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Abstract
Purpose To review the impact of tyrosine kinase inhibitors (TKIs) on fertility in men and women, embryo development, and
early pregnancy, and discuss considerations for fertility preservation in patients taking TKIs.
Methods A comprehensive literature search using the PubMed database was performed through February 2021 to evaluate the
current literature on imatinib, nilotinib, dasatinib, and bosutinib as it relates to fertility and reproduction. Published case series
were analyzed for pregnancy outcomes.
Results TKIs adversely affect oocyte and sperm maturation, gonadal function, and overall fertility potential in a self-
limited manner. There are insufficient studies regarding long-term consequences on fertility after discontinuation of
TKIs. A total of 396 women and 236 men were on a first- or second-generation TKI at the time of conception. Of the
women with detailed pregnancy and delivery outcomes (n = 361), 51% (186/361) resulted in a term birth of a normal
infant, 4.3% (16/361) of pregnancies had a pregnancy complication, and 5% (20/361) of pregnancies resulted in the live
birth of an infant with a congenital anomaly. About 22% of pregnant women (87/396) elected to undergo a termination
of pregnancy, while 16% (63/396) of pregnancies ended in a spontaneous abortion. In contrast, of the 236 men, 87%
conceived pregnancies which resulted in term deliveries of normal infants. Elective terminations, miscarriage rate,
pregnancy complication rate, and incidence of a congenital malformation were all less than those seen in females
(4%, 3%, 2%, and 2.5%, respectively).
Conclusion Women should be advised to avoid conception while taking a TKI. Women on TKIs who are considering
pregnancy should be encouraged to plan the pregnancy to minimize inadvertent first trimester exposure. In women who
conceive while taking TKIs, the serious risk of relapse due to discontinuation of TKI should be balanced against the
potential risks to the fetus. The risk of teratogenicity to a fathered pregnancy with TKI use is considerably lower.
Fertility preservation for a woman taking a TKI can be considered to plan a pregnancy with a minimal TKI-free period.
With careful monitoring, providers may consider a TKI washout period followed by controlled ovarian stimulation to
cryopreserve oocytes or embryos, with a plan to resume TKIs until ready to conceive or to transfer an embryo to achieve
pregnancy quickly. Fertility preservation is also indicated if a patient on TKI is requiring a gonadotoxic therapy or
reproductive surgery impacting fertility.
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Introduction

Tyrosine kinase inhibitors (TKIs) are a class of small molecule
targeted anticancer therapy that block cell surface tyrosine
kinase receptor phosphorylation and thus inhibit cell signal-
ing. Imatinib mesylate (marketed as Gleevec in the USA and
Glivec in the rest of the world), a first-generation TKI, was the
first TKI approved by the United States Food and Drug
Administration as specific therapy for chronic myelogenous
leukemia (CML) in 2001 [1]. CML is characterized by a bal-
anced translocation, t(9;22)(q34;q11.2), involving the fusion
of the Abelson gene (ABL1) from chromosome 9 and the
breakpoint cluster region (BCR) gene on chromosome 22.
This rearrangement, known as the Philadelphia chromosome,
leads to the generation of the BCR-ABL1 oncogene that leads
to production of the BCR-ABL oncoprotein. Imatinib is orally
active, and acts as a highly selective inhibitor of the constitu-
tively activated intracellular tyrosine kinase on the BCR-ABL
oncoprotein by competitively binding to and inhibiting the
interaction of the oncoprotein and adenosine triphosphate
(ATP), thus blocking cellular proliferation. With the success
seen in imatinib, three additional second-generation TKIs are
now approved as first-line treatment of CML in the chronic
phase: nilotinib, dasatinib, and bosutinib, all with varying af-
finities for the BCR-ABL oncoprotein.

Although designed to bind the BCR-ABL tyrosine kinase,
first- and second-generation TKIs have demonstrated high
affinity for binding to other tyrosine kinase receptors, includ-
ing c-KIT and platelet-derived growth factor receptor-alpha
(PDGFR-a). This has expanded the use of TKIs to treat gas-
trointestinal stromal tumors (GIST) and pediatric leukemias.
GIST is a rare form of primary gastrointestinal neoplasmswith
characteristics of both mesenchymal and neural tumors [2].
These tumors were previously treated as leiomyosarcomas
of the GI tract, until the discovery that the majority of these
tumors carry a mutation in the c-KIT protooncogene, a trans-
membrane tyrosine kinase receptor, leading to a constitutively
activated state, and subsequently tumor growth [3]. Similarly,
bosutinib and dasatinib target a wide variety of tyrosine ki-
nases. In addition to targeting the BCR-ABL tyrosine kinase,
they are effective inhibitors of the Src-family kinases. The
Src-family kinases include nine members (Src, Yes, Fyn,
Fgr, Lck, Hck, Blk, Lyn, Frk) and are expressed on various
different cell types and play key roles in signal transduction
[4]. Src-family kinases have been found to be dysregulated in
many solid organ malignancies [5]. As activation of BCR-
ABL independent pathway including Src-family kinases can
be associated with imatinib resistance, dasatinib is approved
for treatment of imatinib-resistant CML or treatment of
Philadelphia chromosome–positive acute lymphoblastic leu-
kemia resistant to treatment with first-line therapies [6]. The
advent of tyrosine TKIs drastically improved the progression-
free survival of those patients with activating tumors in these

transmembrane receptors, with 10-year survival rates above
80–90% [7]. With the advances in cancer diagnosis and treat-
ments, the number of reproductive age cancer survivors has
grown exponentially. For example, 30–40% of patients diag-
nosed with CML are considered to be of reproductive age
[8–10]. Many of these young adults have achieved stable re-
mission while taking oral TKIs and are now considering child-
bearing. In this review, we will summarize the current litera-
ture on the reproductive impact of TKIs on fertility in men and
women, including the impact on early pregnancy, and we
discuss approaches for fertility preservation in patients taking
TKIs.

