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Treatment with cytotoxic chemotherapy and radiotherapy

is associated with significant gonadal damage in men and
women. The likelihood of gonadal failure following cytotoxic
chemotherapy is dependent on the drug and dose, and in
women there is also an effect of age at treatment. Irradiation
of the testes or ovaries, either directly or indirectly, is also a
significant cause of gonadal dysfunction, and the potential to
recover from damage is clearly related to the radiation dose
received. Several methods of preserving gonadal function
during potentially sterilizing treatment have been considered.
At present, sperm banking remains the only proven method
in men, although hormonal manipulation to enhance recovery
of spermatogenesis and cryopreservation of testicular germ
cells are possibilities for the future. Transposition of the
ovaries to allow better shielding during radiotherapy is of use
in some women, and the prospect of cryopreservation and
reimplanation of ovarian tissue appears to be promising.

Introduction

Cytotoxic chemotherapy and radiotherapy have improved
the survival rates in hematologic malignancies. Treatment is,
however, associated with significant morbidity in many
patients, and alterations in gonadal function are among the
most common long-term side effects. Because of the signifi-
cant reproductive morbidity associated with chemotherapy
and radiotherapy, much attention is now directed toward the
appropriate management of gonadal dysfunction, whereas
research continues to seek ways to prevent damage to, or
enhance the recovery of, gonadal function.

Men

Chemotherapy

Many drugs, particularly alkylating agents, have been
shown to be gonadotoxic, and the agents most commonly

implicated are listed in Table 1. Testicular damage is drug-
specific and dose-related [1-4]. The chance of recovery of
spermatogenesis following cytotoxic insult, and also the
extent and speed of recovery, are related to the agent used
and the dose received. It has also been suggested, but not
proven, that the germinal epithelium of the adult testis is
more susceptible to damage than that of the prepubertal
testis [5], implying that patient age or maturation of the
testis at the time of cytotoxic insult may influence the
degree of damage. The germinal epithelium is far more
sensitive to the effects of cytotoxic drugs than are the Ley-
dig cells, and, although complete azoospermia is not
uncommon following therapy, evidence of Leydig cell dys-
function is usually limited to raised leuteinizing hormone
(LH) levels, with normal or low normal testosterone levels.

The impact on testicular function of chemotherapy
used in the treatment of lymphomas, especially Hodgkin's
disease, has been widely reported. Several studies have
reported azoospermia, with raised follicle-stimulating hor-
mone (FSH) levels in over 90% of men following cyclical
chemotherapy with MVPP (mustine, vinblastine, procarba-
zine, and prednisolone) [6,7]. In an attempt to reduce the
gonadotoxic effect of MVPP by halving the alkylating drug
and reducing the procarbazine dose, a hybrid combination
of chlorambucil, vinblastine, prednisolone, procarbazine,
doxorubicin, vincristine, and etoposide (ChlVPP/EVA) has
been used. However, in a direct comparison with MVPP,
hybrid chemotherapy was found to have the same effect on
gonadal function [8].

An alternative regime, however, of Adriamycin, bleo-
mycin, vinblastine, and dacarbazine (ABVD) has been
shown to be less gonadotoxic. Viviani et al. [9¢] studied 24
men who received ABVD for Hodgkin's disease. The sperm
count was normal a median of 6 months after therapy in 11
men, with oligospermia in a further five. In addition, full
recovery of spermatogenesis occurred within 18 months of
the first evaluation in all 13 men in whom the sperm count
was repeated.

The effect on testicular function has also been assessed
in children treated for Hodgkin’s disease with ChlVPP
(chlorambucil, vinblastine, procarbazine, and predniso-
lone). Testicular dysfunction, indicated by raised gonado-
trophin levels, was found in a significant proportion of a
cohort of 46 male patients treated with ChIVPP reported by
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Table |I. Gonadotropic drugs

Definite
Group gonadotoxicity  Study
Alkylating agents  Cyclophosphamide Rivkees and
Crawford [5]
Chlorambucil
Mustine
Melphalan
Busulfan Sanders et al. [17]
Carmustine Clayton et al. [89]
Lomustine Clayton et al. [89]
Antimetabolites ~ Cytarabine
Vinca alkaloids Vinblastine Vilar [90]
Others Procarbazine
Cisplatin Wallace et al. [91]

Mackie et al. [10], with 89% and 24% having raised FSH and
LH levels, respectively. The COPP regimen (cyclophospha-
mide, vincristine, procarbazine, and prednisolone), which
includes the gonadotoxic agent cyclophosphamide in addi-
tion to procarbazine, is associated with even more marked
gonadal dysfunction. Charak et al. [11] found azoospermia
in all 92 patients following treatment with six or more cycles
of COPP, along with significant rises in gonadotrophin lev-
els compared with pretreatment values. The median follow-
up in this study was 6 years, with 17% of patients having
been treated more than 10 years previously, suggesting that
germinal epithelial failure is likely to be permanent.

