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As chemotherapy—in contrast to radiation—is mainly applied to all cancer patients, a myriad of studies already exists,

which indicate that commonly used agents cause premature ovarian insufficiency (POI) by inducing the death or

accelerated loss of primordial follicles as well as damage to blood vessels, stromal cells, and immune components.
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1. Introduction

The overall five-year relative survival rate of all childhood cancers has significantly improved over the last thirty years from

58% to 83%, giving rise to a special population: adult survivors of childhood cancer after cytotoxic chemo- and

radiotherapy (RT) with the desire to have children regardless of their medical history . Fertile women have lower

chances to become a mother after surviving cancer treatments .

As chemotherapy—in contrast to radiation—is mainly applied to all cancer patients, a myriad of studies already exists,

which indicate that commonly used agents cause premature ovarian insufficiency (POI) by inducing the death or

accelerated loss of primordial follicles as well as damage to blood vessels, stromal cells, and immune components 

. However, data on (low-dose) radiation in fertile women are urgently needed.

Radiotherapy accelerates oocyte depletion by different mechanisms such as apoptosis or oxidative stress, leading to

acute ovarian failure (AOF), POI, and menopause. Radiotherapy is a cornerstone of state-of-the-art cancer therapy in

children, women, and men. At present, around 50–60% of all patients with long-term cancer (45–50% curative success for

all cancer types) receive radiation therapy alone or in combined treatment schedules . The direct and undisputed

beneficial effects of targeted radiation on tumor cells result from preventing further cell proliferation or inducing cell death.

Irrespective of this, the surrounding organs can be directly damaged by scattered radiation .

The human ovary contains a finite pool of primordial follicles (PMF), which comprise the ovarian reserve. Its maximum is

already reached as a fetus at five months of gestation, which then declines with increasing age and culminates in the

menopause at an average age of 50–52 years . This fixed number of oocytes is non-renewable and must provide for

the entire reproduction cycle throughout adult life. The maximum reserve during fetal life is followed by atresia and the

loss of more than half of the originally developed germ cell pool at the time of birth. Only oocytes that are enclosed by a

sufficient number of epithelial and stromal cells are able to survive. Therefore, the interaction between oocytes and

stromal cells is of utmost importance even during prenatal development . Different cell populations of the ovarian

cortex can be defined by gene expression analyses: stroma (83%); oocytes (0.2%); perivascular (10%); endothelial (5%);

granulosa (1.2%); and theca and immune cells (0.4%) .

In the last decade, maintaining the gonadal function and preserving fertility after successful cancer treatment have

become critical and have increased the concerns of young fertile patients. The options depend upon the age of the

patient, their physical state, the administered agent, and the start of the cancer treatment. Regarding radiation of the

pelvis, ovaries can be transposed outside the radiation field (ovarian transposition). This surgical technique has been

performed since 1952 with low success rates and a high risk of POI (33–100%) also due to scattered radiation .

Patients undergoing brachytherapy seem to benefit most with ovarian survival rates from 77.8–100% . However, an

increased risk of ovarian cysts after ovarian transposition has been reported, ranging between 0 and 34% . Together

with other complications such as abdominal pain, hematomas, tubal ligation, ischemia, or small bowel obstructions,

reoperation was necessary in 34.7% of patients with complications . Therefore, ovarian transposition may be offered to

women with planned pelvic radiation without chemotherapy as being recommended by international guidelines 

. Of note, supporting evidence is weak; therefore, ovarian transposition may not act as a safe procedure for fertility

preservation with special regard to the above-mentioned complications. Another technique—which can only be offered

after puberty—is the cryopreservation of oocytes before the legal age and the cryopreservation of (non) fertilized oocytes
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thereafter. In order to cryopreserve, women need to undergo controlled hormonal stimulation before the oocytes are

transvaginally retrieved . Therefore, this technique can only be offered if the cancer treatment can be postponed for at

least 2–3 weeks.

The cryopreservation of ovarian tissue was first performed by Prof. Dr. Donnez in 1997. After successful cancer

treatments, the tissue can be thawed and transplanted onto the remaining ovary or into a peritoneal tissue pouch near the

ovaries. As the first successful ovarian tissue transplantation was performed in 2004, this technique is now routinely

performed. The resumption of cyclic hormone production can be achieved in up to 63% of cases, and live birth rates

(LBR) are described as 23% per transplantation . To date, more than 170 live births after the transplantation of

frozen–thawed ovarian cortical pieces have been reported, and the transplanted ovarian tissue remains active from six

months to three years . However, the cryopreservation of ovarian tissue is not established in children and only parts of

the ovary (40–50%) can be cryopreserved whereas the major part stays within the pelvis and is exposed to radio-

chemotherapy.

