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Children and women of reproductive age are increasingly
surviving cancer diagnoses, and therefore long-term quality-of-life
issues are of greater importance at the time of diagnosis. Cancer
therapies including radiation and chemotherapy can be detrimental
to fertility, and therefore many patients are motivated to preserve
fertility prior to cancer treatment. The only highly successful method
in preserving fertility to date is embryo cryopreservation, which may
not be appropriate for some patients due to age, delay in treatment,
cancer type and stage, as well as availability of an acceptable sperm
donor. Alternative methods including oocyte cryopreservation and
ovarian tissue banking may also preserve fertility while providing
additional flexibility to patients. In vitro ovarian follicle maturation
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following tissue banking is one potential approach that would not
require a delay in cancer therapy for ovarian stimulation, would not
require an immediate sperm donor, and does not carry the risk of
reintroducing malignant cells following tissue transplantation. In
vitro follicle culture systems have resulted in successful live births
in the mouse. However, many challenges must be addressed in
translating the system to the human. This review summarizes current
approaches to fertility preservation and discusses recent developments and future challenges in developing a human in vitro follicle
culture system. Pediatr Blood Cancer 2009;53:289–295.
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INTRODUCTION
Motivation
Recent developments in techniques to preserve female fertility
following cancer treatment have improved the outlook for patients
facing premature infertility due to cancer therapies [1]. Approaches
to fertility preservation include embryo cryopreservation, oocyte
cryopreservation, and tissue banking followed by tissue transplant
or in vitro follicle culture. While embryo cryopreservation has been
largely successful in the past, alternative approaches are emerging.
Oocyte cryopreservation has become an increasingly successful
method, now accounting for over 200 live births [2], and
transplantation of cryopreserved tissue has resulted in two live
births [3,4]. The in vitro culture of follicles in ‘‘in follicle
maturation’’ or IFM systems has recently been shown to support
follicle development and maintain oocyte health during long-term
culture. Although IFM systems are in the early stages of development, this approach offers great promise for fertility preservation
method to patients limited by age, marital status, or cancer diagnosis
and treatment options. This review highlights recent developments
in fertility preservation technologies and discusses the successes
and future directions for investigation in developing an in vitro
culture system for human follicles.
Aggressive chemotherapy and radiotherapy treatments have
greatly increased the survivorship of young patients with cancer
diagnoses; however these treatments are often detrimental to
fertility. Women in developed countries are increasingly choosing
to delay childbearing until later in life for social or financial reasons
so that increasing numbers of reproductive age women are interested
in preserving fertility at the time of cancer diagnosis [5–7]. An
important quality-of-life issue to these patients and their families is
the ability to bear healthy children [8]. While sperm cryopreservation has been shown to be an effective method to preserve fertility
for men and adolescent males [9,10], few methods are available for
women. If no action is taken prior to cancer treatment, women can
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adopt or use donor oocytes to conceive. Many women wish to
conceive using their own oocytes, which has led to an increased
focus on preserving female fertility through cryopreservation and
assisted reproduction [11].

Toxicity of Cancer Therapies
Current cancer therapies, including both radiation and chemotherapy, can lead to premature infertility in women, which is
attributed to decreased ovarian reserve. The type of cancer, the
prescribed treatment, and the age of the woman all contribute to the
risk of infertility following cancer therapy. Radiotherapy is known
—
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to adversely affect gonadal function, and its impact on fertility is
dependent upon the dose and field of therapy, and the patient’s age at
the time of treatment [12]. Radiation was shown to deplete
primordial follicles in mouse ovaries in a dose-dependent manner
[13], and both total body radiation [14] and pelvic radiation [15]
have been shown to cause premature ovarian failure in women. The
ovarian reserve decreases with age, and therefore older women
(women over 38–40 years of age) are more sensitive to damage by
radiotherapy [12,16,17]. Chemotherapy also causes damage to the
ovary, and the risk of infertility is also dependent upon the patient
age, as well as the type(s) of chemotherapeutic drugs used and the
total dosage administered [18]. Avariety of cytotoxic drugs and their
effects on fertility have been reviewed in detail [19–21], and many,
most notably alkylating agents, can induce ovarian failure [22]. Due
to the variety of treatment combinations and the variability among
patients, no comprehensive data exist associating the exact rates
of fertility impairment with courses of treatment [23]. Current
findings, however, clearly demonstrate that the fertility of many
long-term survivors will be severely reduced following treatment
[12,24].