In addition to effects on the germinal epithelium, there
is also some evidence of Leydig cell dysfunction following
chemotherapy for lymphomas. Howell et al. [12] measured
testosterone and LH levels in 135 men treated with either
MVPP or ChlVPP/EVA hybrid. They demonstrated a signifi-
cantly higher LH level in patients compared with a cohort
of age-matched control subjects (mean LH, 7.8 vs 4.1 IU/1).
They suggested that this raised LH level indicated a reduc-
tion in hypothalamopituitary negative feedback conse-
quent upon a small reduction in testosterone production.
This may still result in testosterone levels that fall within the
cross-sectional normal range; mild Leydig cell dysfunction,
defined as a raised LH in the presence of a testosterone level
in the lower half of the normal range or frankly subnormal,
was found in 44 men (31%) following chemotherapy, with
a further 10 (7%) having a raised LH level alone. These find-
ings confirm that a significant proportion of men treated
with cytotoxic chemotherapy have biochemical abnormali-
ties suggesting mild testosterone deficiency.

Chemotherapy regimens used for the treatment of non-
Hodgkin’s lymphoma are generally less gonadotoxic than
those used for Hodgkin's disease. Pryzant et al. [1] reported
on 71 patients treated with CHOP (cyclophosphamide,
doxorubicin, vincristine, and prednisolone)-based
chemotherapy. All men were rendered azoospermic during
treatment, but by 5 years 67% had recovered to normo-
spermic levels, with a further 5% oligospermic. The

reduced incidence of permanent infertility in men treated
for non-Hodgkin’s lymphoma compared with Hodgkin's
disease is probably related to the absence of procarbazine
in the standard regimens used for non-Hodgkin's
lymphoma [13], although the reduction in the dose of
alkylating agents may also be important. The absence of
procarbazine and alkylating drugs is also the likely expla-
nation for the reduced toxicity of ABVD reported by Viviani
et al. [9¢]. Other regimens not containing procarbazine
that have been used for non-Hodgkin's lymphoma have
also been shown to be less gonadotoxic. VAPEC-B (vincris-
tine, doxorubicin, prednisolone, etoposide, cyclophospha-
mide, and bleomycin) [14], VACOP-B (vinblastine,
doxorubicin, prednisolone, vincristine, cyclophospha-
mide, and bleomycin) [15], MACOP-B (mustine in place
of vinblastine) [15], and VEEP (vincristine, etoposide,
epirubicin, and prednisolone) [16] have all been associ-
ated with normal fertility following treatment in the vast
majority of men.

Testicular function following high-dose chemotherapy
used as preparation for bone marrow transplantation has
also been studied. Sanders et al. [17] reported on a total of
155 men treated with cyclophosphamide (200 mg/kg) or
busulfan and cyclophosphamide (busulfan, 16 mg/kg;
cyclophosphamide, 200 mg/kg). After an average of 2 to 3
years following transplant, 67 of 109 men who received
cyclophosphamide (61%), but only eight of 46 (17%)
treated with busulfan and cyclophosphamide, had recovery
of testicular function defined by normal LH, FSH, and test-
osterone levels with evidence of sperm production. The
only prospective study to examine testicular function fol-
lowing high-dose treatment reported on 13 men who
received either BEAM (BCNU, etoposide, ara-C, and mel-
phalan) (n=11) or melphalan and single-fraction total-
body irradiation (TBI) (n=2) [18]. All had previously
received multiagent chemotherapy, and four had abnormal
semen parameters before transplantation. All patients were
azoospermic 2 to 3 months after transplantation, associ-
ated with raised FSH levels. LH levels increased and test-
osterone levels decreased after transplantation, indicating
that Leydig cell damage was apparent in addition to germ
cell failure.

