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Abstract

Stunning advances in treatment modalities implemented in children with hematological malignancies have led to 5-year
overall survival rates exceeding 85%. However, this growing population of long-term survivors has raised significant concerns
about their fertility status throughout adulthood, while specific treatment- and non-treatment-related factors appear to possibly
affect fertility through distinct mechanisms. We aimed to comprehensively review the published literature on the association
between treatment-related factors and risk of impaired fertility in childhood hematological cancer survivors. We searched
PubMed up to March 2021 to identify eligible studies published during the last two decades. A narrative synthesis of the
results was performed, although no meta-analysis was feasible due to the small number of studies and the large heterogene-
ity of evidence. Five studies on 2020 survivors of childhood leukemia were deemed eligible. The qualitative data synthesis
showed significant fertility deficits in survivors treated with cranial radiotherapy and chemotherapy for childhood leukemia.
Two studies examined biochemical measures of reduced ovarian reserve, providing some evidence that the levels of anti-
Miillerian hormone can be used as a proxy for diminished ovarian reserve. The current findings should facilitate the delivery
of age- and gender-appropriate interventions to optimize reproductive outcomes in childhood hematological cancer survivors.

Keywords Anti-Miillerian hormone - Diminished ovarian reserve - Childhood hematological malignancies - Leukemia -
Systematic review

Introduction

Over the past few decades, significant advances in the man-
agement of childhood hematological malignancies have been
achieved resulting in 5-year overall survival rates exceeding
85-95% [1], with novel therapeutic interventions accounting
for this achievement [2]. On the other hand, this develop-
ment has led to a growing number of patients who, while
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subsequently becoming long-term survivors reaching adult-
hood, will be in need of specialized care and counseling
regarding specific life events, such as family and reproduc-
tive health issues. In the meantime, the increasing number
of long-term survivors has raised significant concerns with
regard to their fertility status [3]. Crucially, the treatments
administered to these patients are highly gonadotoxic, result-
ing in disease-free patients facing fertility issues later on
in their adult life. For these reasons, the choice of fertility
preservation for these patients is extremely important [3].
Specific treatment- and non-treatment-related factors may
potentially affect fertility through distinct mechanisms [4].
In particular, chemotherapeutic agents have a large num-
ber of gonadotoxic effects [5, 6]. Among these, alkylating
agents, especially cyclophosphamide, may damage primor-
dial follicles and subsequently cause amenorrhea, ovarian
damage, early menopause and, thus, infertility [7]. In males,
these agents cause damage to sperm function, including
morphological abnormalities or loss of motility. The sperm
count may recover after cytotoxic therapy, but there might be
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a period of azoospermia, which can be long and may cause
morphological abnormalities, or the sperm might plateau in
the oligospermia range [8]. Anthracyclines may also contrib-
ute to ovarian damage [8]. Other drugs such as methotrex-
ate, vincristine, bleomycin, dactinomycin, and fluorouracil
present lower to no risk of amenorrhea and infertility [9].

The term ovarian reserve refers to the number of pri-
mordial follicles that exist in the ovaries and play a pivotal
role in fertility [10]. Functioning of the ovaries can be clini-
cally monitored through the regularity of menstrual cycles
experienced by a woman, but this does not always reflect
the patient’s ovarian reserve and fertility. Notably, women
with a regular cycle can potentially have diminished ovarian
reserve [11]. Various methods for measuring ovarian reserve
are applied, such as measurement of the levels of inhibin B,
estradiol, anti-Miillerian hormone (AMH)), follicle-stimulat-
ing hormone (FSH), and ovarian antral follicle count [12].
Overall, previous studies so far have reached inconclusive
results primarily due to the limited number of participants,
selection bias, and low power.

We aimed to comprehensively review published evidence
on the fertility status of survivors of childhood hematologi-
cal malignancies. We further aimed to determine whether
there are specific treatment- and non-treatment-related fac-
tors linked to impaired fertility among childhood cancer
Survivors.

Methods
Search strategy

The present systematic review was performed following the
PRISMA (Preferred Reporting Items for Systematic Reviews
and Meta-Analyses) guidelines (Supplementary Table 1) [13].

