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Background: Hematological stem cell transplantation (HSCT) is an established method
which has markedly increased the survival rate of hematologic malignancies since its
introduction in the 1980’s. The conditioning for HSCT has known gonadotoxic effects and
often leads to premature loss of fertility. In this study we have prospectively followed a
cohort of girls undergoing HSCT and studied the outcomes of fertility preservation
treatments performed before or after HSCT, as well as the long-term reproductive
outcome.

Methods: In this one-center prospective study, 39 girls counselled for fertility preservation
prior to or after conditioning for HSCT for malignant or benign diseases at childhood or
adolescence between 1990 and 2017 were included. The patients were presented with
the option to undergo cryopreservation of ovarian tissue or oocytes depending on their
age and the time available. Follicle counts of the ovarian tissue and number of oocytes
collected before or after HSCT were compared between patients treated for benign and
malignant diseases. Hormone measurements post HSCT treatment, including FSH and
AMH, reproductive outcomes and overall survival until January 2021 were investigated.

Results: In total, 34 girls and adolescents underwent fertility preservation before or
after HSCT. Before HSCT, ovarian tissue was cryopreserved in 15 patients and two
patients had oocytes preserved. Thirteen patients cryopreserved ovarian tissue after
HSCT and seven patients returned to cryopreserve oocytes. Follicles were present in all
tissue samples collected prior to HSCT, and in more than half of the samples collected
post-HSCT. Half of the patients had spontaneous menarche or resumed menstruation
post HSCT. Overall, 35 patients had survived at end of follow up and 7 patients had
achieved parenthood.
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Conclusions: Since fertility loss is common following HSCT, fertility preservation should
be offered to all patients. Fertility preservation treatments can be performed both before
and after HSCT.

Clinical Trial Registration: https://clinicaltrials.gov/show/NCT04602962, identifier
NTC04602962
Keywords: fertility preservation, cryopreservation, ovarian tissue, infertility, hematological stem cell
transplantation, chemotherapy, gonadal toxicity, oocytes
INTRODUCTION

Survival of childhood cancer and severe anemias have improved
over the past decades, in particular following the introduction of
hematological stem cell transplantation (HSCT) in the 1980’s.

Today HSCT is a well-established and often curative
treatment option for severe benign and malignant diseases.
HSCT in patients with leukemia is performed in remission,
which means that before HSCT the girls have already been
treated according to different leukemia protocols for months or
years. The chemotherapeutic conditioning prior to HSCT,
sometimes combined with total body irradiation, is known to
seriously damage the gonads, which causes endocrine
dysfunction, gonadal insufficiency and confers a high risk of
permanent infertility in both sexes (1). Gonadal toxicity of HSCT
has also been reported in children (2–4). In girls the ovarian
toxicity of HSCT may result in early impairment or absence of
pubertal development and premature ovarian failure (2, 5). The
risk of premature ovarian failure seems to increase with
increased age at HSCT and is higher if alkylating drugs or total
body irradiation are used (1, 2, 6–8). In general, the conditioning
required for HSCT in patients with a malignant diagnosis
requires more intense and more gonadotoxic treatment
compared to that of patients with benign diagnosis, where the
administered treatment regime does not have the same crucial
impact on patient survival. Late effects of HSCT have prompted
the introduction of reduced impact consolidation protocols,
which have shown a positive effect on post treatment fertility
when implemented in a young population (9, 10).

Current programs for fertility preservation have been
developed at many centers worldwide. If patients are promptly
referred, the counselling and performance of fertility
preservation does not delay the initiation of a planned cancer
treatment (11–13). Since future fertility is one of the most
important issues raised by adolescent patients and emerging adult
cancer survivors (14), pediatricians, specialists in reproductive
endocrinology, oncology, surgery and reproductive medicine as
well as skilled laboratory resources are all increasingly involved in
the complex process of providing services for fertility preservation to
young patients and children. The decision of how much time is
available to undergo fertility preservation before starting
chemotherapy for treatment of cancer should be discussed with
the treating oncologist. In some cases it is better to postpone ovarian
tissue harvesting until after the patient has received chemotherapy
and has a better health status. Although collecting reproductive cells
or tissue after chemotherapy treatment is not optimal (5),
2

the abundant ovarian reserve in young girls may allow for this
strategy (15).