METHODS TO PRESERVE FEMALE FERTILITY
To preserve fertility for these young women, many techniques
are currently under investigation including various prevention
techniques, embryo cryopreservation, oocyte cryopreservation, and
ovarian tissue banking [19,20,25]. To date, embryo cryopreservation is the only method widely used for fertility preservation;
however both oocyte cryopreservation and ovarian tissue banking
followed by tissue transplant have also been successful in producing
a limited number of live human births. These and other methods,
including in vitro culture of cryopreserved ovarian tissue, are
currently in development. Each approach has associated advantages
and disadvantages relating to current success rate, required delay in
cancer treatment, sperm requirement, and risk of reintroducing
cancer cells.

Prevention/Minimizing Impact/Ovarian Protection
A variety of methods can be employed to reduce the risk of
fertility damage during treatment. Depending on the malignancy,
chemotherapeutic agents and doses can be selected which are
known to posses a decreased risk of ovarian damage. Radiation
doses during total body irradiation can be fractionated and the pelvic
organs can be shielded to reduce risk. In cases where pelvic
radiotherapy is recommended, oophoeropexy or surgical transposition of the ovaries, away from the radiation field has been shown
to reduce, although not eliminate, ovarian damage [26,27].
Administration of GnRH agonists prior to and during treatment
has also been demonstrated to convey some ovarian protection
against chemotherapy, although results are contradictory and further
investigation is underway [20,28].

Embryo Cryopreservation
Embryo cryopreservation is currently the only highly successful
method of preserving fertility for female cancer patients. Embryo
cryopreservation is a routine procedure in IVF facilities, and
reported survival rates per thawed embryo range from 35% to 90%,
implantation rates from 8% to 30%, and cumulative pregnancy rates
Pediatr Blood Cancer DOI 10.1002/pbc

of 30–40% [11,29]. This procedure requires ovarian stimulation to
collect mature oocytes, which are then fertilized in vitro and
cryopreserved for use following cancer treatment. In addition, a
male partner or donor sperm is required for fertilization. This
procedure may not be an option for women with highly aggressive
malignancies; including leukemia, some lymphomas, and sarcomas, which warrant immediate cancer treatment [30]. Successful
ovarian stimulation requires several weeks to months depending on
the response of the patient to the stimulation protocol, which may
compromise the patient’s long-term outcome. Many cancer patients
do not respond well to the standard IVF stimulation protocols, which
may result in decreased quality and/or quantity of oocytes collected
during the cycle [31,32]. In addition, ovarian stimulation is
associated with high-serum estrogen concentrations, and should
therefore be avoided when patients have hormone-sensitive tumors,
including breast and endometrial cancers [33,34]. Alternative
stimulation protocols, including the use of tamoxifen or letrizole,
have been investigated and have shown some success in breast
cancer patients [35,36]. However, this is still an investigational
procedure. Finally, ovarian stimulation is often not considered
ethically appropriate for pubertal females, and the requirement for a
partner or sperm donor makes embryo cryopreservation undesirable
for single women who prefer not to use a sperm donor.

