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Abstract

Infertility is a well-known late complication in patients receiving hematopoietic stem cell
transplantation (HSCT). We previously reported that total body irradiation (TBI) with ovarian
shielding reduces the radiation dose to the ovaries to 2.4 Gy — one-fifth of the dose compared
to conventional TBI — and preserves fertility without increasing the risk of relapse. Exposure
to the uterus and ovaries can reportedly affect pregnancy and childbirth. However, the dose
constraint of the uterus that causes infertility remains unknown. Herein, we report the preg-
nancy and birth outcomes of 2 patients who gave birth following TBI with ovarian shielding
and evaluated the dose to the uterus using a dose-volume histogram. Case 1 involved a
30-year-old woman with acute myeloid leukemia who underwent HSCT at 21 years of age with
a uterus mean dose (Dpean) Of 7.0 Gy. She had a natural pregnancy and elective cesarean section
at 38 weeks of gestation due to hypertensive disorders of pregnancy. She gave birth to a normal-
birthweight infant. Case 2 involved a 32-year-old woman with T-cell acute lymphoblastic leuke-
mia who underwent HSCT at 30 years of age with a uterus D ean Of 7.6 Gy. Her baby was delivered
at full term with normal birthweight. These results indicate that a uterus Dyean between 7.0 and 7.6
Gy does not have a significant impact on pregnancy and delivery with the ovarian function being
preserved for patients who received TBI with ovarian shielding after puberty.
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Introduction

Infertility is a well-known late complication in patients receiving hematopoietic stem cell
transplantation (HSCT). High-dose (HD) busulfan and total body irradiation (TBI) are known
risk factors for fertility impairment in patients treated with HSCT [1, 2]. With improvements
in transplantation outcomes, infertility is an important issue for long-term survivors.

TBlis often performed as part of a conditioning regimen before HSCT. Although successful
pregnancies after HCST have been reported, female survivors of TBI are at risk of radiation
damage to the uterus and ovaries [3]. To preserve ovarian function in patients with hemato-
logic malignancies, standard care options before HSCT include embryo or oocyte cryopreser-
vation [4]. A future option for fertility preservation in women treated with TBI is uterine
transplantation. However, no effective treatment for uterine factor infertility has been estab-
lished thus far [5].

Patients who conceive after TBI have a high rate of pregnancy and birth complications,
such as spontaneous abortion, preterm delivery, and low birthweight [2, 6]. Radiotherapy
may damage the uterus and compromise fertility independently of ovarian effects. There is a
surprising lack of detail in the literature regarding the precise nature and extent of off-target
damage to the uterus in response to cancer therapies. Therefore, the dose constraint of the
uterus that causes infertility remains unknown [7].

With the aim of fertility preservation, TBI with ovarian shielding has been performed at
the Jichi Medical University Saitama Medical Center since July 2007. We previously reported
that TBI with ovarian shielding reduced the radiation dose to ovaries to 2.4 Gy, one-fifth of
the conventional TBI without ovarian shielding, preserving fertility without increasing the
risk of relapse [8]. TBI with ovarian shielding was performed as previously described [9].
Briefly, for ovarian shielding, a pair of cylinder-type blocks (diameter: 5 cm; thickness: 8 cm)
were created using low-melting lead and fixed to the acrylic board of the treatment bed. The
patients were irradiated in the lateral position using the long source-surface distance (SSD)
method from anterior-posterior and posterior-anterior directions, and source-surface distance
was 400 cm. When the ovaries were shielded with a pair of blocks (diameter: 5 cm, thickness:
8 cm) to reduce the dose to the ovaries, a part of the uterus was shielded simultaneously.
Among the 20 patients enrolled in the previous study, two had pregnancies and deliveries.
To the best of our knowledge, there has been no study evaluating the dosimetric evaluation of
patients undergoing TBI with ovarian shielding and childbirth using a dose-volume histogram
(DVH) to calculate the dose delivered to the reproductive organs. Herein, we report the preg-
nancy and birth outcomes of 2 patients who gave birth following TBI with ovarian shielding
and include an evaluation of the radiation dose to the uterus in these 2 patients.