We searched PubMed up to March 1, 2021, to identify
eligible studies published during the last 20 years that
examined fertility status in survivors exclusively of child-
hood hematological malignancies, as well as treatment- and
non-treatment-related factors that may affect their fertility.
Given the different treatment modalities used in the treat-
ment of childhood hematological malignancies during the
last couple of decades, studies published before 2001 were
not considered in the present systematic review in order
to ensure comparability of evidence across different study
groups. The following MeSH terms were used: “infertile,”
“sterile,” “children,” “leukemia,” “survivor,” “childhood
childhood cancer therapy,” “childhood cancer
” “ovarian reserve,” “ovarian function,” “ovarian
” “childhood cancer survivor,” “female child-
hood cancer survivor,” “male childhood cancer survivor,”
“long-term effects of childhood cancer,” “ovarian reserve
for childhood cancer,” “premature ovarian insufficiency,”
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“childhood malignancy,” “childhood malignancies,” “ovar-
ian dysfunction,” “chemotherapy,” “reproductive function,”
“acute lymphocytic leukemia,” “acute myeloid leukemia,”
(“childhood cancer” AND “ovarian reserve”), (‘“childhood
cancer” AND “ovarian insufficiency”), (“childhood cancer”
AND “ovarian function”), (“childhood cancer” AND “ovar-
ian dysfunction”), (“childhood cancer” AND “ovarian insuf-
ficiency”), (“long-term effects” AND “ovarian reserve”),
(“long-term effects” AND “ovarian insufficiency”), (“long-
term effects” AND “ovarian function”), (“long-term effects”
AND “dysfunction”), (“childhood malignancies” AND
“ovarian reserve”), (“childhood malignancy” AND “ovar-
ian reserve”), (“childhood malignancies” AND “repro-
ductive function”), (“childhood malignancy” AND “ovar-
ian reserve”), (“chemotherapy” AND “ovarian reserve”),
(“ovarian reserve” AND (“childhood cancer” OR “child-
hood malignancy” OR “childhood malignancies” OR “acute
lymphocytic leukemia” OR “acute myeloid leukemia” OR
“AML”), (“childhood cancer” AND (“ovarian reserve” OR
“ovarian function” OR “ovarian insufficiency” OR “ovarian
dysfunction”). No restrictions were applied.

Two authors independently assessed all results for inclu-
sion/exclusion criteria. Disagreements were resolved fol-
lowing consensus. The references of the selected articles
were also manually searched for any additional potentially
relevant articles (“snowball” procedure).

Inclusion/exclusion criteria

Eligible studies were cohort, case-control, and cross-sec-
tional studies that examined fertility status in survivors
of childhood hematological malignancies, which were
defined as patients who have achieved complete remission
after treatment and were assessed for their fertility status
after they completed their treatment. Fertility impairment
was defined by as follows: (1) parenthood/number of off-
spring or parenthood via assisted reproductive techniques/
in vitro fertilization; (2) biochemical/hormonal evalua-
tion (measuring FSH, LH, testosterone, AMH, inhibin
B, estradiol); (3) evaluation of testicular and/or ovarian
volume; (4) physical examination (Tanner stage, stage of
puberty); or (5) histological changes in ovaries, testes, or
semen as provided by the available studies. Studies exam-
ining leukemia diagnosed during adulthood (>18 years)
or during pregnancy were excluded. Moreover, studies
assessing the fertility status in childhood leukemia cases
immediately after the end of treatment were excluded.
Case series, case reports, in vitro and animal studies, or
cell cultures were also excluded. Studies were further
assessed for overlapping populations. In such a case, the
most recent or most complete publication was considered
eligible for inclusion.
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Data extraction and quality assessment

Two authors independently extracted relevant data from the
eligible studies using a customized data extraction form.
The following characteristics of the eligible studies were
extracted: name of first author; publication year; country in
which the study was conducted; study design; study period;
exposure variables of interest; number of cases and controls;
age range of participants; outcome variables and type of
outcome assessment; and adjusting variables in the analysis.

The data extraction form also included a quality assess-
ment of the eligible studies. Studies were rated as of good,
fair, or poor quality based on the sample size, clear state-
ment of the research objective, and utilization of appropriate
outcome measures.

Data synthesis

A narrative synthesis of the results of the systematic review was
performed so as to report the risk for infertility among child-
hood survivors of hematological malignancies. Studies were
grouped separately by the type of fertility assessment (hormo-
nal evaluation, physical examination, testicular volume, and
parenthood) and by the type of exposure (chemotherapy, radio-
therapy, and genetic factors) in order to secure homogeneity.