Methods

In this review, we performed a comprehensive literature
search using the PubMed database (www.pubmed.org) to
obtain any and all relevant articles published in the English
language from PubMed’s inception through February 11,
2021. Search phrases included “imatinib and fertility,”
“fertility preservation and imatinib,” “effects of imatinib on
oocyte function,” “effects of imatinib on male fertility,”
“effects of imatinib on a placenta,” “imatinib and
pregnancy,” and “imatinib and in vitro fertilization.” These
same search phrases were used with the substitution of
nilotinib, dasatinib, and bosutinib, respectively. Included
data needed to specify reproductive and/or pregnancy out-
comes while on one of the four TKIs discussed. PubMed
was last screened on February 11, 2021. Case reports or case
series with fewer than 2 patients were largely excluded except
in those presenting new information. Likewise, other review
papers were excluded unless presenting new clinical or scien-
tific information. Abstracts and otherwise unpublished data
were not included. Once relevant articles were identified and
carefully reviewed, references from these articles were also
reviewed for additional sources. An Institutional Review
Board approval was not required for this study as only pub-
lished data with deidentified patient markers were used for this
review.

Statistical analysis was performed with respect to pregnan-
cy outcomes in males and females using a first- or second-
generation TKI at the time of conception, as well as a sub-
analysis of each individual TKI assessed in this review. We
examined total number of pregnancies which resulted in a
term pregnancy without complications, elective abortion,
spontaneous abortion, and pregnancies resulting in a compli-
cation, with categorical data analyzed as percentages for preg-
nancies. We also assessed the total number of live births with
congenital malformations. This parameter was not a propor-
tion of the total number of pregnancies but rather total live
births (data not shown) as our study included multifetal
pregnancies.
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Discussion

Effects of TKIs on ovarian function

As with numerous other chemotherapeutic agents, TKIs have
been implicated in affecting future female reproductive poten-
tial. This impact on fertility is a result of blocking c-KIT and
PDGFR-a, known target receptors of imatinib and other TKIs
(Fig. 1). c-KIT is expressed on the surface of human ovaries
and, when exposed to a TKI, results in decreased cell prolif-
eration and increased apoptosis [11, 12]. PDGFR-a is also
found on primordial follicles and is involved in follicular de-
velopment. TKIs have been shown to disrupt the developmen-
tal process forming a primary follicle, thus decreasing the total
follicle count by blocking the PDGFR-a receptor [11–13].
Similarly, strong evidence indicates the importance of the
Src-family kinases in oocyte maturation and meiotic spindle
function in the metaphase II oocyte [14, 15]. However, spe-
cific research linking inhibition of Src-family kinases by TKIs
in germ cells and gonads is sparse.

Zamah et al. demonstrated that ovarian function is compro-
mised in the presence of imatinib, thereby affecting women
who desire to undergo ovarian stimulation for fertility preser-
vation [16]. When ovarian stimulation was attempted in a
woman taking imatinib, estradiol concentrations were signif-
icantly decreased and a lower number of oocytes were re-
trieved compared to her own control cycle off the drug 2
months later, despite similar conditions of the stimulation,
indicating imatinib can negatively affect steroidogenesis and
oocyte retrieval [16]. They hypothesized that the granulosa
cells may have undergone apoptosis leading to oocyte atresia
and lower egg recovery; however, when they treated primary
human granulosa cell cultures with varying concentrations of
imatinib in an in vitro model, they did not see a significant

difference in cell survival or the ability of granulosa cells to
produce estradiol from testosterone when stimulated with go-
nadotropins. Based on these results, they postulated that ima-
tinib may have an effect on either theca cells or granulosa cell
proliferation during the follicular phase. This same effect has
also been established in mouse models [17]. Additionally,
Salem et al. demonstrated TKIs negatively impact ovarian
reserve by reducing the proportion of primordial follicles
[13]. Although this has not been corroborated in larger studies,
women and couples attempting fertility preservation should be
made aware of this negative effect on oocyte recruitment and
recovery due to concomitant TKI use as this may serve as a
poor prognostic factor.

As with imatinib, other second-generation TKIs have vary-
ing levels of activity against c-KIT and PDGFR, indicating
TKIs can affect folliculogenesis. A study by Seval e. al. dem-
onstrated a statistically significant decrease in the total follicle
count in female mice treated with nilotinib [12]. In preclinical
trials, bosutinib was shown to have a negative effect on fertil-
ity and reproduction; however, no studies have directly
assessed its impact on ovaries or oocytes [18, 19]. There is a
paucity of data on the effects of dasatinib on female fertility. In
a preclinical study, Cortes et al. demonstrated dasatinib does
not appear to affect female fertility across different levels of
the drug tested in exposed rats, while exposure to dasatinib
increased embryo-lethality [20].

There is insufficient evidence regarding the impact of long-
term TKI use on fertility [16, 17]. Zamah et al. demonstrated
that follicular fluid concentrations of imatinib are at a steady
state with plasma levels, and there was no evidence of imatin-
ib or its metabolite once the drug was cleared [16]. Although
studies have shown TKIs affect folliculogenesis, there are
numerous case reports of women conceiving while on a
TKI, indicating at least some gonadal function is still

Fig. 1 Proposed impact of tyrosine kinase inhibitors on reproduction

1899J Assist Reprod Genet (2021) 38:1897–1908



preserved [21]. Thus far, there has only been one published
report of primary ovarian insufficiency documented in a CML
patient receiving a high dose of imatinib [22]. The potential
long-term effects of TKIs remain unknown as only a limited
number of patients have been followed for extended periods
of time.