Case Presentation

Case 1

A 19-year-old Japanese woman was diagnosed with acute myeloid leukemia of the
French-American-British subtype M2. The patient achieved first complete remission after
two courses of induction chemotherapy (daunorubicin and cytosine arabinoside [AraC]). She
subsequently underwent consolidation chemotherapy (etoposide and mitoxantrone) and
consequently developed chemotherapy-related myocardial dysfunction. Therefore, the last
course of consolidation therapy was changed to HD AraC. Nineteen months after the initial
diagnosis, bone marrow aspiration indicated a relapse. After reinduction chemotherapy
(AraC, etoposide, vincristine, and vindesine), she achieved a second complete remission, and
two courses of HD AraC were administered as consolidation therapy. The cumulative dose of
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Fig. 1. Case 1. a Dose distribution in axial slice; light blue mass represents the uterus, and yellow masses represent
the ovaries. b Dose distribution in sagittal slice. ¢ DVH of the uterus. d Digital reconstructed radiography;
light blue mass represents the uterus, and columnar lead blocks were placed at the purple circles.

anthracycline was 378.9 mg/m? (calculated as a doxorubicin-equivalent dose). Although
bone marrow (BM) transplantation was planned as the next treatment, she desired to preserve
fertility and was referred to our hospital to undergo HSCT using TBI with an ovarian shielding-
based regimen. The conditioning regimen was a combination of AraC 2 g/m? twice per day
for 4 days instead of cyclophosphamide owing to cardiac toxicity and TBI at 2 Gy d/2 x for
3 days. The mean radiation doses (Dyean) to the ovaries and uterus were 2.3 Gy and 7.0 Gy,
respectively. The irradiation field, dose distribution, and DVH of the uterus are shown in
Figure 1. She underwent allogeneic HSCT from a fully human leukocyte antigen-matched
donorat21yearsofage.Sustained remission was confirmed after HSCT and acute graft-versus-
host disease grade 1 was observed. Menstrual recovery was observed 10.5 months after the
HSCT. Thereafter, remission was confirmed using bone marrow aspiration atregular intervals.
She was diagnosed with essential hypertension 8 years after HSCT, and antihypertensive
medication was initiated. At 30 years of age, 9 years after HSCT, she conceived naturally. No
abnormalities in uterine volume, placenta, or fetal growth were noted during pregnancy.
At 35 weeks, her blood pressure elevated, and she was admitted to the hospital for blood
pressure control. Due to hypertensive disorders of pregnancy, she delivered a baby boy
through selective cesarean section at 38 weeks of gestation. Intraoperative and postoperative
complications were not observed, and the infant had a normal birthweight.

Case 2

A 29-year-old Japanese woman was diagnosed with acute T-cell lymphoblastic leukemia.
The patient received induction chemotherapy based on the JALSG ALL202-0 protocol [9], but
remission was not achieved. Therefore, she subsequently underwent reinduction chemo-
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Fig. 2. Case 2. a Dose distribution in axial slice; pink mass represents the uterus, and green masses represent
the ovaries. b Dose distribution in sagittal slice. ¢ DVH of the uterus. d Digital reconstructed radiography;
light blue mass represents the uterus, and columnar lead blocks were placed at the purple circles.

therapy based on the GRAALL2005 protocol and achieved hematological CR. Consolidation
chemotherapy was also administered based on the GRALL2005 protocol [10]. The cumulative
anthracycline dose was 205.2 mg/m? (calculated as doxorubicin-equivalent dose). Allogeneic
HSCT from a human leukocyte antigen-DRB1-mismatched donor was performed at 30 years
of age. The conditioning regimen was a combination of cyclophosphamide 60 mg/kg for 2 days,
TBI at 2 Gy d/2 x for 3 days, and anti-thymocyte globulin 2.5 mg/kg for 2 days. The Dyean to
the ovaries and uterus were 2.2 Gy and 7.6 Gy, respectively. The irradiation field, dose distri-
bution, and DVH of the uterus are shown in Figure 2. Sustained remission was confirmed after
HSCT, and acute graft-versus-host disease grade 1 was observed. Menstrual recovery was
observed 8.9 months after HSCT. Twenty-two months after HSCT, she conceived naturally at
the age of 32 years. No abnormalities in uterine volume, placenta, or fetal growth were noted
during pregnancy. She had a vaginal, full-term delivery. She conceived again, more than 2 years
after her last delivery.

Discussion/Conclusion

In the abovementioned cases, normal pregnancies and deliveries were observed after TBI
with ovarian shielding asa myeloablative conditioning regimen, prior to HSCT. Ovarian shielding
reduced the radiation dose to not only the ovaries but also the uterus, and the uterus Dy, Was
reduced to 7.0-7.6 Gy, approximately 60% than that of conventional TBI. The reduction in dose
to the reproductive organs may have contributed to normal pregnancy and birth outcomes.
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Infertility is an important issue for young, long-term cancer survivors. TBI, often used
as a conditioning regimen for HSCT, is classified as a high-risk group for gonadal toxicity [11].
Socié etal. [1]reported that recovery of gonadal function occurred in only 10-14% of patients
with myeloablative TBI-based conditioning regimens. Additionally, the risk of adverse events
during the perinatal period increases in women who previously received TBI. Salooja et al.
[6] reported that women who had received TBI were more likely to have an increased risk of
preterm delivery (45% vs. 6%) and low birthweight (50% vs. 6%) than the general population.
Sanders et al. [2] reported an increase in spontaneous miscarriage (38% vs. 4%) and preterm
delivery (63% vs. 18%) among those who received TBI with HD alkylating agents, compared
to those who received alkylating agent treatment alone. These results suggest that pregnancy
is possible but with lower fertility and more complications in patients with a history of TBI even
when gonadal function is restored, and it is expected to be caused by irradiation of the uterus
as well as the ovaries during TBI. In pregnancy after TBI, the radiation effects of the ovaries
and the uterus cannot be completely separated. However, it has been reported that the risk
of preterm delivery in women with abdominal/pelvic radiotherapy or TBI history who conceive
after treatment with egg donation greatly exceeds that of women without a history of radi-
ation who undergo similar treatment [12]. Therefore, in female patients who wish to preserve
their fertility, it is important to consider the radiation effects on the uterus.