These findings were also confirmed by Howell et al.
[12], who studied 68 patients treated with high-dose che-
motherapy (either cyclophosphamide, BCNU, etoposide,
busulfan, and cyclophosphamide; or BCNU, etoposide,
doxorubicin, and melphalan) as conditioning for bone
marrow transplant. They demonstrated a raised FSH level
in 60 patients (88%) and a raised LH level in 47 (69%), 22
of whom (32%) also had a testosterone level in the lower
half of the normal range or frankly subnormal.

In addition to impairment of steroidogenesis and
sperm production, concern has been expressed that cyto-
toxic chemotherapy may result in transmissible genetic
damage. Studies have demonstrated untoward effects in
offspring of animals treated with cytotoxic agents, but no
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clear evidence for this has been reported in humans.
Increased aneuploid frequency has been observed in
human sperm following chemotherapy for Hodgkin’s dis-
ease [19,20], and an increase in chromosomal abnormali-
ties has been demonstrated several years after treatment for
testicular cancer [21]. However, data concerning the out-
come of pregnancies have not shown any increase in genet-
ically mediated birth defects, altered sex ratios, or birth
weight effects in offspring of cancer survivors [22], possibly
as a result of selection bias against genetically abnormal
sperm. On the evidence thus far, it is therefore reasonable
to conclude that patients treated with cytotoxic chemother-
apy who remain fertile are not at increased risk of fathering
children with genetic abnormalities.

Radiotherapy

The testis is one of the most radiosensitive tissues. Very low
doses of radiation significantly impair its function. Dam-
age may be caused during direct irradiation of the testis or,
more commonly, from scattered radiation during treat-
ment directed at adjacent tissues.

The effects of relatively low-dose, single-fraction irradi-
ation on spermatogenesis in healthy fertile men have been
well documented [23], and are illustrated in Figure 1. The
more immature cells are more radiosensitive, with doses as
low as 0.1 Gy causing morphologic and quantitative
changes to spermatogonia. Doses of 2 to 3 Gy result in
overt damage to spermatocytes, leading to a reduction in
spermatid numbers. At doses of 4 to 6 Gy, numbers of sper-
matozoa are significantly decreased, implying damage to
spermatids. The decline in sperm count following damage
to more immature cells, with doses of up to 3 Gy, takes 60
to 70 days, with doses above 0.8 Gy resulting in azoosper-
mia and doses below 0.8 Gy giving rise to oligospermia. A
much faster fall in sperm concentration occurs following
doses of 4 Gy and above due to damage to spermatids.

Recovery of spermatogenesis takes place from surviving
stem cells (type A spermatogonia) and is dependent on the
dose of radiation. Complete recovery, indicated by a return
to pre-irradiation sperm concentrations and germinal cell
numbers, takes place within 9 to 18 months following a
dose of 1 Gy or less, 30 months for 2 to 3 Gy, and 5 years or
more for doses of 4 Gy and above.

Animal data suggest that fractionation of radiotherapy
increases its gonadal toxicity, and the evidence suggests
that this is also the case in humans. Speiser et al. [24] stud-
ied 10 patients who received a testicular dose of radiation
of 1.2 to 3.0 Gy, in 14 to 26 fractions, during inverted Y-
inguinal field irradiation for Hodgkin’s disease. All
patients were azoospermic following treatment, and
recovery was not seen in a single patient despite follow-up
of over 15 months in four patients and up to 40 months in
one. An update of these data published in 1994 [25]
revealed no recovery of spermatogenesis in patients
receiving doses of 1.4 to 2.6 Gy after 17 to 43 months of
follow-up, but a return of fertility in the two patients with

testicular radiation doses of 1.2 Gy, suggesting that this
dose may represent a threshold for permanent
testicular damage.

Lower doses of radiation to the testes are, however,
associated with better recovery rates for spermatogenesis.
Kinsella et al. [26] published data concerning 17 patients
who had received low-dose scattered radiation during
treatment of Hodgkin’s disease. Testicular doses of less
than 0.2 Gy had no significant effect on FSH levels or
sperm counts, whereas doses between 0.2 and 0.7 Gy
caused a transient dose-dependent increase in FSH and
reduction in sperm concentration, with a return to normal
values within 12 to 24 months.

Leydig cells are more resistant to damage from radio-
therapy than the germinal epithelium. Significant rises in
LH have been demonstrated with single-dose radiation
above 0.75 Gy [27¢] and fractionated doses above 2 Gy
[28]. However, no change in testosterone level was seen at
these doses, and LH values showed a gradual return to nor-
mal levels over 30 months.