To our knowledge, there are only 3 case reports published
involving patients with CML undergoing controlled ovarian
stimulation (COS) to achieve pregnancy. Gazdaru et al. were
the first to describe a successful COS followed by cryopres-
ervation of 9 zygotes in a 26-year-old woman with CML after
a 19-day washout period from nilotinib [21]. The patient had
been onmultiple TKIs (imatinib, dasatinib, and nilotinib) over
the course of 9 years prior to the decision to proceed with stem
cell transplantation due to relapse. The authors used a
gonadotropin-releasing hormone antagonist stimulation pro-
tocol and retrieved 12 mature oocytes. Following
intracytoplasmic sperm injection (ICSI), a total of 9 zygotes
were cryopreserved. Furukawa et al. described the first suc-
cessful frozen embryo transfer (FET) and full-term delivery in
a 38-year-old woman with CML treated with imatinib for 8
years [23]. The patient had discontinued imatinib 6 months
prior to initiating infertility treatment during which time she
underwent treatment with interferon (IFN)-α and, after 3 un-
successful cycles of intrauterine insemination (IUI),
proceeded to in vitro fertilization (IVF). The authors used an
agonist protocol, and after 3 cycles achieved 2 blastocyst-
stage embryos, which were cryopreserved. As the patient
had elevated levels of BCR-ABL during her infertility treat-
ment, she was started on dasatinib. Once levels were undetect-
able again, the patient had a 3-month washout and underwent
a successful transfer. The neonate was found to have a
meningocele, which was repaired at birth. Although the pa-
tient had a TKI-free period of 6 months prior to attempting
IVF and a 3-month washout prior to her embryo transfer, the
authors postulated the meningocele was due to a folate defi-
ciency from her underlying leukemia and not a TKI-induced
effect, although folate levels were not assessed in the patient
during pregnancy [23]. The study also did not indicate specif-
ically if the patient was on a prenatal vitamin containing folic
acid. The most recent case was reported by Rios et al. who
described a successful fresh embryo transfer in a 23-year-old
woman with CML [24]. After 6 years of imatinib therapy, the
patient discontinued the medication to attempt natural concep-
tion for 4 months, followed by two unsuccessful IUIs. As the
patient had lost her major molecular response at this point and
was on IFN-α therapy, she underwent COSwith an antagonist
protocol, and following ICSI achieved 2 blastocyst-stage em-
bryos which were cryopreserved. IFN-α therapy was
discontinued during her stimulation cycle due to toxicity.
The patient was started on nilotinib following her retrieval,
and after 16 months of treatment discontinued for transfer.
Seven days after discontinuing nilotinib, the patient

underwent two consecutive FETs, which both failed. She
underwent a second COS and achieved 5 blastocyst-stage em-
bryos, 4 of which were cryopreserved and one transferred
successfully. She went on to deliver a healthy full-term infant
without needing further treatment of CML during her preg-
nancy [24]. These three case reports demonstrate that stopping
a TKI for a short period of time is reasonable to preserve
fertility, and more importantly, to minimize a TKI-free period,
COS should be considered to achieve pregnancy quickly [23].

Effect of TKIs on male fertility

Most animal studies and case reports have shown that the
overall effects of TKIs on male fertility are self-limited [8].
As with human ovaries, the proper development of testicles,
hormone production, and subsequently spermatogenesis relies
heavily on the functions of c-KIT and PDGFR-a, describing a
pathway for the finding of decreased spermatogenesis, testic-
ular weight, and testosterone concentrations described in male
rodents exposed to imatinib [12, 16, 25, 26]. PDGFR is
known to be expressed on Leydig cells of testis, and disrup-
tion of normal signaling by imatinib results in apoptosis and a
decrease in the total number of these cells [25–27] (Fig. 1).
Testicular development and alterations to the hypothalamus-
pituitary-testes axis are disrupted in rats exposed to imatinib
during the early postnatal period, and inhibition of Leydig cell
maturation during development can lead to detrimental effects
[9, 12, 25, 27, 28]. For humans, a similar effect has been
demonstrated in case reports describing severe oligospermia
in males treated with imatinib prior to puberty [29]. However,
data regarding effects of imatinib on sperm have been con-
flicting. Early studies by Nurmio et al. revealed that, although
the total number of spermatogonia was decreased, it did not
affect sperm production [25]. In accordance with this, data
from Heim et al. also showed that, despite overall survival
of differentiating spermatogonia was decreased in the pres-
ence of imatinib, exposure to the medication did not disrupt
the process of spermatogenesis, and therefore, future fertility
was protected [27]. Chang et al. demonstrated imatinib crosses
the blood-testis barrier, resulting in reduced semen parameters
including decreased sperm counts [30]. Despite decreases in
sperm counts, nearly 200 case reports of pregnancies with
male partners on imatinib have been described.

Along with a decrease in the total number of Leydig cells, a
study by Gambacorti-Passerini et al. revealed 92% of men on
long-term imatinib had a reduction in their serum testosterone
concentrations, with 73% of these also having low free testos-
terone [31]. As the target receptors of imatinib, c-KIT and
PDGFR-a are expressed on Leydig cells and these receptors
are responsible for a complex interplay ultimately stimulating
testosterone production, which reveals a clear pathway for a
decrease in testosterone levels under the influence of imatinib
[26, 31]. Interestingly, 18% of men also developed
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gynecomastia, likely due to the reduction in testosterone and a
buildup of the testosterone precursors progesterone and 17-
hydroxyprogesterone in the steroidogenesis pathway [31].
Despite a decreased level of testosterone observed in mice
exposed to imatinib, levels normalized following removal of
the drug [26]. Interestingly, data regarding effects of imatinib
on testosterone levels have been conflicting, with recent stud-
ies showing minimal decrease in total testosterone levels, with
levels again normalizing after stopping imatinib; however,
these studies were small [9, 28, 30, 32]. These recent data
demonstrate TKIs may have less of an effect on male fertility
when administered in adulthood, and exposure to a TKI prior
to puberty could have more severe consequences [9].