Thereafter, a quantitative synthesis was performed for the
association of specific treatment- and non-treatment-related
characteristics with risk of fertility impairment whenever
three or more studies assessing the same exposure and out-
come measures were available. The odds ratios (OR) and
their respective 95% confidence intervals (CI) were used for
the effect of specific chemotherapeutic agents, radiotherapy,
or genetic factors on fertility status. Between-study hetero-
geneity was measured using Cochran’s Q statistic and by
calculating I-squared. Significance level was set at p < 0.10.
Random-effect models were applied in all analyses, irrespec-
tive of the /-squared estimate. For the overall effect, the sta-
tistical significance level was set at p < 0.05. Meta-analyses
were conducted using the STATA software.

Results
Study characteristics

The initial literature search yielded 5081 articles, while one
study was additionally identified through the “snowball”
procedure (Fig. 1). Following title and abstract screening,
305 articles were selected for full-text review. Thirty-eight
studies were excluded for specific reason(s), as summarized
in Supplementary Table 2. Notably, 16 studies examined
fertility status in all cancer survivors without distinction
of childhood hematological malignancies, and were thus

excluded [14-29]. Five eligible studies were finally selected
for inclusion in the present systematic review.

The descriptive characteristics of the eligible studies
are presented in Table 1. Four studies were of case-control
design yielding 544 survivors of childhood hematological
malignancies and 429 controls [30-33], while the fifth study
was cross-sectional based on 1476 childhood leukemia sur-
vivors [34]. Two studies were conducted in the USA [31,
32], one in Germany [34], one in the UK [30], and one in the
five Nordic countries (Denmark, Finland, Iceland, Norway,
and Sweden) [33]. All studies were of fair quality, which was
mainly compromised by the small, by necessity, sample size.

Narrative synthesis

Regarding the exposures of interest, the UK study examined
the effect of chemotherapy and cranial/spinal RT on the fer-
tility status of female survivors of childhood acute lympho-
blastic leukemia (ALL; Table 1). Fertility was assessed
through hormonal and biochemical measures. The results
of this study showed that treatment for childhood ALL can
lead to subtle ovulatory disorders in some patients, probably
related to cranial radiotherapy (RT) [30].

The two studies conducted in the USA also examined the
association between cranial radiotherapy (RT) used in boys
and girls treated for ALL and their fertility status, which was
assessed through pregnancy/birth history (Table 1). The first
study showed that married men treated before the age of 10
years with high-dose cranial RT had only 9% of the fertil-
ity of controls, namely, ever fathering a pregnancy (rela-
tive ratio [RR]: 0.09, 95% CI: 0.01-0.82) [31]. By contrast,
high-dose cranial RT at older ages was not associated with
a significant fertility deficit (RR: 0.56, 95% CI: 0.25-1.28).
In the second study, significant fertility deficits, namely, ever
being pregnant, were found in female ALL survivors treated
with cranial RT at any dose around the time of menarche
(relative fertility: 0.27, 95% CI: 0.09, 0.82) [32].

The remaining two studies assessed the effect of chemo-
therapy on fertility status, as presented in Table 1. Specifically,
the multicenter Nordic study from Denmark, Finland, Iceland,
Norway, and Sweden examined whether childhood acute
myeloid leukemia (AML) survivors treated with the NOPHO-
AML-84/88/93 chemotherapy protocol had biochemical signs
of reduced ovarian reserve after treatment completion or
adverse pregnancy outcomes [33]. The serum levels of FSH,
luteinizing hormone (LH), testosterone, estradiol, sex hormone
binding globulin (SHBG), inhibin A and B, and testicular
volumes were within normal ranges. Likewise, the pregnancy
rates were comparable in cases and controls. By contrast, the
AMH levels decreased in five of 40 post-pubertal females.
Lastly, the large cross-sectional German study in 1476 leuke-
mia survivors examined the effect of chemotherapy treatment
on clinical signs of impaired fertility, such as menstruation,

@ Springer



214 Hormones (2023) 22:211-221
Fig. 1 Flow chart of the litera-
ture search process S Records identified through
= literature search
S n = 5081
o
=
z
]
a
Records identified
— through “snowball”
» procedure
n=1
A 4
(Y]
E Records selected for title and
w abstract reading
o n =305
O
7]
Records excluded
»
" =262
v n
Full-text articles assessed for
) eligibility
[ n=43
=
]
)
]
w Articles excluded due to specific
» reasons after full review
—/ n =38
R
Studies included in the review
a n=5
w
(=)
=)
a
o
z
~—

previous fertility testing, attempts to conceive, and pregnancy
outcomes. This study showed that the frequency of suspected
infertility in leukemia survivors was 25% (95% CI: 14-36%)
[34].