Oocyte Cryopreservation
Oocyte cryopreservation is an alternative fertility preservation
option that would obviate the need for a sperm donor. As of 2005,
more than 200 children had been born using cryopreserved oocytes.
However, the overall live birth-rate per cryopreserved oocyte is
approximately 2%, which is much lower than the rate using fresh
oocytes [2]. Oocyte cryopreservation is therefore still in the
developmental stages, and much higher success rates must be
obtained for this to be widely offered to cancer patients. Oocytes are
much more sensitive to freezing and thawing than embryos due to
their large volume, high-lipid content, and temperature-sensitive
spindle, to which the chromosomes are attached in the mature
oocyte [30,37]. The cryopreservation procedure can therefore lead
to oocyte death as well as aneuploidy [38]. Oocyte cryopreservation
also requires ovarian hyperstimulation, and therefore carries with it
the associated issues described above for embryo cryopreservation
including non-feasibility for prepubertal girls, delay in treatment,
and concerns regarding hormone-responsive cancers. Due to the
relatively low success rate of oocyte cryopreservation, greater
numbers of oocytes (relative to embryos) must be cryopreserved to
have a reasonable chance of success. Thus, this methodology is
associated with longer delays in treatment for multiple cycles and a
decreased overall chance of success.

Tissue Banking
Cryopreservation of ovarian tissue is a promising option for
fertility preservation that precludes the need for ovarian stimulation
and a sperm donor. Ovarian tissue banking may be the only
acceptable method to preserve fertility for prepubertal girls [7], and
may be a preferred option for single women, women who cannot
delay cancer treatment for stimulation, and women with hormonesensitive malignancies [19]. In this procedure, ovarian tissue is
surgically removed and processed into cortical strips for cryopreservation. By this method, hundreds of primordial follicles are
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preserved in a single procedure that can be performed immediately
and does not require a delay in cancer treatment [19]. Studies have
demonstrated that follicle viability and developmental potential is
preserved following cryopreservation and thawing [39,40]. Most
follicles that survive cryopreservation are the small primordial
follicles [41], which are much more tolerant of cryopreservation
than mature oocytes due to their size, decreased metabolism, and
absence of a metaphase spindle, zona pellucida, and cortical
granules [42,43]. The challenge in this approach therefore lies in
developing methods to support the maturation of these primordial
follicles to produce mature, fertilizable oocytes. Several approaches
have been investigated, including autotransplantation and in vitro
maturation (IVM).

Autotransplantation
Autotransplantation of cryopreserved ovarian tissue is the only
tissue banking approach that has, to date, produced human births
[3,4]. In this procedure, cryopreserved and thawed cortical strips are
transplanted back into the patient, to either an orthotopic or
hererotopic site. Previous studies in multiple animal species
demonstrated successful pregnancies and live births using this
method [25,44–46], leading researchers to attempt this in humans.
The first live birth in humans was reported in a patient previously
treated for Hodgkin lymphoma, in which thawed tissue was
implanted into an intraperitoneal location adjacent to the atrophic
ovary [4]. Due to the presence of the ovary, although atrophic, it
could not be proven that the oocyte was released from the
transplanted tissue. A subsequent and more convincing report of a
successful live birth following ovarian transplant involved autografting of cryopreserved tissue to the remaining ovary in a 28-yearold patient who demonstrated several years of ovarian failure
following treatment for non-Hodgkin lymphoma [3]. This patient
spontaneously menstruated 2 months after surgery, and underwent
in vitro fertilization, resulting in delivery of a term infant.
Heterologous transplantation offers the advantages of accessibility for implantation and removal (if necessary), ease of
monitoring, and does not require general anesthesia for transplantation. A recent study reported transplantation of fresh monkey
tissue to heterologous sites, producing multiple oocytes that were
fertilized and transferred resulting in a live monkey birth [47]. In the
human, multiple reports of heterotopic transplantation to various
sites including the abdominal wall and forearm [48,49] have
demonstrated that transplanted cortical strips lead to resumption of
menstrual cycling and follicle development, and has resulted in the
production of a four-cell embryo [48]. Embryo transfer has been
attempted in one patient, but has not resulted in pregnancy [48].
Spontaneous menstrual cycles resumed in this patient 6 months
following the transplant, and 2 months later, she conceived
naturally.
One limitation common to many tissue transplants is the
potential for ischemia within the tissue before it can become
revascularized. Such ischemia may result in follicle atresia, thereby
compromising the long-term function of the transplanted ovarian
tissue [50]. Reports have indicated that most follicles survive the
freeze–thaw cycle. However, up to two-thirds are lost following
transplantation [51]. Approaches to prevent such ischemia may
include varying the size of tissue transplants or selecting a site of
implantation known to be responsive to angiogenesis. An alternative
approach may be to deliver angiogenesis-promoting factors, such as
Pediatr Blood Cancer DOI 10.1002/pbc
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VEGF, to the implantation site at the time of surgery. Research in the
area of regenerative medicine has demonstrated the ability to
improve neovascularization into tissues using such techniques [52],
and applying these techniques to cortical strip transplantation may
reduce follicle loss due to ischemia.
The main concern regarding ovarian transplantation is the risk of
reintroducing malignant cells to the patient. Studies in the mouse
have demonstrated that such tumor recurrences may occur
following reimplantation [53]. However, this risk varies with cancer
type, activity, and stage, as well as the mass of malignant cells
transferred [54]. With the exception of some hematological
malignancies and some advanced stage solid tumors, most
malignant tumors that occur in reproductive age women do not
metastasize to the ovaries [55]. Xenotransplantation is a theoretical
concept that has yet to be tested. Alternative animal species, such as
the nude mouse, would serve as a non-human ‘‘incubator’’ for
human follicle development with the intent of developing a mature
gamete that could be recovered and fertilized in vitro.