Similar to imatinib, second-generation TKIs have activity
against c-KIT and PDGFR, however, due to their different
molecular weights demonstrating varying effects on male fer-
tility. For example, nilotinib has a larger molecular weight
compared to imatinib and does not readily cross the blood-
testis barrier, therefore demonstrates minimal effects on male
fertility [8, 33]. In mice exposed to nilotinib, Seval et al. dem-
onstrated spermatogenesis is preserved [12]. Likewise,
dasatinib also does not appear to affect male fertility; however,
adverse side effects of its use in mice studies include de-
creased size and secretion of seminal vesicles, and an imma-
ture prostate [8, 33]. At this time, very little is known regard-
ing the effects of bosutinib on male fertility; however, it, too,
has a larger molecular weight similar to nilotinib and therefore
less likely to cross the blood-testis barrier [33]. Murine studies
revealed both dasatinib and bosutinib did not have a statisti-
cally significant impact on testosterone levels compared to
controls [32].

Fertility preservation inmales traditionally has not posed as
much difficulty as seen in women. For male partners looking
to conceive, cryopreservation of sperm should be considered
prior to initiating TKI therapy. If the disease state is stable,
providers may consider stopping chemotherapy for a 72-day
washout period to allow for sperm maturation followed by
either natural conception or sperm cryopreservation [9, 33].

Treatment duration of TKI therapy and impact on
fertility

For most cancers, there are a finite number of treatment cycles
with chemotherapeutic agents to achieve remission followed
by discontinuation of the agent. CML and other leukemias are
unique in that these cancers are not often fatal, with the advent
of TKIs reducing annual mortality in CML from 10–20% to
1–2%. With such highly effective treatment, many patients
can live decades with their disease. With the development of
oral chemotherapeutic agents that prolong progression-free
survival, the question then becomes when is the optimal time
to temporarily stop all therapies to undergo IVF or carry a
pregnancy?

The ultimate duration of TKI therapy is dependent on the
cancer it is treating. For treatment of GI stromal tumors, stan-
dard of care for adjuvant therapy is 3 years with most experts
advocating for cessation of therapy at this point, and only to
restart treatment once recurrence has been documented [34,
35]. Presently, there have not been any studies that have
followed patients to observe long-term effects or survival ben-
efits of continuing imatinib beyond 5 years [34]. For CML,
treatment is often lifelong; however, the multicenter STIM
trial and other subsequent studies have demonstrated the fea-
sibility of temporarily discontinuing once deep molecular re-
mission has been achieved for 2 years [7, 28, 36–38]. Studies
have shown there is progression of disease once a TKI is
stopped, with most recurrences 6 to 24 months after
discontinuing adjuvant therapy in GI stromal tumors, and 6
to 8 months in CML [2, 3, 34, 37]. Given that side effects of
TKIs as a class are generally well tolerated, patients with good
response could be on lifelong treatment [2, 37].
Approximately 50–60% of patients with CML who have
discontinued therapy will relapse into another crisis 6 months
following cessation of treatment [10]. Therefore, the risks and
benefits of discontinuing treatment during pregnancy should
be carefully discussed with a multidisciplinary approach. For
couples trying to conceive, timing and cessation of TKI ther-
apy for reproductive treatment, conception, and pregnancy
require a coordinated effort between the patient’s oncologist
and obstetrician/gynecologist. Fertility counseling in young
adults may also be required if treatment of CML is complicat-
ed by gonadotoxic therapies such as regimens for bone
marrow/stem cell transplantation [39].

Effects of imatinib and other TKIs on the placenta and
early embryo

In pregnancy, the mature placenta acts as a barrier preventing
drugs with large molecular weights from readily crossing and
exposing the fetus to potentially harmful toxins. For the most
part, TKIs have large molecular weights (~ 500 g/mole), there-
fore do not easily cross the placenta. A study by Abellar et al.
examined 3rd trimester placentas in women exposed to ima-
tinib during pregnancy for treatment of CML [40]. Although a
small sample size (n = 4), the placentas only demonstrated
nonspecific changes with weights all appropriate for gesta-
tional age. Similarly, other studies demonstrated umbilical
cord blood and placental tissue had only a fraction of the
concentration of imatinib as maternal serum concentrations
[41, 42]. These histopathology results are in line with other
studies which suggest imatinib does not readily cross a 3rd
trimester placenta, and therefore may be considered safe to use
following organogenesis [40–42]. Despite this, long-term ex-
posure to imatinib in mice models, even after cessation of the
drug, led to small placentas with abnormal vasculature [43].
Furthermore, long-term use of imatinib has been shown to
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affect the cellular differentiation of an embryo prior to implan-
tation by decreasing the total number of cells in the blastocyst
stage, thereby reducing the embryo’s overall developmental
potential [13]. Early exposure prior to development of the
blood-placenta barrier and the inhibition of c-KIT and
PDGFR likely lead to abnormal placentation and angiogene-
sis, thus leading to the malformations seen with imatinib use
[42, 43] (Fig. 1). Similar to imatinib, nilotinib does not readily
cross the placenta, due to its molecular weight having the
lowest placenta to maternal concentrations of all TKIs [42].
Bosutinib is also considered a larger molecule; however, no
studies have directly evaluated placental transfer of the drug
[8]. On the other hand, dasatinib is a considerably smaller
molecule which has been shown to cross the placenta.
Dasatinib inhibits the Src-family kinases which are needed
for proper implantation and fetal maturation [44]. Cortes
et al. demonstrated transplacental concentrations of dasatinib
to be 75% of maternal serum concentrations; therefore, ex-
treme caution should be employed in sexually active women
on dasatinib [20].