In Sweden and the other Nordic countries, programs for
fertility preservation are offered free of charge at tertiary care
university hospitals to all patients facing treatments with risk of
subsequent infertility (16). For pre-pubertal girls the only
available option for fertility preservation is ovarian tissue
cryopreservation (17). Post-pubertal girls have the additional
option to cryopreserve oocytes, provided there is time for
controlled ovarian stimulation and the acceptance of
transvaginal follicle aspiration to retrieve the oocytes (13).

The Fertility Preservation Program at the Reproductive
Medicine Clinic of Karolinska University Hospital was initiated
in the 1970’s when methods for freezing sperm first became
available. Since 1998 the program also included cryopreservation
of embryos, ovarian tissue and thereafter oocytes, which may be
elected by women, girls and transgender men before gonadotoxic
treatments. All patients are currently followed as part of a long-
term prospective observational study to evaluate the safety and
efficacy of the treatments offered and results on this cohort have
been reported (13, 18–21).

At present there are only a few studies reporting the long-
term fertility and pregnancy outcome of girls undergoing fertility
preservation before highly gonadotoxic chemotherapy due to
severe benign or malignant disease (6, 13, 22, 23). In this study
we report a prospective cohort of girls and adolescent women
undergoing HSCT due to malignant and severe benign diseases,
and the outcomes of fertility preservation treatments performed
before or after HSCT, as well as the long-term reproductive
outcomes and overall survival.
MATERIALS AND METHODS

Data Source and Study Population
This is a single center, prospective study on fertility preservation
and long-term outcomes in young girls and adolescents who
have undergone HSCT. The cohort was diagnosed with
malignant or severe benign disease between 1990 and 2017 at
ages 0-19, and referred to the Pediatric Oncology-Endocrinology
and Reproductive Medicine Center (Karolinska University
Hospital, Stockholm) either before or after their HSCT.
Patients were followed for reproductive outcomes and
mortality until January 31st 2021. All conditioning regimens
for HSCT which included busulfan or melphalan, and regimens
June 2021 | Volume 11 | Article 692834
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with high doses of other alkylating chemotherapy in
combination with total body irradiation, were categorized as
having a high risk of causing infertility. Conditioning using lower
doses of alkylating chemotherapy with or without total body
irradiation were categorized as intermediate risk treatments.

Standardized Counselling of Girls
and Teenagers
At the time of counselling, oral and written age adapted
information on fertility preservation was provided by both a
pediatrician and a specialist in reproductive medicine (13). The
counselling of the patients and their families included
information on available options for fertility preservation, as
well as alternative ways of achieving future parenthood, such as
egg donation or adoption. The possibility to return for fertility
preservation after completed treatment was also offered.

Fertility Preservation Methods
Ovarian tissue retrieval was planned and performed within a few
days, and scheduled 1-2-weeks before beginning a conditioning
regimen and HSCT whenever possible. The surgery was
performed laparoscopically under general anesthesia, and
usually planned simultaneously with other necessary
procedures such as a central line insertion. Ovarian biopsies or
unilateral oophorectomy was performed based on ovarian size
and the treatment protocol. The ovarian cortex was sliced into
small pieces (5 x 5-10 mm, with a thickness of about 1 mm) and
cryopreserved by slow freezing or vitrification. In order to
cryopreserve oocytes, ovarian stimulation and oocyte retrieval
were presented as an option to adolescents post menarche.
Ovarian stimulation with gonadotropins requires 1-2 weeks of
gonadotropin stimulation prior to trans-vaginal follicle
aspiration. The procedures for oocyte pick-up were performed
under sedation and local anesthesia.
Histopathology
Histopathological analysis of ovarian tissue was performed at the
Department of Clinical Pathology and Cytology, Karolinska
University hospital. One piece of the tissue was used to assess
the presence of follicles and estimate the follicular density.
Evaluation for presence of malignant cells was also requested.
Patient Follow-Up
After completion of chemotherapy and HSCT, young pre-
pubertal girls were followed at the Pediatric Oncology and
Pediatric Endocrine units. Pubertal progression and hormonal
levels were evaluated. Measurements of follicle stimulating
hormone (FSH) and anti-Müllerian hormone (AMH) were
performed at the Central Laboratory for Clinical Chemistry,
Karolinska University Hospital. The pediatric endocrinologist
was responsible for the initiation of puberty induction and
hormone replacement during adolescence.