The clinical impact of Leydig cell dysfunction

A significant proportion of men have evidence of impaired
Leydig cell function following high-dose chemotherapy,
procarbazine-containing chemotherapy, or radiation
involving the testis. The biochemical abnormalities are
usually mild and consist of a raised LH level associated
with a low/normal testosterone level. A deleterious impact
of overt testosterone deficiency, and a clear benefit of
androgen replacement in such patients on bone density,
body composition, and quality of life, have been demon-
strated. However, few data are available concerning the
impact of replacement therapy on milder forms of tes-
tosterone deficiency.

In a cohort of men treated with MVPP, ChIVPP/EVA
hybrid, or high-dose chemotherapy for a variety of malig-
nancies, Howell et al. [29] identified a cohort of 35 patients
with biochemical evidence of mild Leydig cell insuffi-
ciency. Insufficiency was defined as a raised LH level and a
testosterone level in the lower half of the normal range or
frankly subnormal. They demonstrated significantly
reduced bone mineral density (BMD) at the hip in these
men, compared with a similarly treated cohort with nor-
mal hormone levels, and also found evidence of altered
body composition, reduced sexual activity, and alterations
in mood [30,31]. The men were then enrolled in a 12-
month randomized, single-blind, placebo-controlled trial
of testosterone replacement [29]. During the 12-month
study period, however, there were no significant improve-
ments in BMD, body composition, sexual function, energy
levels, or mood in the testosterone-treated group com-
pared with the control subjects.

Thus, it seems likely that the mild biochemical abnor-
malities (ie, raised LH and low/normal testosterone)
observed in many men following cytotoxic chemotherapy
are not clinically important in the vast majority of patients
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Figure 1. Impairment of spermatogenesis following single-dose radiotherapy is depicted, including the effect of radiation dose on stage of germ

cell damage, time to onset, and recovery from germ cell damage.

and that androgen replacement is not routinely indicated.
However, it remains possible that a minority of men with
more marked biochemical abnormalities may benefit from
androgen therapy.

Protection of testicular function during

cancer treatment

The deleterious effect of chemotherapy and radiotherapy
on germinal epithelial function has initiated a search for
strategies to preserve fertility in men undergoing therapy.

Semen cryopreservation and assisted reproduction

Cryostorage of semen has become standard practice, and it
should be offered to all men before they undergo potentially
sterilizing therapy. Improvements in the techniques used to
store semen [32] and advances in the field of assisted repro-
duction, such as intracytoplasmic sperm injection (ICSI),
have increased the chance of successful pregnancies using
cryopreserved sperm. However, some limitations exist with
this method of preserving fertility. First, it is not a feasible
option for prepubertal patients. Furthermore, testicular func-
tion in adult males with malignant disease is often impaired
before treatment, resulting in poor sperm quality or difficulty
providing semen for storage [33]. Oligospermia is found in a
third to half of patients with Hodgkin's disease, non-
Hodgkin’s lymphoma, and testicular cancer prior to treat-
ment, and it also occurs in men with leukemia and soft tissue
cancer [34]. Sperm motility is impaired in these patients as
well, and the process of freezing and thawing semen further
reduces the sperm quality. Whereas successful fertilization
may be achieved with only a few viable sperm using ICSI,
pregnancy rates using this method are lower with abnormal
semen than with normal semen [35]. As a result, methods for

protecting or enhancing the recovery of normal spermatogen-
esis following gonadotoxic therapy have been pursued.