Possible teratogenic effects of imatinib and other TKIs

CML represents 10% of all leukemias diagnosed during preg-
nancy [44]. Despite warnings against conceiving and/or con-
tinuing imatinib and other second-generation TKIs during
pregnancy, there have been multiple case reports of both
men and women conceiving while on imatinib without in-
creased prevalence of spontaneous abortion and congenital
anomalies in offspring compared to the general population
[16, 45]. Spontaneous abortion is described as a nonviable,
intrauterine pregnancy with an empty gestational sac or a ges-
tational sac containing an embryo or fetus lacking fetal heart
activity in early pregnancy (that is, up to 13 completed weeks
of pregnancy) [46]. It is well documented that the incidence of
spontaneous abortions, also known as early pregnancy loss, is

frequent, occurring in approximately 10% of all clinically
documented pregnancies in the general population[47–49].
Regarding congenital anomalies, major structural or genetic
birth defects affect one in every 33 babies (about 3% of all
babies) born in the USA each year [50]. There are over 300
published cases of women who conceived while on imatinib
(Table 1). Of these studies, roughly 50–66% of pregnancies
resulted in normal births [20, 51]. Still, there are several case
reports describing teratogenic effects on infants conceived
while a parent was on imatinib. Reported malformations in-
clude clinodactyly, cleft palate, hypospadias, and low-set ears,
as well as severe deformities including cardiac malformations
(such as dextrocardia, situs inversus, and overriding aorta),
neurologic deformities (such as ventriculomegaly, hydroceph-
alus, and cerebellar hypoplasia), and kidney malformations
including mal-positioned or even absent kidneys [45, 52].
The largest retrospective study by Pye et al. investigated preg-
nancy outcomes in 180 women (125 with known outcomes)
exposed to imatinib during their pregnancy, with 26% of pa-
tients in the study continuing imatinib throughout the duration
of their pregnancy [45]. In this study, a total of 9.6% of the
pregnancies resulted in some form of fetal abnormality.
Interestingly, they described a cluster of skeletal abnormalities
(craniosynostosis, exencephaly, encephalocele, scoliosis, and
hemivertebrae) in 4% of pregnancies, along with an
omphalocele in 2.5% of these pregnancies, whereas the inci-
dence in the general population of this same defect is 1:3000
to 1:4000, with roughly half of these resulting in stillbirths
[45]. As this same cluster of malformations (skeletal, renal,
and/or abdominal wall defects) were also seen in mice models
with PDGFR-knockouts, they postulated such abnormalities
were not by random chance but likely due to a TKI-induced
syndromic effect.

In the included studies, we found 331 reported cases of
women who either conceived while on imatinib or were ex-
posed during early pregnancy (Table 1). Of those with known

Table 1 Effects of TKIs on pregnancy

TKI Number of
pregnancies

Term delivery without
complications, n (%)

Elective
abortions, n (%)

Spontaneous
abortions, n (%)

Pregnancy
complications, n (%)

Live birth with congenital
malformations, n (%)

Imatinib Male: n = 186 164 (88.2%) 6 (3.2%) 5 (2.7%) 5 (2.7%) 4 (2.1%)

Female: n =
331

158/296* (53%) 66 (20%) 53 (16%) 11 (3.7%)* 17 (5.1%)

Nilotinib Male: n = 3 2 (66.7%) 0 (0%) 0 (0%) 0 (0%) 1 (33.3%)

Female: n = 9 7 (77.8%) 0 (0%) 1 (11%) 0 (0%) 1 (11%)

Dasatinib Male: n = 33 30 (91%) 0 (0%) 2 (6%) 0 (0%) 1 (3%)

Female: n = 46 15 (32.6%) 18 (39%) 8 (17.4%) 5 (11%)+ 2 (4%)

Bosutinib Male: n = 14 9 (64.3%) 4 (28.6%) 1 (7%) 0 (0%) 0 (0%)

Female: n = 10 6 (60%) 3 (30%) 1 (10%) 0 (0%) 0 (0%)

*Percent of known outcomes (excluding incomplete pregnancy data and ongoing pregnancies), 2 overlap with live birth with congenital malformations

+Total percent of pregnancy complications (accounting for pregnancies with more than 1 complication)
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Table 2 Effect of imatinib on pregnancy outcomes

Publication (reference) Number of patients Term delivery without
complications, n (%)

Abortion,
n (%)

Pregnancy
complications, n
(%)

Live birth with congenital
malformations, n (%)

Hensley 2003 [54] Male: n = 10 4 (40%) Elective: 2 (20%)
Spontaneous: 2 (20%)

0 (0%)
- 2 ongoing (20%)

0 (0%)

Female: n = 23 2 (8.7%) Elective: 11 (48%)
Spontaneous: 5 (22%)

0 (0%)
- 4 ongoing (17%)

- Hypospadias (1, 4.3%)

Ault 2006 [55] Male: n = 8 (9 pregnancies) 7 (78%) Elective: 0 (0%)
Spontaneous: 1 (11%)

0 (0%) - Mild intestinal malrotation
1 (11%)

Female: n = 10# (set of
twins)

6 (60%) Elective: 1 (10%)
Spontaneous: 2 (20%)

0 (0%) - Hypospadias 1/11 (9%)

Ramasamy 2007 [58] Male: n = 4 (5 pregnancies) 5 (100%) 0 (0%) 0 (0%) 0 (0%)
Pye 2008 [45] Female: n = 125 63 (50%) Elective: 35 (28%)