In Vitro Culture
In vitro follicle maturation is an alternative approach to the
maturation of immature follicles that precludes the need for tissue
transplant and therefore eliminates the risk of reintroducing cancer
cells. As is true for all tissue banking approaches, in vitro culture
would not require a delay in cancer treatment for ovarian
stimulation. It would allow for a delay in sperm selection, which
may be desirable for children or single women. Furthermore, tissue
banking, with the storage of gametes rather than embryos, may be
more acceptable to patients who oppose embryo cryopreservation
due to social or religious factors. A successful in vitro culture system
would support the development of follicles to produce mature
oocytes that could be fertilized using well-established in vitro
fertilization techniques. Two approaches to in vitro follicle
maturation have been investigated to date [56]. The first is organ
culture, in which whole slices of ovarian cortical tissue are cultured
intact. The second approach is isolated follicle culture, in which
individual follicles are removed from the surrounding cortical tissue
prior to culture. Both approaches have demonstrated an ability to
support human follicle growth, although results differ between
various systems.

Organ Culture
Organ culture, or the culture of intact ovarian cortical strips,
retains the organizational structure of the ovarian tissue and
maintains the interactions between the follicle and surrounding
stromal cells. This method has supported growth of human
primordial follicles to the secondary follicle stage [17,57–62],
and has supported follicle survival for up to 4 weeks [60].
Approaches have included both culture on a two-dimensional
surface as well as cultures in three-dimensional gels [60]. The main
challenge with in vitro organ culture, as in transplantation, is
preventing atresia due to ischemia in the interior of the tissue, since
there is no possibility of revascularization in the in vitro environment. Varying the size and geometry of the cultured tissue pieces or
slices has been shown to improve follicle survival [58], although
ischemia is difficult to eliminate entirely by this approach. A second
disadvantage to organ culture is the inability to observe and monitor
follicles during culture by light microscopy due to the thickness of
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the tissue. For this reason, it is also impossible to know the follicle
content of each tissue piece until the tissue is removed and dissected
or sectioned, and therefore carries the risk of culturing empty tissue
pieces [56], particularly in the case of patients with diminished
ovarian reserve due to age, disease, or previous cancer therapy.