Patients were encouraged to return to the reproductive clinic
after completed chemotherapy to evaluate their remaining
ovarian reserve. If no fertility preservation was performed at
Frontiers in Oncology | www.frontiersin.org 3
the time of HSCT treatment due to lack of referral, time restraint
or by patient’s choice, cryopreservation of ovarian tissue or
oocytes was presented as an option post HSCT as long as some
ovarian activity remained.

Statistical Analyses
Outcomes of fertility preservation treatments were compared
between patients with benign and malignant diagnosis, and
between patients before and after HSCT. Pearson chi-square
test was used for categorical variables, and Wilcoxon rank-sum
test for continuous variables due to non-normal distributions.

Data management and analyzes were performed using Stata
(StataCorp. 2019. Stata Statistical Software: Release 16: StataCorp
LLC). All tests were two sided with a significance level of 5%.
RESULTS

The cohort included 39 female patients, aged 0-19 years at time
of diagnosis, referred for fertility counselling between October
1998 and June 2020 (Table 1). The indication for HSCT was a
malignant disease in 25 patients and severe hematologic disease
in 14 patients. The most common malignant diagnoses were
leukemia, lymphoma and sarcoma, while aplastic anemia and
thalassemia were the most common benign diagnoses. Before
HSCT, 21 patients with malignant disease underwent
conditioning with a high risk of causing infertility and 4
patients received intermediate risk treatment. HSCT was given
to 17 patients in first remission and 8 patients in second
remission. For benign diseases, the conditioning regimen was
classified as high risk in 6 patients and intermediate risk in 8
patients. After counselling, 34 of the 39 referred patients
underwent fertility preservation. The five patients who did not
undergo FP had received high risk conditioning for HSCT due to
malignant disease in ages 0-4 years. They were counselled 9-17
years after HSCT, at which time they had high FSH (>20 IU/L)
and undetectable AMH (<0.05 µg/L; one missing).

Ovarian Tissue Cryopreservation
Ovarian tissue cryopreservation was performed in 28 patients
(Table 2). Among 16 patients with malignant disease, eleven
were biopsied before HSCT, five were in second remission. The
remaining five patients with malignant indications had
undergone HSCT with high risk conditioning at the time of
the biopsy. Eight of the 12 patients with benign disease had
undergone HSCT at the time of the biopsy, whereof four had
received high risk conditioning. The median age at ovarian tissue
cryopreservation was 15 years in patients with benign disease
and 13 years in patients with malignant disease. Ovarian biopsies
of varying size were performed in 24 patients and unilateral
oophorectomy was performed in 4 patients.