Spontaneous: 18 (14%)
- IUFD 1 (0.8%)
- Preterm delivery 2

(1.6%) $

8 (6.4%)^:
- Omphalocele 3
- Cranial/skeletal abnormali-

ties 5
- Hypospadias 2
- Cardiac abnormalities 1
- Renal abnormalities 2
- Pyloric stenosis 1

Breccia 2008 [59] Male: n = 5 5 (100%) 0 (0%) 0 (0%) 0 (0%)
Zhou 2013 [9] Male: n = 7 6 (86%) 0 (0%) - Preterm delivery 1

(14%)
0 (0%)

Female: n = 18 7 (39%) Elective: 8 (44%)
Spontaneous: 3 (16.7%)

0 (0%) 0 (0%)

Alizadeh 2014 [60] Male: n = 5 (7 pregnancies,
set of twins, set of triplets)

7 (100%) 0 (0%) 0 (0%) 0 (0%)

Female: n = 9 (16
pregnancies)

15 (94%) 0 (0%) 0 (0%) - Small ASD 1 (6%)

Iqbal 2014 [36] Male: n = 40 (62
pregnancies)

57 (95%) Elective: 2 (3%)
Spontaneous: 0 (0%)

- Preterm delivery 2
(3%)

- IUFD 1 (1.6%)

0 (0%)

Female: n = 21 (28
pregnancies)

19 (68%) Elective: 3 (10.7%)
Spontaneous: 3 (10.7%)

- Preterm delivery 2
(7.1%)

- IUFD 1 (3.6%)

0 (0%)

Mukhopadhyay
2015 [56]

Male: n = 10 7 (70%) Elective: 1 (10%)
Spontaneous: 1 (10%)

0 (0%) - Mild hydrocephalus 1
(10%)

Female: n = 12 6 (50%) Elective: 3 (25%)
Spontaneous: 2 (17%)

0 (0%) - Hypospadias 1 (8%)

Carlier 2016 [61] Male: n = 13 8 (61.5%) Elective: 1 (8%)
Spontaneous: 1 (8%)

- Preterm delivery 1
(8%)

- Complex cardiac
anomaly 1 (8%)

- Primary hydronephrosis 1
(8%)

Chelysheva 2018 [42] Female: n = 8 6 (75%) 0 (0%) - Preterm delivery 2
(25%)

0 (0%)

Madabhavi 2019 [44] Male: n = 58 58 (100%) 0 (0%) 0 (0%) 0 (0%)
Female: n = 40 16 (40%) Elective: 4 (10%)

Spontaneous: 17 (42.5%)
- Preterm delivery 1

(2.5%)
- Omphalocele 1 (2.5%)
- Craniosynostosis 1 (2.5%)

de Moura 2019 [62] Female: n = 7 (10
pregnancies)

5 (50%) Not evaluated - Preterm delivery 4
(40%)

- 1 ongoing at the
time of study
(10%)

0 (0%)

Lasica 2019 [57] @ Female: n = 16 (28
pregnancies)

Not evaluated; 78.5%
healthy live births

Elective: 1 (3.5%)
Spontaneous: 3 (11%)

- Preterm delivery
(rate not
evaluated)

- VSD 1 (3.5%)
- Diaphragmatic hernia 1

(3.5%)
Dou 2019 [63] Female: n = 13 12 (92%) 0 (0%) 0 (0%) - Congenital atresia 1 (8%)

IUFD intrauterine fetal demise, ASD atrial septal defect, VSD ventricular septal defect

#Multifetal pregnancy with outcomes for each delivery

^Multiple malformations reported in each baby

$Both preterm deliveries had fetal malformations and are included in live birth with congenital anomalies count

@As data is incomplete, outcomes excluded from total imatinib cases
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delivery outcomes (n = 296), 53% (158/296) of patients had
term deliveries of normal infants, with 3.7% of deliveries
resulting in a pregnancy complication (fetal growth restriction,
premature delivery, and intrauterine fetal demise). Of all preg-
nancies, 20% (66/331) of women elected for a termination of
pregnancy, and 16% (53/331) resulted in a spontaneous abor-
tion. A total of 5.1% (17/331) of all pregnancies resulted in
some form of a congenital malformation. The reported num-
ber of elective terminations in these women (20%) was much
higher than the rate of elective terminations reported in the
general US population (11.3 abortions per 1000 women aged
15–44 years) [53]. There is paucity of data regarding the ges-
tational age and the indications for elective termination of
pregnancy. Of the ten studies presenting data regarding elec-
tive terminations of pregnancy in women taking TKIs [9, 18,
20, 36, 44, 45, 54–57], only three studies indicate that the
termination was performed in the first trimester [9, 55, 56]
and two studies indicate that women underwent elective ter-
minations in the first and second trimester [20, 36]. Few re-
ported indications included fetal malformations on ultrasound
[45, 54, 56] and early growth restriction [9]; however, most
studies did not comment on the indication of the elective ter-
minations [18, 36, 44, 55, 57].

In contrast, male partners on TKI therapy do not appear
to have the same teratogenic effects on embryos seen in
females taking TKIs during conception (Table 2). Most
case reports of males conceiving while on TKIs have re-
sulted in normal pregnancies. There are no case studies that

have demonstrated an increased risk of spontaneous mis-
carriage or congenital malformations in males taking ima-
tinib during conception [8, 33]. In the included studies, 186
men were on imatinib at the time of conception (Table 1).
This resulted in 88% (164/186) term deliveries of normal
infants, and 2.7% of pregnancies resulting in a spontaneous
abortion. There were only 4 documented congenital
malformations, including a mild intestinal malrotation,
mild hydrocephalus, primary hydronephrosis, and a com-
plex cardiac anomaly [55, 56, 61].