Hormonal manipulation

The belief that prepubertal boys have a lower rate of perma-
nent chemotherapy-induced gonadal damage [5] led many
investigators to propose that suppression of testicular func-
tion in adult men (ie, inducing a “prepubertal state”) will
provide a degree of protection against cytotoxic therapy.
Irrespective of the validity of the hypothesis, data derived
from animal models have been encouraging, but there is at
present no convincing evidence of similar success in
humans. Ward et al. [36] demonstrated enhanced recovery
of spermatogenesis in procarbazine-treated rats by adminis-
tration of the gonadotropin-releasing hormone (GnRH)
analogue Zoladex (AstraZeneca, Wilmington, DE) for 2
weeks before and during chemotherapy. Increased stem cell
survival was evident by 50 days, and at 90 days sperm count
was close to normal and significantly higher than it was in
rats treated with procarbazine alone. Similar protective
effects of hormonal treatment have been described follow-
ing the use of testosterone [37], testosterone and estradiol
[38], GnRH and testosterone [39], and GnRH and the anti-
androgen flutamide [40,41], following gonadal insult with
procarbazine, cyclophosphamide, or radiotherapy. Pogach
et al. [39] suggested that testosterone administered after
treatment with procarbazine enhanced the recovery of sper-
matogenesis. More recently, Meistrich and Kangasniemi
[42e¢] confirmed that treatment with either testosterone or
Zoladex following a 3.5-Gy radiation dose markedly
improves the recovery of spermatogenesis, even if treatment
is delayed for 10 weeks after irradiation. The same group
had previously shown that spermatogenesis did not occur
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after a similar dose of radiation despite the presence of A
spermatogonia in the seminiferous tubules [43]. They pos-
tulated that the role of hormonal treatment in the “protec-
tion” of germinal epithelial function may be to enhance
recovery of surviving A spermatogonia and to facilitate their
differentiation to more mature cells, rather than to protect
them from damage during cytotoxic therapy or radiother-
apy. These authors suggested that a reduction of intratestic-
ular testosterone, or one of its metabolites, is involved in
the mechanism by which hormone therapy stimulates
recovery of spermatogenesis.

In humans, attempts to reproduce the protective effects
seen in animals have been unsuccessful. Several groups have
used GnRH analogues, with and without testosterone, to
suppress testicular function during MOPP [44] or MVPP
[45] chemotherapy for lymphoma, cisplatin-based chemo-
therapy for teratoma [46], and testicular irradiation for sem-
inoma [47]. None of these regimens has demonstrated any
significant protective effect in terms of maintaining sper-
matogenesis or increasing the rate of recovery. However,
none of the studies involved the continuation of gonadal-
suppressive therapy for a significant period of time after the
completion of chemotherapy or radiotherapy. The most
recent animal data suggest that hormonal treatment may
enhance recovery of spermatogenesis from surviving stem
cells rather than protect them from damage during cytotoxic
or radiation insult. Thus, suppression of gonadal function
with a GnRH agonist or testosterone for a fixed time after
radiotherapy or chemotherapy may prove more successful in
reducing the impact of these treatments on fertility.

This approach relies on enhancing recovery of sperm
production, and therefore a prerequisite for its success is the
survival of stem cells during the gonadotoxic insult. Few
data are available, however, regarding testicular histology
after chemotherapy or radiotherapy. Following chemother-
apy for Hodgkin's disease with procarbazine-containing reg-
imens and high-dose radiotherapy, recovery to oligo- or
normospermia is uncommon. Testicular biopsies taken after
standard chemotherapy (MVPP and COPP) for Hodgkin's
disease have shown complete germinal aplasia with a
Sertoli-cell only pattern [6,11,33,48,49]. Recent reports have
been made of the isolation of mature sperm in the testicular
parenchyma of some men with biopsy evidence of Sertoli-
cell only, suggesting that even in this situation there may be
small foci of spermatogenesis [50]. In addition, recovery of
spermatogenesis occurs in a minority of these patients,
indicating that some germ cells survive in some patients.
However, the absence of histologic evidence of any
spermatogenesis at biopsy in many men suggests that all
spermatogonia may be eradicated during chemotherapy.

Hormonal manipulation after treatment to enhance
the recovery of spermatogenesis is therefore likely to be the
most beneficial in those patients in whom the testicular
insult is less severe, as it is these patients in whom there is
significant preservation of A spermatogonia. The success of
this approach in those patients who have undergone more

gonadotoxic therapy will depend on whether any stem
cells remain. Complete ablation of the germinal epithe-
lium may occur in many men following treatment with
procarbazine-based chemotherapy for Hodgkin's disease,
and this will clearly be irreversible.

Stem cell cryopreservation

Results from recent animal experiments indicate another
possible method of preserving testicular function during
gonadotoxic therapy. In 1994, Brinster et al. [51e¢] dem-
onstrated that stem cells isolated from a donor mouse
could be injected into the seminiferous tubules of a
sterile recipient mouse and result in the initiation of
spermatogenesis. More recently, the same group demon-
strated that spermatogenesis can be achieved in previ-
ously sterile mice following cryopreservation and
subsequent injection of donor stem cells into the testis.
Potentially, therefore, stem cells could be harvested from
the human testis before the start of sterilizing therapy,
freeze-stored, and reimplanted at a later date, with a
subsequent return of spermatogenesis.