In contrast, it has been reported that TBI with ovarian shielding could preserve ovarian
function better than conventional TBI [8, 13]. With the development of assisted reproductive
technology, there are more opportunities for oocyte or embryo cryopreservation prior to
HSCT. However, applying these methods can be difficult when treatment is initiated in emer-
gency, during critical situations. In such cases, TBI with ovarian shielding is a useful option
for preserving fertility. In the 2 patients who gave birth in this study, it was found that
shielding the ovaries partially shielded the uterus in close proximity, reducing the dose to the
uterus, but the dose constraint of the uterus that affects pregnancy and delivery has not been
fully elucidated. Sudour et al. [14] reported that the most important factor endangering
a successful pregnancy after radiotherapy is the total dose to the ovaries and uterus in female
patients who had received abdominal and/or pelvic radiation in childhood. They found an
ovary and uterus dose of <4 Gy had no negative impact on fertility, whereas a uterus dose of
4-15 Gy put patients at risk of subfertility [14]. Studies of childhood cancer survivors have
found that the risk of delivering low-birthweight infants and preterm delivery is increased
when the uterus is exposed to doses >5 Gy [15], and the risk of stillbirth and neonatal death
is increased when the uterus is exposed to doses >10 Gy in cancer survivors exposed to radio-
therapy when compared with survivors unexposed to radiotherapy [16]. Critchley et al. [17]
reported that a dose of 14-30 Gy could impair uterine function, such as reduced uterine
volume, reduced elasticity of the uterine musculature, and uterine vascular damage. These
findings suggest that the reason for subfertility in patients receiving TBI is related to the dose
to the uterus at approximately 12-14.4 Gy, which is often used in TBI as a myeloablative
conditioning regimen. Although the findings of the childhood cancer survivor study indicated
that a dose lower than the aforementioned dose might impact fertility, it may be related to
differences in uterine maturity related to age. In this study, the uterine dose was reduced to
7-7.6 Gy, suggesting that uterine dose reduction does not affect the course of pregnancy and
delivery for patients who received TBI with ovarian shielding after puberty. Recent advances
in TBI using intensity-modulated radiation therapy have enabled the radiation dose to the
reproductive organs to be reduced to the idealized dose [18]. As more and more TBI using
intensity-modulated radiation therapeutic techniques are expected to be performed in the
future, further studies with a larger number of patients are warranted to determine the radi-
ation dose to the reproductive organs to maintain normal pregnancy and childbearing processes
in female survivors who have undergone TBI. However, extramedullary relapse risk in the
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uterus, associated with a reduced radiation dose to the uterus, should also be taken into
consideration. Hence, we must carefully select patients who are suitable for TBI with ovarian
shielding and exclude those with active malignancies.

Regarding the limitations of the present study, this is a single-institution retrospective
study with a small sample size, lacking an evaluation of radiation dose by uterine site. If different
parts of the uterus have different extensibility, there may be extreme pressure on one part of
the uterus when internal pressure is applied during pregnancy. In addition to the mean dose
of the entire uterus evaluated in this study, it may be useful to evaluate the dose separately
for the cervix and body and to evaluate the maximum and minimum doses in more detail.
We usually use noncontrast computed tomography images for treatment planning, and it is
difficult to distinguish the cervix from the body of the uterus in these images. Therefore, we
could not evaluate the dose to the cervix and body of the uterus separately in this study.
We would like to consider a site-specific evaluation in the future when magnetic resonance
imaging for treatment planning becomes available.

In conclusion, we report successful pregnancy and birth outcomes in 2 patients who gave
birth following TBI with ovarian shielding. The uterine Dy, was reduced to 7.0-7.6 Gy by
shielding a part of the uterus in proximity to the ovaries. These results suggest that a uterine
Dinean 0f 7.0-7.6 Gy does not have a significant impact on pregnancy and delivery for patients
who received TBI with ovarian shielding after puberty.
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