Pregnancy outcomes for men and women on dasatinib dur-
ing conception are similar to published reports regarding ima-
tinib (Table 3). A large case series by Cortes et al. evaluated
147 pregnancies conceived by men and women while on
dasatinib that were submitted to a national database [20]. Of
the 78 women who conceived while on dasatinib, pregnancy
outcomes were reported for 59% (46 of 78 patients). Of these,
33% (15/46) resulted in full-term deliveries, while 4 women
had pregnancy complications (one IUGR observed at term,
one IUGRwith preterm delivery at 28 weeks, and one placen-
tal abruption at 34 weeks of gestation). In this study, 39% (18/
46) underwent elective termination of pregnancy and 17%
(8/46) suffered spontaneous miscarriage. Despite the vast ma-
jority of women discontinuing treatment upon confirmation of
pregnancy, fetal abnormalities were identified in seven in-
fants, two after birth, and five after abortion (two spontaneous
and three elective) which included hydrops fetalis, renal ab-
normalities, CNS/cranial abnormalities, and skeletal

Table 3 Effect of dasatinib on pregnancy outcomes

Publication Number of patients
with reported
pregnancy outcome

Term delivery
without complications,
n (%)

Abortion,
n (%)

Pregnancy complications,
n (%)

Live birth with
congenital anomalies,
n (%)

Cortes 2015 [20] + Male: n = 33 30 (91%) Elective: 0 (0%)
Spontaneous: 2 (6%)

0 (0%) - Syndactyly 1 (3%)

Female: n = 46 15 (33%) Elective: 18 (39%)
Spontaneous: 8

(17%)

- IUGR: 2 (4%)
- Preterm delivery: 3

(6.56%)

- Renal abnormalities 1
(2%)

- Hydrops fetalis with
lung hypoplasia 1 (2%)

+Percent of each pregnancy complication, accounting for babies with more than 1 complication (i.e., IUGR and preterm delivery)

Table 4 Effect of nilotinib on pregnancy outcomes

Publication Number of patients Term delivery without
complications, n (%)

Abortion, n (%) Pregnancy
complications, n (%)

Live birth with congenital
anomalies, n (%)

Abruzzese 2014 Male: n = 3 2 (67%) 0 (0%) 0 (0%) - Unidentified fetal
anomaly 1 (33%)

Female: n = 3 2 (67%) 0 (0%) 0 (0%) - Omphalocele 1 (33%)

Chelysheva 2018 [42] Female: n = 2 2 (100%) 0 (0%) 0 (0%) 0 (0%)

Dou 2019 [63] Female: n = 4 3 (75%) Elective: 0 (0%)
Spontaneous: 1 (25%)

0 (0%) 0 (0%)
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abnormalities similar to those seen with exposure to imatinib
during the development stage [20]. Of the 69 pregnancies
conceived by men on dasatinib, 43% (33/69) have reported
outcomes, and of these, an overwhelming 91% resulted in
full-term deliveries of normal neonates [20].

There is a paucity of data on the effects of nilotinib
during conception and pregnancy (Table 4). Case reports
and small case series published in literature of three
women and three men who conceived while on nilotinib
resulted in four normal pregnancies, one neonate born
with an omphalocele, and one unidentified fetal abnor-
mality [20, 33]. More recently, Dou et al. published a
case series of 4 women who either conceived while on
nilotinib and subsequently discontinued after confirma-
tion of pregnancy or discontinued a few weeks prior to
planned pregnancy [63]. Three resulted in normal full-
term deliveries, with one pregnancy resulting in a spon-
taneous abortion. All of these women were able to
achieve a complete molecular response after reinitiating
therapy following delivery [63].

A recent study by Cortes et al. examined the safety
profile of bosutinib as it relates to conception and preg-
nancy [18]. Sixteen pregnancies were identified in women
who conceived while on bosutinib (Table 5). Of those
with known outcomes (n = 10 pregnancies), 60% (6/10)
resulted in live births, 30% (3/10) elective abortion, and
10% (1/10) spontaneous abortion. In this study, seventeen
males also conceived while on bosutinib. Fourteen preg-
nancies had known outcomes, including 64% (9/14) full-
term live births, 29% (4/14) elective abortion, and 7%
(1/7) spontaneous abortion [18]. Although data in humans
is limited, studies in rabbits demonstrated congenital fetal

anomalies in pregnant rabbits exposed to bosutinib, lead-
ing to the manufacturer recommendation of avoiding
pregnancy while on treatment [8, 18].

A total of 396 women were on a first- or second-
generation TKI therapy at the time of conception or early
pregnancy (Table 6). Of the cases with detailed pregnan-
cy and delivery outcomes (n = 361), 51% (186/361) re-
sulted in a term birth of a normal infant without compli-
cations, similar to previously reported rates [45].
Interestingly, in 22% of the total pregnancies (87/396),
women elected to undergo a termination of pregnancy,
while 16% (63/396) of pregnancies ended in a spontane-
ous abortion. This is slightly higher than the spontaneous
abortion rate of 10% for women in the general population
[45, 46], which could indicate the early teratogenicity of
TKIs leading to a miscarriage. Overall, 4.3% (16/361) of
pregnancies resulting in live birth had a pregnancy com-
plication, and 5% of pregnancies resulted in the live birth
of an infant with a congenital anomaly. In contrast, of the
236 men included in our study, 87% conceived pregnan-
cies which resulted in term deliveries of normal infants.
Elective terminations, miscarriage rate, pregnancy com-
plication rate, and incidence of a congenital malformation
were all less than those seen in females (4%, 3%, 2%,
and 2.5%, respectively).

In women who are taking TKI, breastfeeding is not
recommended. Chelysheva et al. measured concentra-
tions of imatinib and nilotinib in human breast milk
and found that the estimated maximal dose for both
the drugs is less than the therapeutic doses [64].
However, the impact of low-dose chronic exposure of
these TKIs on infants remains unknown.