Histopathological analysis of one piece of the ovarian tissue
was performed in 21 samples. Of these samples, 11 were taken
prior to HSCT and 10 post HSCT (Table 3). Follicles were found
in 17 of the 21 samples examined. Follicles were found in all 11
analyzed samples taken prior to HSCT, and in 6 of 10 samples
June 2021 | Volume 11 | Article 692834
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taken after HSCT (p=0.020). The density of follicles varied from
1 to 1519/mm2 in the samples containing follicles. There was no
significant difference in median follicle density between samples
from patients with benign and malignant disease (median 25 vs
49, p=0.721), or between samples taken before and after HSCT
(median 56 vs 23, p=0.268). While the sample with the highest
follicle density (1519/mm2) was taken after HSCT with high risk
conditioning from a patient who was in second remission, the
general trend was that samples taken after HSCT were less likely
to contain any follicles (100% vs 60%, p=0.020). Among the
patients with high risk conditioning for malignant disease who
Frontiers in Oncology | www.frontiersin.org 4
preserved ovarian tissue after HSCT, follicles were found in two
of five analyzed samples. Among the eight patients with benign
disease who cryopreserved ovarian tissue after HSCT follicles
were found in four of five samples analyzed, three from patients
who had undergone high risk conditioning and one after
intermediate risk conditioning.
Oocyte Cryopreservation
Two patients with malignant disease, and none with benign
disease, received ovarian stimulation for oocyte cryopreservation
TABLE 2 | Ovarian tissue cryopreservation by indication.

Benign,
n=12

Malignant,
n=16

p-
value*

Age, median (range) 15 (10-19) 13 (8-21) 0.242
Follicles present, n (%)
Yes 8 (89%) 9 (75%) 0.422
No 1 (11%) 3 (25%)
Follicle density per mm2, median
(range)

25 (0-527) 49 (0-1519) 0.721
*Calculated using Chi-square test for proportion of samples containing follicles and Rank-
sum test for age and follicle density. HSCT, Hematological stem cell transplantation.
TABLE 1 | Description of cohort.

Diagnosis Benign disease n = 14 Malignant disease n = 25

No. % No. %

Acute lymphocytic leukemia (ALL) 5 20.0
Acute myelogenous leukemia (AML)/Myelodysplastic syndrome (MDS) 7 28.0
Other leukemia 5 20.0
Lymphoma 4 16.0
Sarcoma 2 8.0
Neuroblastoma 2 8.0
Aplastic anemia 5 35.7
Thalassemia major 3 21.4
Amegakaryocytic thrombocytopenia 2 14.3
Other hematological disease 3 21.4
Other benign disease 1 7.1
Age at diagnosis
0-4 8 57.1 9 36.0
5-9 5 35.7 3 12.0
10-14 1 7.1 8 32.0
15-19 0 0.0 5 20.0
Age at HSCT
0-4 4 28.6 7 28.0
5-9 4 28.6 5 20.0
10-14 4 28.6 6 24.0
15-22 2 14.3 7 28.0
Year of HSCT
1990-1999 6 42.9 2 8.0
2000-2009 7 50.0 17 68.0
2010-2018 1 7.1 6 24.0
Conditioning for HSCT
High risk of causing infertility 6 42.9 21 84.0
Intermediate risk of causing infertility 8 57.1 4 16.0
First fertility preservation treatment
Before HSCT 4 28.6 13 52.0
After HSCT 10 71.4 7 28.0
Not yet performed 0 0.0 5 20.0
Ju
ne 2021 | Volume 11 | A
HSCT, Hematological stem cell transplantation.
TABLE 3 | Ovarian tissue cryopreservation before and after HSCT.

Before HSCT,
n=15

After HSCT,
n=13

p-
value*

Age, median (range) 13 (8-21) 14 (11-17) 0.471
Follicles present, n (%)
Yes 11 (100%) 6 (60%) 0.020
No 0 (0%) 4 (40%)
Follicle density per mm2, median
(range)

56 (1-1384) 23 (0-1519) 0.268
rticle
*Calculated using Chi-square test for proportion of samples containing follicles and Rank-
sum test for age and follicle density. HSCT, Hematological stem cell transplantation.
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before HSCT. After HSCT, seven patients have received ovarian
stimulation for oocyte cryopreservation (Table 4). Three of these
patients had benign disease, median FSH 5.4 (range 1.0-5.8), and
four had malignant disease, median FSH 6.8 (range 2.2-13.0).
Two of the patients with malignant disease had received high risk
conditioning in second remission, two had intermediate risk
treatment in first and second remission, respectively, while all
three with benign disease had intermediate risk treatment. Three
of these seven patients had previously cryopreserved ovarian
tissue. All patients cryopreserved at least one oocyte (median 5,
range 1-13) after one or two stimulation cycles. The median age
at first oocyte cryopreservation was 20 years in patients with
benign disease and 16 years in patients with malignant disease.
Long Term Follow-Up
The cohort has been followed a median of 17 years after HSCT
(range 0-31 years). Four girls who had leukemia died of their
disease; 0, 0, 4 and 9 years after HSCT. All of these girls had
cryopreserved ovarian tissue and none had cryopreserved oocytes.