In Follicle Maturation
Culture of isolated follicles allows for the individual monitoring
and tracking of each follicle to assess its developmental state. The
IFM approach involves in vitro follicle growth (IVFG), or the
in vitro culture of immature follicles, followed by IVM of the oocyte
within the follicle (Fig. 1). In IFM systems, follicles are isolated
from the ovary using a mechanical or enzymatic approach. Follicles
are then cultured for a period of time during which the growth,
steroid production, and morphology of each follicle can be
monitored. Several IFM systems have produced live mouse pups
following culture of immature follicles [63–66]. Systems have also
been demonstrated in humans and non-human primates to support
follicle growth and development [67,68]. The development of
culture systems for human follicles is in the early stages, however,
and to date, no meiotically competent oocytes have been produced.
Two basic approaches have been utilized in developing IFM
systems [69]. In the first approach, generally referred to as an
attached follicle approach, isolated follicles attach and spread onto a
two-dimensional surface. As the follicle develops, proliferating
granulosa cells attach and migrate onto the two-dimensional culture
substrate and away from the oocyte [70]. In the second approach,
referred to as a three-dimensional intact follicle approach, follicles
do not attach to a substrate and therefore are able to maintain their
three-dimensional architecture. As the follicle grows, the growth
occurs radially from the center of the follicle as it would occur in the

ovary [70]. Both approaches have produced live murine offspring.
However, three-dimensional approaches maintain the cell–cell and
cell–matrix interactions, which are known to be important in
regulating follicle development [70–72]. In addition, while
successful in the mouse, two-dimensional systems have not been
able to support normal follicle development in bovine [73], ovine
[74], or human systems [75,76]. Three-dimensional approaches
have been proposed to be increasingly beneficial in overcoming the
difficulty of maintaining follicle architecture during culture for
larger species [56,77], and in one human follicle culture study,
follicles grew in a three-dimensional collagen gel, while follicles on
a two-dimensional collagen coated surface only maintained their
original size [68].
Several approaches to three-dimensional IFM have been
investigated [70], of which the encapsulated follicle approach has
produced the only live mouse births to date [66]. This system utilizes
alginate, a hydrogel derived from brown algae, as a threedimensional encapsulation matrix. Alginate cross-links in the
presence of divalent cations such as Ca2þ and can be degraded for
follicle recovery using an alginate-specific enzyme, alginate lyase.
In addition, alginate does not interact biochemically with
mammalian cells, therefore allowing for the creation of a welldefined culture environment by adding specific biomolecules to the
culture system. These and other properties make alginate a good
candidate for three-dimensional IFM [70]. In the alginate
culture system, follicles have been able to grow [78], produce
fluid-filled antral cavities [79], and produce meiotically
competent oocytes [80,81], which were successfully fertilized and
implanted to yield multiple live births of healthy mouse pups [66].
The three-dimensional encapsulated follicle approach to IFM
therefore demonstrates potential in supporting human follicle
development.

Fig. 1. In follicle maturation (IFM): In follicle maturation describes the process of the in vitro growth of an immature follicle to produce a mature
oocyte. Immature follicles are encapsulated in a biomaterial and grown to maturity in a process termed in vitro follicle growth (IVFG). The mature
follicle is then taken through the in vitro maturation process (IVM) during which the administration of hCG and EGF result in cumulus expansion
and the maturation of the oocyte to the MII stage.
Pediatr Blood Cancer DOI 10.1002/pbc
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CONCLUSIONS AND FUTURE DIRECTIONS
The increasing numbers of children and reproductive-age
women surviving cancer diagnoses has resulted in an increased
focus on preserving fertility prior to cancer treatment. While
embryo cryopreservation is the only established method used to
preserve fertility, many alternative techniques are currently being
developed. Options such as oocyte cryopreservation and ovarian
tissue banking followed by tissue transplantation have produced a
limited number of live births in humans. Methods for the in vitro
culture of cryopreserved tissue or follicles are in relatively early
stages of development. In order to successfully translate the system
to the human, the optimal techniques for culture must be identified
for isolation techniques, matrix conditions, media composition,
assessment of the developmental state of the follicle and oocyte, and
for determination of the timing of oocyte IVM. A successful in vitro
follicle culture system may therefore be beneficial to many young
girls and women. The final outcome for success of such systems will
be a healthy human birth following in vitro culture, maturation, and
fertilization.
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