A clinical trial testing this hypothesis is currently
underway in adults: 16 men had testicular tissue harvested
shortly before commencing treatment with sterilizing che-
motherapy for Hodgkin's disease or non-Hodgkin's lym-
phoma. In each case, a 0.5-cm cube of testicular tissue was
subjected to enzymatic digestion to produce a single cell
suspension which, following equilibration in cryopro-
tectant, has been stored in liquid nitrogen [52]. Seven men
have now successfully completed chemotherapy, and
thawed testicular suspension has been reinjected into the
donor testis. Semen analysis has demonstrated a return of
spermatogenesis in one man at the time of writing. How-
ever, this may simply represent spontaneous recovery of
spermatogenesis, as is seen in a small proportion of men
following treatment, rather than repopulation from cryo-
preserved stem cells. The lack of greater success may relate
to problems reinjecting the testicular suspension. The sem-
iniferous tubules in adult men are too fibrous to allow
direct injection, and therefore an indirect approach is nec-
essary. This approach consisted of injecting into the rete
testes and relying on retrograde flow to fill the tubules,
which may not occur to a sufficient extent to allow repopu-
lation and a return of spermatogenesis. Further studies are
currently being undertaken using non-disaggregated testic-
ular tissue, and the results are awaited with interest.

Women

Chemotherapy

The gonadotoxic effects of chemotherapy in women were
first reported in 1956 by Louis et al. 53] in women treated
with busulfan for chronic myeloid leukemia. Ovarian
damage has been clearly shown to be dependent on dose
and age [54,55], with progressively smaller doses required
to induce permanent amenorrhea with increasing age [54].
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Premature ovarian failure has also been observed fol-
lowing treatment for lymphomas in both children and
adults. The incidence of ovarian dysfunction varies accord-
ing to the chemotherapy regime used and is also strongly
age dependent. Treatment of Hodgkin's disease with MVPP
[56], COPP [13,57], and ChIVPP [10] results in ovarian
failure in between 38% and 57% of patients, and mainte-
nance of normal ovarian function in women aged over 35
years at the time of treatment is unusual. High-dose che-
motherapy, employed as conditioning for bone marrow
transplant, is also gonadotoxic [17,58-61]. Several studies
have suggested high rates of ovarian dysfunction following
treatment, although rates vary according to the regimen
used. The use of busulfan is almost invariably associated
with permanent ovarian failure [17,58-60], whereas regi-
mens not containing busulfan have a better outcome. The
use of melphalan-based regimens is associated with reten-
tion of fertility in a higher proportion of patients. Jackson
et al. |61] reported pregnancies in 10 of 23 women aged
under 40 years who were treated for lymphoma with mel-
phalan, with or without etoposide. In addition, there is
evidence that a younger age at bone marrow transplant is
protective. Matsumoto et al. [62] studied a group of girls
who underwent bone marrow transplant before the age of
12 years. They received cyclophosphamide, ara-C, and eto-
poside either alone or in combination in addition to TBIL. A
high proportion (67%) went through puberty spontane-
ously, suggesting preservation of ovarian function, and
those who did not achieve menarche were significantly
older at treatment.

Longitudinal studies have demonstrated that the course
of ovarian function after chemotherapy can be varied, as
illustrated in Figure 2. There is evidence of a reduction in ova-
rian follicle numbers after chemotherapy [63], and the evolu-
tion of ovarian dysfunction with time is consistent with the
destruction of a fixed number of oocytes. Older patients have
a smaller pool of remaining oocytes before cytotoxic treat-
ment and are therefore more likely to become permanently
amenorrheic following therapy. Younger patients often con-
tinue with normal ovarian function after cytotoxic insult, but
they may undergo premature menopause. Byrne et al. [64]

took menstrual histories from over 1000 women who were
still menstruating at the age of 21 after receiving treatment for
malignancy during childhood. They found a much higher
rate of premature menopause in these women compared
with a control population, with 42% of the treated women
having reached menopause by the age of 31, compared with
only 5% of the control subjects.

