condorelli et al. (2021) conducted a
retrospective multicentric study including
breast cancer survivors who underwent
ovarian stimulation. The median followup time was 4.6 years (2.4–12.5) in
women undergoing ovarian stimulation,
and the adjusted follow-up time for the
non-exposed group was 6.9 years. Breast
cancer relapsed in 7.7% of women who
underwent ovarian stimulation (20.5%
in the control group) and no significant
difference was found compared with
the control group (P = 0.23) (Condorelli
et al., 2021). Consistent with this report,
two recent retrospective analyses of
Swedish registry data found no increased
risk of recurrence after pregnancies
conceived naturally compared with
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through assisted reproduction in women
with breast cancer (Fredriksson et al.,
2021; Rosenberg et al., 2019). Moreover,
another Swedish nationwide cohort study
compared the long-term reproductive
outcomes of women who did and did
not undergo fertility preservation after
a breast cancer diagnosis. The study
demonstrated a significantly higher live
birth rate after breast cancer in women
who underwent fertility preservation than
those who did not (adjusted hazard ratio
2.3; 95% CI 1.6–3.3). The 5-year and 10year cumulative incidence of post-breast
cancer live births was 19.4% and 40.7%
among fertility preservation-exposed
women versus 8.6% and 15.8% among
comparators, respectively. Assisted
reproduction was much more common
in the fertility preservation group
(adjusted hazard ratio 4.8; 95% CI 2.2–
10.7). The study also showed that the allcause mortality rate was lower in women
exposed to fertility preservation (adjusted
hazard ratio 0.4; 95% CI 0.3–0.7), with
a 5-year cumulative incidence of death
of 5.3% (95% CI 3.1–9.0%) versus 11.1%
(95% CI 8.7–14.1%) for women with
versus without fertility preservation
(Marklund et al., 2021). Taken collectively,
ovarian stimulation does not appear
to have a negative impact on diseasefree survival in breast cancer survivors.
However, randomized controlled studies
with long-term follow-up are needed to
obtain a more conclusive result.
Ovarian tissue cryopreservation
Ovarian tissue cryopreservation is the
only available option to preserve fertility
of breast cancer patients in whom cancer
therapy cannot be delayed because of
a rapidly growing or advanced stage
tumour, or where ovarian stimulation
for embryo or oocyte freezing is
contraindicated. This technique
does not need ovarian stimulation or
preparation, and ovarian tissue can be
gathered laparoscopically. The tissue
is processed into thin cortical pieces
and cryopreserved via slow freezing
or vitrification (Oktay and Oktem,
2010; Yding Andersen et al., 2019). In
the current literature, more than 120
pregnancies have been demonstrated
after auto-transplantation of frozen–
thawed ovarian cortical pieces (Sheshpari
et al., 2019). The ASRM removed the
experimental label from this procedure
and accepted it as an established strategy
to preserve fertility in designated patients
(Practice Committee of the American
Society for Reproductive Medicine, 2019).