2. The Human Ovary and Folliculogenesis

Folliculogenesis

Human folliculogenesis has been described in detail in the literature . Meiosis of the oogonia starts in early fetal life

and the final PMF pool is formed around 24 gestational weeks in humans and around birth in rodents (Figure 1). Once

meiosis is initiated, mitosis ends; therefore, the individual PMF pool is already fixed before birth. Of note, POI occurs in

1% of women under the age of 45 years without the influence of gonadotoxic treatment due to a low PMF pool . After

menarche, the follicles either start to grow or become atretic. The activation of PMF includes different pathways such as

PI3K/PTEN7Akt and Hippo . However, the detailed mechanisms of the regulation of the PMF pool over the

reproductive female lifespan remain unknown. PMFs are mainly located in the ovarian cortex, which represents the

poorest vascularized zone in the human ovary. Both primordial and early growing follicles are dependent on stromal

vessels as they do not rely on an independent vascular network . PMFs consist of an oocyte surrounded by granulosa

cells . The high proliferation rate of granulosa cells explains their sensitivity to chemotherapy and radiation. The

secondary follicle is characterized by the formation of a zona pellucida, stromal cells, and an undifferentiated theca layer.

After differentiation into a theca interna and a theca externa layer, the stage of a pre-antral follicle is reached followed by

an early antral follicle with fluid-filled cavities and a large antral follicle with a visible large antrum and a marginal oocyte

.

Figure 1. Top: Overview of already established markers concerning ovarian damage including proliferation, apoptosis,

differentiation and remodeling, DNA damage, fertility, immune system, cell cycle progression, tumor progression, tumor

suppression, chromosomes, adipogenesis, and AKT/mTOR pathway after radiation in human and mouse models. Bottom:
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Development from PMF pool to young adulthood in mice and humans and human folliculogenesis and detail in PMF pool

in humans at birth.

3. Application of Low-Dose Radiation in Clinical Practice

Cancer treatment can cause female infertility in different ways. Fertility impairment as well as an elevated risk of

pregnancy complications primarily depend on the applied radiation dose and on the composition of a systemic co-

treatment. Thereby, an additive effect is likely for combined chemoradiation schedules. In addition, the age at treatment

and the location of the treatment target are decisive factors .

Pediatric cancer survivors are known to exhibit a significant increase in the risk of infertility at doses ranging from 1 to 5

Gray (Gy) to the uterine region (RR = 1.33), which is further elevated at >20 Gy (RR = 2.50) . The increasing use of

intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy (VMAT) techniques can cause higher

co-radiation doses (radiation leakage) deposited in the uterine and ovarian region compared with standard conformal RT

. Modern radiation planning techniques with ovary-sparing protocols can also be applied to significantly reduce ovarian

radiation exposure . However, the proof of functional outcome advantages using this method is still lacking. Moreover,

position variability as well as ovarian movements complicate ovarian protection using IMRT. The effect of co-radiation

ranging from the lowest mGy doses up to 0.5–1.0 Gy as a consequence of more distant target sites or optimized organs

at risk-sparing during treatment is still speculative or a matter of linear extrapolation (linear non-threshold (LNT)

hypothesis) . In addition, individual and organ-specific differences in the response to LDR as well as cell–biological

mechanisms such as the bystander effect further complicate a generally valuable risk prediction . Nevertheless, for a

few very low doses, the overall risk of a certain health effect may be clinically identical with the absence of a radiation-

induced excess risk. This might also be valuable for uncertain risk estimations of infertility or germ cell mutations following

curative radiotherapy with a low-dose involvement of the reproductive tract.

In order to prove the presence, extent, or absence of such risks for female cancer patients at a certain assumptive

threshold, the only available data are provided by epidemiological studies, which principally employ an observational, non-

experimental approach. However, data from epidemiological studies are generated by the uncontrolled conditions of

everyday life and randomized controlled trials are unacceptable for the investigation of actual or potential hazardous

exposures . Thus, radiobiological clues to investigate the low-dose effects of high-energy radiation first have to be

obtained from dose-relationship studies using in vitro and in vivo animal models .

The dose–response relationship describing the excess risk of stochastic health effects (radiation-induced cancer and

germ cell mutations) following low-dose levels of exposure to ionizing radiation is more and more controversially

discussed. The standard approach for the purposes of radiological protection is based on the hypothesis that radiation-

induced risks are directly proportional to the administered dose, as described by the LNT hypothesis. Nevertheless,

several radiobiologists have argued that this approach underestimates the current risks (i.e., the relationship is properly

described by dose–response curves of a supralinear shape) or that there is a threshold dose below which either no effect

or even a beneficial (hormetic) effect is likely to exist .

In the past, the International Commission on Radiological Protection (ICRP) released several reports concluding that a

low dose threshold seems to exist for radiation-induced malignancies of certain tissues as well as for infertility or germ cell

mutations . In their opinion, this evidence does not favor the existence of a universal threshold. The LNT

hypothesis, combined with an uncertain dose and dose-rate effectiveness factor (DDREF) for extrapolation from high

doses, still represents the propagated basis for radiation protection at low doses and low-dose rates by the ICRP, World

Health Organization (WHO), and other official authorities.

However, the almost dogmatic LNT approach is being increasingly questioned within the expert community due to the

continuously increasing amount of reports that prove hormesis, an adaptive response, and individually varying

susceptibility to high-energy low-dose and/or low-dose-rate radiation . With regard to the risk of infertility after chemo-

co-radiation, it is of utmost relevance to gain further experimental insight from suitable translational research and bias-

revised epidemiological studies in order to investigate the potential existence of lower and upper threshold doses in

gonadotoxicity. Both the evidenced presence of threshold doses and a finally confirmed linear dose relationship from

below 0.5 to 1 Gy would decisively improve the process of therapy decision making for fertile female cancer patients with

a good survival prognosis.
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