After HSCT, 11 of 14 patients (86%) treated for a benign
disease and 6 of 21 patients (29%) with malignant diseases had
spontaneous menarche or continued having menstrual periods
(p=0.001). Premature ovarian failure post HSCT has occurred in
3 of 14 patients (21%) with benign disease and 15 of 21 patients
(71%) with malignant disease (p=0.004). One patient resumed
her periods but later during follow up experienced premature
ovarian failure and data are missing for 4 patients.

At the end of follow-up (January 31st 2021), 28 of the 34
patients who had cryopreserved ovarian tissue or oocytes were
alive and at least 20 years of age (median 28, range 20-39). So far,
seven patients have at least one child. The 21 adult women who
did not yet have children at the end of follow-up were younger
than the 7 women who had at least one child (median age 27 vs
31, p<0.001). None of the women that conceived had stored
oocytes. None of the nine women with cryopreserved oocytes has
yet returned for utilization.

Among the women with previous benign diagnoses, three
conceived naturally and one using sperm insemination. Two of
the women that conceived naturally had received high risk
conditioning. Three patients of this cohort have re-transplanted
ovarian tissue, all of whom had received high risk conditioning. All
proceeded with ovarian stimulation, where two led to successful
oocyte pickup and embryo transfer, and one woman treated with
Frontiers in Oncology | www.frontiersin.org 5
HSCT for a malignant disease in first remission has conceived.
Additionally, two women treated for malignant diseases have
achieved parenthood, one through oocyte donation and one has
adopted a child. Both these women received high risk conditioning
for HSCT in second remission.

FSH post HSCT was evaluated in 33 patients and the levels
were significantly higher in the group treated for malignant
disease than in the group treated for benign diseases (median
29.5 mIU/mL, range 2.2-127, and median 5.6 mIU/mL, range 1-
58, respectively, p=0.016). AMH was measured in 23 patients
post HSCT and had a median value of 0.5 mg/L (range 0-1.9) in
the group treated for benign diseases and 0.08 mg/L (range 0-1.3)
in the group treated for malignancy (p=0.235).
DISCUSSION

Our study on fertility preservation including the use of
experimental methods such as cryopreservation of gonadal
tissue for pre-pubertal and adolescent children of both sexes
has been ongoing since 2002 (18). In this cohort 39 girls and
teenagers undergoing HSCT for treatment of malignant or severe
benign diseases received counselling on fertility preservation and
34 patients choose to proceed whereas five chose not to proceed
with fertility preservation after counselling. The high level of
participation among the included patients reflects the need for
fertility counselling even at a young age. This is supported by
studies showing that fertility is among the main concerns for
young patients (24, 25). A total of 28 patients in the cohort
cryopreserved ovarian tissue and nine could cryopreserve
oocytes. Fertility preservation procedures could be performed
before HSCT in 17 patients. The rate of fertility preservation after
HSCT was 51% (20/39), this includes both patients who had not
undergone previous fertility preservation procedures and
patients who had previously cryopreserved ovarian tissue. An
additional attempt at fertility preservation through oocyte
cryopreservation can be of extra importance for patients with
hematological malignancies where re-transplantation of tissue
might reintroduce the malignancy.