A proportion of women who are initially amenorrheic
after treatment, with biochemical evidence of premature
ovarian failure, recover ovarian function with a return of
normal menses and fertility [8]. There are no indicators that
allow the identification of this subgroup of patients other
than the fact that it is more likely to occur in younger
women. The duration of amenorrhea in these women varies
from a few months to several years, and the mechanisms
underlying the recovery of ovarian function are unclear.

In women who remain fertile following chemotherapy,
there is no evidence of an increase in birth defects during
subsequent pregnancies. There is, however, some evidence
for teratogenicity of several cytotoxic agents when they are
administered during pregnancy [65,66]. Antimetabolites,
such as methotrexate and, to a lesser extent, alkylating
agents, are associated with an increase in spontaneous
abortions and congenital malformations following expo-
sure during the first trimester. The risk of birth defects
when chemotherapy is given during the second and third
trimesters is probably no greater than the background rate.
Women should therefore be advised to avoid conception
during chemotherapy, and adequate contraception should
probably be continued until the patient is in stable remis-
sion and is unlikely to require further cytotoxic therapy.

Radiotherapy

Information regarding the impact of irradiation on ovarian
function has been acquired from women treated with pel-
vic radiotherapy for dysfunctional uterine bleeding or
malignancies such as Hodgkin’s disease. Information has
also been acquired regarding those treated with TBI prior
to bone marrow transplant. The effects of radiation are
dose and age dependent. Ovarian doses of less than 4 Gy
do not usually result in permanent ovarian dysfunction
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[48], which is not surprising [67], because the calculated
LDs of the human oocyte does not exceed 4 Gy [68].

Women aged under 40 years are less sensitive to radia-
tion-induced ovarian damage, with an estimated dose of
20 Gy required to produce permanent ovarian failure,
compared with 6 Gy in older women [69]. Higher ovarian
radiotherapy doses will almost inevitably result in ovarian
failure irrespective of age.

In addition to radiotherapy for pelvic and abdominal
disease, TBI used as conditioning for bone marrow
transplant may also cause ovarian dysfunction [58,70,71].
Treatment with TBI (10 to 15 Gy given as a single
dose or fractionated), often used in combination with
cyclophosphamide or melphalan, is almost invariably fol-
lowed by a cessation of menses. Late recovery of ovarian
function, however, has been reported following a spell of
amenorrhea. Sanders et al. [70] studied a group of 187
women who underwent bone marrow transplant for vari-
ous hematologic conditions; 144 received TBI and cyclo-
phosphamide and were evaluated between 1 and 7 years
later. All 144 had evidence of ovarian failure with amenor-
rhea, raised gonadotrophins, and decreased estradiol for
the first 3 years after the transplant. Recovery of ovarian
function occurred in nine women between 3 and 7 years
after transplant, all of whom were aged below 25 years.
Thus, whereas a few younger women may recover ovarian
function following TBI, the outlook is universally poor for
older women.

Although infertility is often the major concern for
women undergoing potentially gonadotoxic therapy, the
consequences of ovarian failure are not limited to the ces-
sation of oocyte production but also include the loss of
ovarian steroidogenesis. Symptoms of estrogen deficiency,
such as hot flashes, irritability, and vaginal dryness, are not
uncommon, and often necessitate hormone replacement
therapy (HRT). The long-term effects of estrogen deficiency
have been well documented, with a possible increase in
cardiovascular mortality, alterations in lipid profile, and
reduction in BMD. Whereas some of these changes have
been confirmed in women with chemotherapy- and
radiotherapy-induced ovarian failure [72], evidence
suggests that ovarian dysfunction resulting from
chemotherapy alone may not have exactly the same
deleterious effects. Saarto et al. [73] have shown that high-
density lipoprotein (HDL) levels rise in women with
cyclophosphamide-induced ovarian failure in contrast to
the fall in HDL levels seen after natural and surgical meno-
pause. This may in part negate the adverse effect of other
changes in the lipid profile with respect to cardiovascular
risk. In addition, although significant reductions in BMD
have been reported in women with ovarian failure follow-
ing gonadotoxic therapy [72,74,75], the one cohort in
whom treatment was restricted to chemotherapy alone dis-
played only small mean reductions in BMD, with the
majority of patients showing BMD z-scores well within the
normal range.