A very recent meta-analysis of 85 studies
in 735 women showed that the pooled
rates were 37% (95% CI 32–43%) for
pregnancy, 28% (95% CI 24–34%) for
live birth and 37% (95% CI 30–46%)
for miscarriage following cryopreserved
ovarian tissue transplantation (Khattak
et al., 2022).
The ovarian cortex possesses primordial
follicles with oocytes arrested in the
diplotene prophase of the first meiotic
division. The potential mechanisms of
resistance to cryo-injury by primordial
follicles are the moderately high surface/
volume ratio, low metabolic rate and
the lack of zona pellucida. These
features make successful ovarian tissue
cryopreservation feasible (Oktem and
Urman, 2010). Most ovarian tissue has
been cryopreserved via slow freezing,
which has been successful, but has not
yet been fully optimized. Moreover,
ovarian tissue vitrification has yielded
encouraging results (Amorim et al.,
2012; Sheikhi et al., 2011). Nevertheless,
it may be too premature to replace
slow freezing with vitrification for
ovarian tissue. It has previously been
demonstrated that vitrified human
ovaries contain fewer primordial follicles
and produce less AMH in vitro compared
with those cryopreserved by slow
freezing (Oktem et al., 2011). In another
study that investigated tissue damage
at the molecular level after vitrification
using various markers of DNA damage
and repair, apoptosis and autophagy,
increased DNA damage and apoptosis
were observed in bovine and human
ovarian tissue after vitrification and
warming (Kim et al., 2010).
Patient age is a vital factor to consider,
because the chances of restoring
ovarian function and fertility is closely
associated with the number of follicles in
the ovarian graft; 10–15% of the follicles
will be lost during the freezing and
thawing. The greatest loss is observed
after transplantation, as nearly half of the
ovarian reserve (primordial stockpile)
will be lost during the ischaemic period
until revascularization is established in
the grafts (Baird et al., 1999). This fact
explains why a good ovarian reserve
in the candidate is a prerequisite for
the success of the procedure. Current
experience with human ovarian
transplantation implies that women over
38 years might not be good candidates
for ovarian tissue cryopreservation, as
the chance of pregnancy with ovarian
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transplantation is particularly low
(Kim et al., 2012). Measuring AFC and
serum AMH concentrations is advised
before ovarian tissue cryopreservation
for a more reliable assessment of
ovarian reserve. The site of choice for
transplant could be either orthotopic
or heterotopic. In orthotopic
transplantation, frozen–thawed ovarian
cortical pieces are engrafted near the
infundibulopelvic ligament (if both
ovaries were previously removed) or on
the current non-functional ovary. The
heterotopic transplantation technique
generally uses the ovarian tissue pelvic
side wall. The benefit of orthotopic
transplantation is the opportunity for
natural conception. However, this
method is a surgical procedure with
general anaesthesia, whereas heterotopic
transplantation can be performed with
local anaesthesia. It is easy to monitor
follicle development and remove the
grafts if needed. Orthotopic autotransplantation of frozen–thawed ovarian
tissue has resulted in more than 130 live
births worldwide (Oktay and Oktem,
2010; Sheshpari et al., 2019). However,
only one live birth has been reported
after heterotopic transplantation
(Tammiste et al., 2019). The reasons for
reduced success rates after heterotopic
transplantation can be multi-factorial.
For example, the suboptimal conditions
of the heterotopic site could impact the
development and quality of oocytes;
the environmental characteristics of
the pelvis at the heterotopic site are
not identical to those at the orthotopic
site; the setting of transplantation sites
can affect the survival of grafted ovarian
tissue; cryo-injury can damage the
follicles during freezing and thawing,
leading to an ischaemic condition
after transplantation. Studies showed
increased empty follicles, abnormal
oocytes and low average fertilization
rates after replacing frozen–thawed
ovarian tissue, even at the orthotopic
sites (Donnez et al., 2012; Schmidt et al.,
2011).
There is a risk of re-seeding of
cancer cells within the grafts after
transplantation, although this risk
appears to be minimal. While occult
cancer cells are frequently detected
in the ovarian grafts, particularly in
Hodgkin's lymphoma (Bittinger et al.,
2011) and leukaemia (Dolmans et al.,
2010), reintroduction of cancer cells
and recurrence of the breast and other
cancers have not been reported after
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ovarian tissue transplantation. However,
there are certain conditions in which
ovarian transplantation should not
be performed. BRCA positive cancer
survivors is such an example. These
patients may already carry mutations in
the ovarian cortical grafts, which may
give rise to malignant tumour formations
after transplantation. In addition, other
breast cancer patients without BRCA
mutations or other identified mutations
with a strong family history of breast/
ovarian/pancreatic cancer, and patients
with stage 4 breast cancer, should be
discouraged from having their ovarian
tissue transplanted. It is imperative
that an accurate analysis of the ovarian
tissue is performed for cancer relapse/
reoccurrence and re-seeding and an
individual multidisciplinary evaluation of
the risk for each fertility restoration is
required for each candidate patient for
ovarian tissue transplantation.
GnRH analogues
GnRH analogues suppress the secretion
of LH and FSH from the anterior
pituitary gland, creating a hypoestrogenic
hypogonadotrophic state. So far several
RCT have been conducted to assess the
protective effects of GnRH analogues
against ovarian failure induced by
chemotherapy drugs. Unfortunately, the
results of these RCT and meta-analysis of
these studies yielded conflicting results
(Elgindy et al., 2013; Lambertini et al.,
2018; Li et al., 2022; Munhoz et al., 2016;
Munster et al., 2012; Yang et al., 2013). In
fact, the studies assessing the protective
role of GnRH analogues in preventing
chemotherapy-related ovarian failure
are not limited to patients with breast
cancer (Hickman et al., 2018; Senra
et al., 2018). If GnRH has the potential
to protect the ovary from CIA, what is
the mechanism of its action? Although
the mechanism is unknown (or does
not exist), there are some proposed
mechanisms, such as decreased delivery
of chemotherapeutics into ovarian tissue
due to reduced ovarian blood flow,
pseudomenopausal state created by
GnRH administration, or other actions
of GnRH in the ovary (Lambertini et al.,
2019b). Follicle development from
the primordial to the antral stage is a
continuous process in the ovary. It is not
controlled by gonadotrophin hormones,
which are mainly responsible for the
growth of a cohort of antral follicles and
the selection of dominant follicles for
the ovulation (Oktem and Urman, 2010).
Furthermore, neither GnRH ligands