Quantitative synthesis

The small number of identified eligible studies on our research
question combined with the large heterogeneity of data on the
exposure and outcome variables of interest did not allow for a
quantitative synthesis of the results.

Discussion

Main findings

In the present systematic review, more than 5000 original
studies were screened with the aim of assessing the fertility

@ Springer

status of childhood hematological cancer survivors who
completed treatment with chemotherapy and/or radiother-
apy. Despite the abundance of evidence, only five studies
examined the potential association between treatment-related
factors and impaired fertility in survivors exclusively of
childhood hematological malignancies. Moreover, the het-
erogeneity of data was such that it did not allow for a quanti-
tative synthesis of the results. The qualitative data synthesis
showed significant fertility deficits in survivors treated with
cranial radiotherapy and chemotherapy for childhood leuke-
mia. Two studies examined biochemical measures of reduced
ovarian reserve, providing some evidence on the hypothesis
that the levels of anti-Miillerian hormone can be used as a
proxy for diminished ovarian reserve.

Effect of chemotherapy on fertility

Several chemotherapeutic agents are used in the treatment
of pediatric hematological malignancies. Among these,
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alkylating agents are the most commonly used as primary
treatment option. However, such agents have been associated
with DNA damage and can induce apoptosis through cova-
lent binding of alkyl groups to cellular macromolecules [9].
Current treatment protocols proactively restrict the cumula-
tive doses of these agents and/or choose alkylating agents
with more favorable toxicity profiles [35, 36]. It is worth
mentioning that combined alkylating agents may be rou-
tinely used for the treatment of advanced stage or high-risk
patients, such as the COPP (cyclophosphamide, Oncovin
[vincristine], procarbazine, and prednisone) regimen used
in the treatment of Hodgkin lymphoma [36].

Previous studies have calculated alkylating agent dose
scores to assess their adverse health effects among child-
hood cancer survivors, such as secondary malignancies or
impaired fertility [37]. Treatment-related factors that have
been associated with these outcomes include the cumulative
dose, the specific alkylating agent, the length of treatment,
age at treatment, and sex [38]. Consistent with the results of
the present systematic review, previous studies on all cancer
survivors have also shown signs of impaired fertility in both
men and women [5, 39]. Notably, men treated with com-
bined modality therapy that includes alkylating agents and
pelvic/gonadal radiation may develop subclinical Leydig cell
dysfunction characterized by borderline low testosterone,
elevated LH, altered body composition, and bone mineral
density deficits [40, 41]. In women, depletion of follicles
by alkylating agents may affect both fertility and ovarian
hormone production, since ovarian hormone production
is directly linked to the maturation of primordial follicles
[42]. Although girls usually maintain ovarian function with
higher cumulative alkylating agent doses compared to boys,
the risk of acute ovarian failure and premature menopause
rises if treatment includes combined modality therapy with
alkylating agent chemotherapy and abdominal/pelvic radia-
tion or dose-intensive alkylating agents for myelo-ablative
conditioning before hematopoietic stem cell transplantation
[42-44].

Effect of radiotherapy on fertility

Cranial RT impairs hypothalamic-pituitary (HPT) gonadal
axis function in a dose-related manner. Treatment-related
factors involve the treatment volume, total dose, fractiona-
tion schedule, and age at treatment [45]. Historically, cra-
nial RT at doses of 18 to 24 Gy was used to treat or prevent
childhood central nervous system leukemia. Such doses
were associated with altered pubertal timing (early, preco-
cious, or rapid tempo) [45]. The present systematic review
identified two studies that examined the effect of cranial
RT on the fertility status of boys and girls, respectively,
showing significant fertility deficits in both genders com-
pared to healthy sibling controls.