Prevention of ovarian failure

Because of the consequences of ovarian failure in young
women, several strategies aimed at reducing the gonado-
toxic effect of cancer treatment have been investigated.
Transposition of the ovaries before radiotherapy can
reduce the dose to approximately 10% of the given dose
during pelvic radiotherapy [48,76,77]. This practice has
been shown to reduce the incidence of ovarian dysfunction
[77-79]. However, routine use of ovarian transposition in
Hodgkin’s disease patients treated with radiotherapy
remains controversial. Hormonal methods of maintaining
fertility during treatment with radiotherapy or chemother-
apy have also been investigated. Results with animal mod-
els suggest that suppression of the pituitary-gonadal axis
with GnRH may provide some protection against ovarian
follicular depletion in rats [80] and monkeys [81]. There
are few published data in humans, and results have been
contradictory [45,82,83]. Two recent studies found that
GnRH agonists may partially protect against chemother-
apy-induced ovarian damage [83,84]. These results need to
be confirmed in larger studies before GnRH analogues can
be considered for use in routine clinical practice.

Whereas sperm banking may provide a means of pre-
serving the reproductive capacity of some men, a similar
approach in women is not feasible for several reasons.
First, although treatment can often be deferred for a few
days to allow the collection of semen, the longer delay
required to allow the harvesting of mature oocytes would
often be unacceptable. Furthermore, only a handful of
pregnancies have been established with cryopreserved
oocytes, and there is some concern that freezing may be
associated with chromosomal abnormalities. Cryopreser-
vation of embryos is much more successful, but there is no
guarantee of success, time restraints are still a problem, and
the technique is of no use to women who have no
permanent partner.

One possible method of preserving both the reproduc-
tive and steroidogenic capacity of the ovary is the cryo-
preservation of strips of ovarian tissue, to be reimplanted at
a later date. Several recent reports have demonstrated the
potential for this method for preservation of ovarian func-
tion. Endocrine function and ovulation have been demon-
strated in ovarian strips autologously transplanted into the
pelvis and forearm [85,86]. There is a theoretic possibility
of reintroducing tumor cells during the implantation of
ovarian tissue, but this seems unlikely in conditions such
as Hodgkin's disease, in which tumor involvement of the
ovaries is extremely unusual. In addition, results from ini-
tial studies involving implantation of ovarian tissue har-
vested before chemotherapy for Hodgkin’s disease into
SCID mice have been encouraging [87]. The first study
examining the use of reimplantation of cryopreserved ova-
rian tissue in women following cytotoxic chemotherapy
has demonstrated endocrine function in the transplanted
ovarian strip [88ee]. This method may thus provide a real-
istic possibility of maintaining fertility in women who
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would otherwise be rendered infertile, although it remains
experimental at this stage.

Conclusions

Cytotoxic chemotherapy and radiotherapy are associated
with significant gonadal damage in men and women. Alky-
lating agents, such as cyclophosphamide and procarbazine,
are the most common agents implicated. The vast majority
of men receiving procarbazine-containing regimens for the
treatment of lymphomas, and high-dose chemotherapy as
conditioning for bone marrow transplant, are rendered
permanently infertile. Treatment with ABVD is associated
with a much better outcome, with temporary oligo- or
azoospermia being the rule. There is also evidence of Ley-
dig cell impairment in a proportion of these men,
although this does not appear to be clinically significant in
the majority of patients. The germinal epithelium is very
sensitive to radiation-induced damage, with changes to
spermatogonia following as little as 0.1 Gy, and permanent
infertility after fractionated doses of 2 Gy and above.

Cytotoxic-induced premature ovarian failure is age and
drug dependent and ensues in approximately half of the
women treated with procarbazine-containing chemother-
apy for lymphomas. High-dose chemotherapy, TBI, and
radiation at an ovarian dose above 6 Gy usually result in
permanent ovarian failure. The course of ovarian function
after chemotherapy is variable, and late recovery occurs in
some patients.

Several methods of preserving gonadal function during
potentially sterilizing treatment have been considered. At
present, sperm banking remains the only proven method
in men, although hormonal manipulation to enhance
recovery of spermatogenesis and cryopreservation of testic-
ular germ cells are possibilities for the future. Transposi-
tion of the ovaries to allow better shielding during
radiotherapy is of use in some women, and the prospect of
cryopreservation and reimplantation of ovarian tissue
appears promising. Suppression of the pituitary ovarian
axis with GnRH analogues has been studied, but results are
contradictory. Further study is required to ascertain
whether this approach can be used to preserve fertility.
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