(GnRH-I, GnRH-II) nor their receptor
(GnRHR) are expressed in the follicles
from the primordial to the early antral
stage in the human ovary. In preovulatory
follicles, both the receptor and ligands of
GnRH are localized predominantly to the
granulosa cell layer. In the corpus luteum,
significant concentrations of the ligands
and GnRH receptors have been observed
in granulosa luteal cells. GnRH isoforms
and the type I GnRHR are also localized
to the ovarian surface epithelium (Choi
et al., 2006). Therefore it is doubtful that
GnRH exerts any protective effect against
chemotherapy by preserving ovarian
reserve after binding to its receptor
expressed on the ovarian follicles.

into the cytoplasm, perturbations in
the organization and distribution of
microtubules and mitochondria, and
alteration in protein synthesis activity
in the cytoplasm during maturation of
mouse GV stage oocytes (Van Blerkom,
1989).

While the evidence from clinical
studies supports the administration
of concurrent GnRH administration
with chemotherapy to protect ovarian
function, the data are still limited
regarding post-treatment reproductive
function and ovarian reserve. Due
to insufficient data, concurrent
administration of GnRH agonists with
chemotherapy regimens should not
be the first-line choice for fertility
preservation for breast cancer patients.
In malignancies other than breast cancer,
GnRH agonists should not be routinely
offered as an option for ovarian function
protection and fertility preservation
without discussing the uncertainty about
its benefit (The ESHRE Guideline Group
on Female Fertility Preservation et al.,
2020).

Using immature oocytes for fertility
preservation was assessed in a
retrospective cohort analysis of 66 breast
cancer patients. Patients were divided
into two groups: immature oocytes
collected and matured in vitro (Group
1, n = 35) and vitrified or fertilized and
preserved as vitrified embryos (Group
2, n = 31). The IVM preservation
results were (Group 1 versus Group 2,
respectively): 11.4 ± 8.8 versus 9.7 ± 6.4
for the average number of retrieved
oocytes; 64.2% versus 53.2% for the
maturation rates; 7.9 ± 6.6 versus
5.8 ± 2.7 for average numbers of mature
oocytes for vitrification or fertilization
and lastly 3.8% versus 8.1% for the
pregnancy rates per vitrified oocyte and
embryo (Shalom-Paz et al., 2010). In
conclusion, IVM combined with oocyte
or embryo freezing can be a feasible
option for some breast cancer patients
because it bypasses the delay of cancer
therapy and potential supraphysiological
oestrogen concentration exposure.
However, the process requires more
expertise than the typical IVF strategy.

IVM of oocytes
Vitrification of mature oocytes harvested
after ovarian stimulation has recently
become an established method to
preserve fertility of cancer patients.
But when there is insufficient time or a
contraindication for ovarian stimulation,
cryopreservation of immature oocytes at
the germinal vesicle (GV) stage can be an
attractive alternative to cryopreservation
of mature oocytes. However, a study
investigating mouse GV oocytes after
vitrification showed they are vulnerable
to cryo-injury and their capacity for
normal maturation and fertilization are
easily compromised (Van Blerkom, 1989).
They have to be matured to metaphase
II stage before cryopreservation because
their maturational capacity after
warming is lower than fresh oocytes
(Lee et al., 2013). Several perturbations
have been described such as
premature chromosomal condensation,
externalization of chromatin fragments

Immature oocytes can be retrieved
without ovarian stimulation in both
follicular and luteal phases before
exposure to gonadotoxic chemotherapy
regimens, which avoids supraphysiological
oestrogen concentrations. Immature
oocytes can also be retrieved from antral
follicles, and both techniques can be
combined (Fasano et al., 2011).