Table 5 Effect of bosutinib on pregnancy outcomes

Publication Number of patients with
reported pregnancy outcome

Term delivery without
complications, n (%)

Abortion,
n (%)

Pregnancy
complications, n (%)

Live birth with congenital
anomalies, n (%)

Cortes 2020 [18] Male: n = 14 9 (64%) Elective: 4 (29%)
Spontaneous: 1 (7%)

0 (0%) 0 (0%)

Female: n = 10 6 (60%) Elective: 3 (30%)
Spontaneous: 1 (10%)

0 (0%) 0 (0%)

Table 6 Review of TKIs as a class on pregnancy

Number of pregnancies Term delivery without
complications, n (%)

Elective
abortion, n (%)

Spontaneous
abortion, n (%)

Pregnancy
complications, n (%)

Live birth with congenital
malformations, n (%)

Male: n = 236 205 (87%) 10 (4%) 8 (3.5%) 5 (2%) 6 (2.5%)

Female: n = 396 186/361* (51%) 87/396 (22%) 63/396 (16%) 16/361+ (4%) 20/396 (5%)

*Percent of known outcomes

+Percent of known pregnancy complications (considering pregnancies with more than 1 complication)
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Conclusion

The use of TKIs on a more global scale for treatment of CML
has drastically improved survival rates of reproductive age
adults. With this improvement in survivorship, there is a grow-
ing need to understand the effects of TKIs on fertility. While
there is limited data on imatinib and other 2nd-generation TKIs’
short- and long-term effects on fertility, as a class they are con-
sidered a category D medication during pregnancy. Several
studies have shown imatinib’s use has adverse effects on ovarian
function, which is important to keep in mind when counseling
women who otherwise may not have considered assisted repro-
ductive technology to maintain future fertility [16].

Mouse and human studies looking at the reproductive effects
of TKIs have shown adverse effects on ovarian stimulation and
ongoing spermatogenesis; however, there are insufficient stud-
ies regarding long-term consequences from use of TKI on fer-
tility potential [12, 16, 25, 27]. Though there is data that ap-
proximately 50–60% of women who conceived while taking a
TKI during pregnancy have delivered normal fetuses [45], anal-
ysis of existing literature indicates a higher risk of spontaneous
abortion, congenital malformation, and elective terminations in
women who conceived while taking a TKI. Because of this,
women should be advised to avoid conception while taking a
TKI. Women on TKIs who are considering pregnancy should
be encouraged to plan the pregnancy to minimize inadvertent
first trimester exposure. In women who conceive while taking
TKIs, the serious risk of relapse due to discontinuation of TKI
should be balanced against the potential risks to the fetus.
Providers should utilize individualized decision-making and
may allow for observation of the pregnancy without treatment
with TKIs with close monitoring and surveillance of the preg-
nancy with a maternal fetal medicine specialist or to restart the
TKI or other forms of treatment if maternal health is at risk.
Fertility preservation for a woman taking a TKI can be consid-
ered to plan a pregnancy to minimize the TKI-free period. With
careful monitoring, providers may consider a TKI washout pe-
riod (even though evidence is limited regarding the ideal wash-
out period), followed by controlled ovarian stimulation to cryo-
preserve oocytes or embryos, with a plan to resume TKIs until
ready to conceive or to transfer an embryo to achieve pregnancy
quickly. Fertility preservation is also indicated if a patient on
TKI is requiring a gonadotoxic therapy such as regimens for
stem cell transplantation or reproductive surgery impacting fer-
tility. Women should also be advised that they can resume
therapy once they are delivered with favorable outcomes de-
spite a break in treatment [35, 38]. The risk of teratogenicity to a
fathered pregnancy with TKI use is considerably lower; how-
ever, they should be warned their fertility could be compro-
mised during the duration of treatment. Further studies evalu-
ating any long-term teratogenic effects of TKIs in humans be-
yond the developmental stage, such as epigenetic changes,
should be considered.

There are several strengths to this study. To our knowledge,
this is the largest review in the English language of pregnan-
cies conceived (exclusive of case reports and non-indexed
data) while on one of the four TKIs discussed in this review.
By including pregnancy complications, such as preterm birth,
and all malformations described in the literature, we have
provided a thorough overview of the risks and benefits of
conceiving while on a TKI. We believe our comprehensive
review will give providers the necessary information to make
informed decisions with their patients regarding effects of
TKIs on fertility and pregnancy. However, our review also
highlights the paucity of data available on second-generation
TKIs despite these drugs being now considered first line in the
treatment of CML. Additional studies on the effects of TKIs
on fertility and reproduction, especially as it relates to the use
of nilotinib, dasatinib, and bosutinib, are needed.

The results of the study are limited by reported pregnancies
currently published in literature. Given the nature of this study,
there is an inability to control for confounders which may affect
reported pregnancy rates or comment on the true effect of TKIs
on fertility, such as a preexisting infertility diagnosis.
Furthermore, as there is currently no standardization for a
TKI-free period prior to conception to minimize risks of terato-
genicity, the true prevalence of fetal malformations could be
higher and subjected to reporting bias. This study is only appli-
cable to imatinib and the second-generation TKIs nilotinib,
dasatinib, and bosutinib, and generalization to newer TKIs
should be used with caution. Further studies are needed to elu-
cidate the timing of cessation of a TKI prior to conception to
reduce the risk of teratogenic effects. Long-term studies to de-
termine whether there are epigenetic risks to babies born even
after cessation of a TKI should be considered. Ultimately, pa-
tients on TKIs contemplating pregnancy or fertility preservation
should be encouraged to collaborate with their reproductive
endocrinologist, medical oncologist, and maternal fetal medi-
cine specialist to individualize care in order to achieve the best
maternal and neonatal outcomes.
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