@ Springer

Beyond cranial RT, other RT sites have also been sig-
nificantly associated with impaired fertility in childhood
hematological cancer survivors. In particular, primary
gonadal injury in men treated for childhood hematologi-
cal malignancies may occur when RT fields include the
pelvis, gonads, or total body [46]. Moreover, sperm pro-
duction is reduced in a dose-dependent fashion following
RT. Notably, RT doses of 1 to 3 gray (Gy) usually induce
reversible azoospermia, but higher doses (>3 Gy) may
result in irreversible azoospermia [39, 46]. The radiation-
induced injury to Leydig cells is associated with both the
RT dose and the age at treatment. Testosterone production
is typically normal in prepubertal boys treated with <12
Gy fractionated testicular RT. By contrast, gonadal failure
occurs when prepubertal boys are treated with >20 Gy
radiation to the testes [46]. In such cases, androgen ther-
apy is required for masculinization. Leydig cell function
is usually preserved in sexually mature males if radiation
doses do not exceed 30 Gy [39, 40].

Cranial RT at doses of 18 to 24 Gy in girls may be asso-
ciated with delayed adverse effects, such as decreased LH
secretion, attenuated LH surge, and shorter luteal phases
[44]. Short luteal phases have been linked to incipient
ovarian failure and early pregnancy loss. The site of RT
plays a significant role in the risk for primary gonadal
injury [47]. Higher risk of primary gonadal injury exists
if treatment fields include the lumbo-sacral spine, abdo-
men, pelvis, or total body. In addition, combined therapy
including alkylating agent chemotherapy and RT in ova-
ries increases the risk for both acute ovarian failure and
premature menopause. Prepubertal girls treated with 20
to 30 Gy abdominal radiation may fail to undergo or com-
plete pubertal development [48]. Ovarian transposition to
a region that is lateral or medial to the planned radiation
volume may preserve ovarian function in young girls and
adolescents who require pelvic radiation therapy for lym-
phoma [47, 48].

Strengths and limitations

The extensive literature search of almost 5000 articles
and the systematic review process are considered to be
the strengths of the present study. However, we should
acknowledge that the systematic review of fertility sta-
tus in childhood cancer survivors is a rather challenging
field of research, mainly due to the large heterogeneity
of available evidence and several inherent limitations of
the individual studies. The assessment of exposure and
outcome is perhaps the most important methodological
limitation of the studies. The assessment of fertility status
was highly heterogeneous across different study groups,
including either clinical, biochemical, or histological
measures. Likewise, the outcome assessment was also
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heterogeneously examined. Thus, in terms of risk char-
acterization, the existing framework including these vari-
ations in exposure and outcome assessment has made it
difficult to use epidemiological evidence when evaluating
fertility status in childhood hematological cancer survi-
vors. Another limitation is the limited number of studies
examining exclusively survivors of childhood hematologi-
cal malignancies. Of note, 16 identified studies examined
the fertility status in all cancer survivors without distinc-
tion of childhood hematological malignancies and were
therefore excluded as not applicable to our research ques-
tion. Moreover, several relevant studies examining exclu-
sively childhood leukemia survivors had been published
before 2001 and were also excluded from the present
review to ensure comparability of treatment modalities
between different studies. Lastly, owing to the rarity of
childhood leukemia, cohort studies represented a minor-
ity of this literature, with case-control studies account-
ing for the overwhelming majority of available evidence.
Case-control evidence is prone to selection bias and is
less robust as regards providing support to the causality
of associations.

Conclusions

Despite the large heterogeneity of published data and some
inherent limitations of original studies, the present results
provide some evidence that exposure to specific therapeutic
agents used in the treatment of childhood hematological
cancers is significantly correlated with adverse reproductive
outcomes. Specifically, treatment with HPT-gonadal cranial
RT and chemotherapy increases the risk of infertility in sur-
vivors of childhood hematological cancers and thus should
be proactively addressed to reduce cancer-related morbidity.
Whenever possible, fertility preservation measures could be
implemented when planned treatment for childhood can-
cer is anticipated to confer a significant risk of irrevers-
ible infertility. Such information is crucial for family plan-
ning and obstetrical management. In-depth research into
the long-term adverse effects of treatment for childhood
hematological cancers should be encouraged including
large longitudinal datasets, long follow-up, and homogene-
ous assessment of exposures and outcomes to enable the
comparability and generalizability of the existing evidence.
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