Pregnancy in breast cancer
An increasing number of women are
achieving pregnancy during or after
breast cancer. A better understanding of
the impact of pregnancy on survival of
breast cancer patients is of paramount
importance. Breast cancers diagnosed
during pregnancy and up to 1 year postpartum are generally more aggressive
tumours, characterized by unfavourable
clinicopathological features such as high
tumour grade, low level of expression of
oestrogen and progesterone receptors,
in comparison to those breast cancers
diagnosed in non-gravid women of the
same age (Basaran et al., 2014; Iqbal
et al., 2017; Tretli et al., 1988). But
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the impact of pregnancy on survival
remains a matter of debate (Amant
et al., 2013; Azim et al., 2012; Hartman
and Eslick, 2016; Iqbal et al., 2017;
Jerzak et al., 2021; Park et al., 2022).
Surgery for breast cancer is not harmful
for pregnancy, but chemotherapy is
not recommended during the first
trimester of pregnancy. Hormonal and
targeted therapies and radiation are
contraindicated throughout pregnancy.
The choice of treatment can therefore
be complicated, as there is conflict
between the ideal treatment for the
mother and the well-being of the fetus. If
a woman is diagnosed with breast cancer
early in pregnancy and needs urgent
chemotherapy, termination of pregnancy
should be considered. In short, women
diagnosed with breast cancer during
or shortly after pregnancy should be
informed thoroughly about the risks
during counselling.
Other considerations in fertility
preservation
Aside from the above-mentioned medical
concerns, the psychological aspects of
infertility treatments in breast cancer
patients are relatively understudied. In
reviewing existing literature from 1996
to 2008, Tschudin and Blitzer (2009)
revealed that infertility among breast
cancer patients represents issues of selfesteem, identity, sexuality and self-image
rather than yearning to have a child.
Another moderately understudied topic
is the practice manners of physicians in
guiding patients with cancers to fertility
preservation centres. Numerous patients
discern that their primary physicians for
cancer therapy do not adequately advise
them about the consequences of cancer
therapy on fertility or the possibilities of
preserving it. However, some oncologists
are less concerned about the impact of
a treatment on fertility and rarely guide
them to reproductive endocrinologists.
For example, 30% rarely consider
a woman's desire for fertility when
scheduling treatment. On the other
hand, gynaecological oncologists are
more likely to consider fertility than
other oncologists (93% versus 60%).
They are also more likely to administer
a less gonadotoxic regimen to support
preserving fertility (61% versus 37%).
Most oncologists (86%) would be ready
to sacrifice less than a 5% reduction
in disease-free survival if a regimen
offered better fertility outcomes; 36% of
patients would be willing to sacrifice >5%
(Forman et al., 2009).

A survey based on the American Medical
Association Physician Masterfile database
revealed that although the ASCO
guidelines recommend that “all patients
of childbearing age should be informed
about fertility preservation”, less than
half of US physicians are following these
guidelines. However, female physicians
are more likely to refer such patients to
a reproductive endocrinologist (Quinn
et al., 2009). These findings reveal that
fertility preservation is still inadequately
understood among physicians.
Furthermore, it is crucial to underline
the vital position of oncologists at tertiary
centres in advising and guiding cancer
patients with worries about their future
fertility.
Although there seems to be no
increasing trend in overall divorce
rates in patients with cancer, there is
a gender discrepancy in these rates.
An intriguing investigation examining
the role gender played in so-called
‘partner abandonment’ demonstrated
that a woman is six times more likely
to be divorced soon after a cancer
diagnosis than if a man in the relationship
is the patient (20.8% versus 2.9%)
(Glantz et al., 2009), emphasizing the
importance of unfertilized gamete
storage in female cancer patients with a
higher risk of divorce.

CONCLUSION
Breast cancer continues to be the
most prevalent neoplasm in women.
Many issues need to be addressed
in these patients, from diagnosis
to therapy-related adverse health
conditions. Contemporary breast cancer
management needs a multidisciplinary
approach. The current review has mainly
focused on the reproductive issues and
fertility preservation methods in patients
with breast cancer. Several options are
viable for preserving fertility in patients
planning to start chemotherapy for
breast cancer. The most appropriate
choice should be chosen considering
several characteristics, including the
patient's age or desire for the length of
delay to childbearing post-chemotherapy,
the type or the time before starting
adjuvant treatment. Oocyte and embryo
freezing are currently the most effective
strategies to preserve fertility in breast
cancer patients. Addition of aromatase
inhibitors to ovarian stimulation appears
to be a safe approach to reduce
endogenous oestrogen concentration.
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Ovarian tissue cryopreservation should
be offered to women without sufficient
time for ovarian stimulation. The
protective effect of GnRH agonists
during chemotherapy on the ovaries
against chemotherapy-induced damage
and follicle loss continues to be a matter
of heated debate. GnRH agonists during
chemotherapy can be considered as an
option for ovarian function protection
in premenopausal breast cancer
patients receiving chemotherapy;
however, limited evidence exists on their
protective effect on the ovarian reserve
and the potential for future pregnancies.
Therefore, GnRH agonists should not be
considered an equivalent or alternative
option for fertility preservation but
can be offered after cryopreservation
techniques or when they are not
possible, according to the most recent
guidelines of fertility preservation.
Individualized detailed genomic analyses
of patients and breast tumours in future
could help select the most effective
chemotherapy regimen while minimizing
their gonadotoxic effects on the ovary.
It should be remembered that infertility
and premature menopause should
not only be considered as adverse
reproductive outcomes in breast cancer
survivors, they can also significantly
increase the psychological burden on
these patients. Therefore these patients
should always be counselled and treated
for psychological well-being.

SUPPLEMENTARY MATERIALS
Supplementary material associated
with this article can be found, in
the online version, at doi:10.1016/j.
rbmo.2022.09.014.
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