Our results indicate that HSCT negatively impacts fertility in
all patients, and more noticeably so in the patient group with
malignant disease. Due to the small number of patients in our
cohort who received total body irradiation, we were not able to
assess the negative impact on fertility shown in previous studies
(1, 2, 6–8). In the cohort of girls with a malignant disease we
observed a significantly higher risk for premature ovarian failure
and a lower chance of finding follicles in ovarian tissue retrieved
after HSCT treatment. Adolescents who had resumed their
menses could successfully undergo oocyte cryopreservation
after HSCT. Among these patients, median AMH, number of
oocytes retrieved and FSH was not significantly different between
patients with malignant and benign disease, nor was FSH above
the normal value for women in fertile age, which is in accordance
with previous studies (26). However, FSH measured in all
patients show the gonadotoxic effect of the treatments, visible
especially among the patient group treated for malignant disease.
TABLE 4 | Oocyte cryopreservation after HSCT, by indication.

Benign,
n = 3

Malignant,
n = 4

p-
value*

Age, median (range) 20 (17-26) 16 (14-20) 0.400
Time since HSCT, median (range) 11 (8-19) 8 (5-10) 0.229
AMH, mg/L, median (range) 0.62 (0.20-

0.63)
0.85 (0.30-

1.30)
0.629

FSH, IU/L, median (range) 5.4 (1.0-
5.8)

6.8 (2.2-
13.0)

0.229

Number of oocytes, first stimulation,
median (range)

4 (3-7) 1 (0-12) 0.343
*Calculated using Rank-sum test. HSCT, Hematological stem cell transplantation.
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It is also worth noting that, when looking at the full patient group
with malignant disease, the measured AMH median lies well
below the average for the age group, and median FSH well above
(26, 27). These results are in line with the previously observed
trend among women who returned after fertility preservation to
attempt pregnancy, where a significantly lower live birth rate has
been found among survivors of malignant disease when
compared to women with a previous benign indication (6, 13,
22, 23).

The results suggests that referral to fertility counselling and
treatment before HSCT is of outmost importance for patients
undergoing HSCT. While oocyte cryopreservation might still be
the preferred option for fertility preservation, cryopreservation of
ovarian tissue is quickly becoming an established option for
successful pregnancy and should be encouraged in young women
and cases with time limitations (28). There have also been
attempts to culture follicles in vitro to obtain mature oocytes
from ovarian tissue with promising results (29).

This study is limited by the small size and the heterogeneity of
the cohort. Although the study is prospective with long-term
follow-up of the patients, information on fertility treatment
attempts or live births occurring outside our center may have
been missed. The age of the women with successful pregnancies
is significantly higher than the mean age of the total cohort,
which is lower than the mean age for first time mothers in
Stockholm (30). In addition, considering the demanding
treatments that the patients in the cohort have undergone, it is
likely that the utilization rate will increase with longer follow-up.
To better predict fertility after HSCT, additional factors such as
the combined effects of age, treatment regime and individual
trends in the oocyte reserve need to be explored in larger
cohort studies.
CONCLUSIONS

The results of this study underscore the need for fertility
preservation in prepubertal and adolescent girls planned for
HSCT treatment due to the gonadal toxicity inherent to the
HSCT conditioning. Timely fertility counselling and the option
of fertility preservation should be offered to all young female
patients prior to or even after HSCT, whenever possible.

Today we lack tools to accurately predict which patients will
lose their fertility, although patients with malignant diagnoses
are at a greater risk compared to patients treated for benign
diagnoses. Ovulation and fertility can be retained after HSCT but
premature ovarian insufficiency early in life, before the patient
plans to start a family, is a considerable risk. Our study shows
that fertility preservation can be achieved before and also after
HSCT and that these procedures enhance the chances of future
fertility. Patients who have previously cryopreserved ovarian
tissue may benefit from additional oocyte cryopreservation, as
it reduces the chances of reintroducing malignancy through the
transplant and the use of vitrified oocytes is now established at
most reproductive centers. Fertility counselling and evaluation of
Frontiers in Oncology | www.frontiersin.org 6
the remaining fertility potential even after HSCT treatment in
childhood can also provide an opportunity to undergo fertility
preservation during adolescent years.
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