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Purpose: To predict the age at which ovarian failure is likely to develop after radiation to a field that includes
the ovary in women treated for cancer.

Methods and Materials: Modern computed tomography radiotherapy planning allows determination of the
effective dose of radiation received by the ovaries. Together with our recent assessment of the radiosensitivity of
the human oocyte, the effective surviving fraction of primordial oocytes can be determined and the age of ovarian
failure, with 95% confidence limits, predicted for any given dose of radiotherapy.

Results: The effective sterilizing dose (ESD: dose of fractionated radiotherapy [Gy] at which premature ovarian
failure occurs immediately after treatment in 97.5% of patients) decreases with increasing age at treatment. ESD
at birth is 20.3 Gy; at 10 years 18.4 Gy, at 20 years 16.5 Gy, and at 30 years 14.3 Gy. We have calculated 95%
confidence limits for age at premature ovarian failure for estimated radiation doses to the ovary from 1 Gy to
the ESD from birth to 50 years.

Conclusions: We report the first model to reliably predict the age of ovarian failure after treatment with a known
dose of radiotherapy. Clinical application of this model will enable physicians to counsel women on their

reproductive potential following successful treatment.
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INTRODUCTION

As survival rates for children and adolescents treated for
cancer continue to improve, a population of young women
of reproductive age emerges for whom issues of fertile
potential are paramount. Impaired fecundity and premature
ovarian failure are recognized potential late sequelae of
radiotherapy to the ovaries.

The human ovary contains a fixed pool of primordial
oocytes, maximal at 5 months of gestational age, which
declines with increasing age in a biexponential fashion,
culminating in the menopause at an average age of 50-51
years. For any given age, the size of the oocyte pool can be
estimated based on a mathematical model of decline (1, 2).
The rate of oocyte decline represents an instantaneous rate
of temporal change determined by the remaining population
pool, which increases around age 37 years when approxi-
mately 25,000 primordial oocytes remain, and precedes the
menopause by 12-14 years (3). Reproductive aging in
women is due to ovarian oocyte depletion with approxi-
mately 1,000 oocytes remaining at the menopause (4). As-
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sessment of ovarian reserve and reproductive age in healthy
women remains a challenge, but the recent application of
our solution to the Faddy-Gosden model of ovarian primor-
dial oocyte decline may allow an accurate assessment of
ovarian reserve by measurement of ovarian volume (5).

Radiotherapy may be used either alone or in combination
with surgery and chemotherapy to provide local disease
control for solid tumors. Because of its established late
sequelae on immature and developing tissues, irradiation is
used cautiously, especially in children and adolescents. To-
tal body, craniospinal axis, whole abdominal, or pelvic
irradiation potentially expose the ovaries to irradiation, and
may cause premature ovarian failure. The degree of im-
pairment is related to the volume treated, total radiation
dose, fractionation schedule, and age at time of treatment
(2, 6—8). The number of primordial oocytes present at the
time of treatment, together with the biologic dose of
radiotherapy received by the ovaries, will determine the
fertile “window” and influence the age at premature
ovarian failure.
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Assessing the extent of radiation-induced damage of the
primordial oocytes and predicting the impact on fertile
potential has been challenging. An understanding of ovarian
follicle dynamics has allowed us to determine the radiosen-
sitivity of the human oocyte to be <2 Gy (2). Application of
this estimate has made it possible to determine the surviving
fraction of the primordial oocyte pool for a given dose of
radiotherapy and therefore predict the age (with confidence
intervals) of premature ovarian failure by applying a math-
ematical model of decay.

METHODS AND MATERIALS

Radiosensitivity of the human oocyte

Faddy and Gosden provide a model for natural follicle decline in
healthy women (1). The model is obtained by incorporating age at
menopause data into a least squares analysis of four histologic
studies, (3, 9-11) and a large study of ages at menopause (12). The
result is the differential equation:

dy/day x = —y[0.0595 + 3,716 / (11,780 + y) ]

where x denotes age, y(x) is population at age x, and with initial
value y (0) = 701,200. The initial value denotes population at
birth.

We consider this to be the best model currently available. Early
models were simple exponential (3, 6), and were superseded by a
biexponential model (4), which included accelerated depletion
from age 37 years. The Faddy-Gosden model is the only model
that takes into account all available histologic data and combines
these with known ranges for the age of menopause. We solved this
model to revise our estimate of the radiosensitivity of the human
oocyte, based on data obtained from young women who developed
ovarian failure after total body irradiation (2). We obtained the
surviving percentage function for a given dose:

log, g(z) =2 —0.15z

which decreases exponentially from 100% at zero dosage (z = 0).
Solving g(z) = 50 gives an LD, for the human oocyte of about 2
Gy. It should be noted that this estimate of the LD, is an upper
bound and all modeling is based on the average case.

Predicting ovarian failure

Given the solution to the Faddy-Gosden equation and the sur-
viving percentage function, we can predict the age of ovarian
failure for a patient given a known dose (z Gy) at a known
chronologic age (x..., Years). The average age of ovarian failure
is 50.4 years (12). Assuming that the patient is close to the average
case, her oocyte population before treatment will be y(x,,,.,)- The
surviving fraction after treatment is g(z) / 100. Thus, the oocyte
population after treatment is the product of y(x,,.,,) and g(z) / 100.
This new population corresponds to an age, X,,roq, DELWEEN X pyron
and 50.4 years; X,.,,oq is the age at which the Faddy-Gosden model
gives the posttreatment population. The patient’s predicted remain-
ing reproductive life span is simply 50.4 — x,.,..q- Her predicted
age of ovarian failure iS X.pon T (504 — Xop0a) years. An
example calculation with x,.,, = 12 years and z = 10 Gy is given
in Fig. la.
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Fig. 1. (a) An example of the method for predicting ovarian failure
after treatment. The chronologic age, x .o, 1S 12 years, and the
dose, z, is 10 Gy. The average oocyte population at x.,.., is
312,000. The surviving percentage after 10 Gy is log,, g (10) =
3.01%, corresponding to a population after treatment of 9,600.
This new population is the average population at age 42.9 years,
the reproductive age, X,ep.oq> after treatment. The average 42.9-
year-old patient is expected to have ovarian failure in 7.5 years, at
age 50.4 years. Hence, the 12-year-old patient is expected to
experience ovarian failure in 7.5 years, at age 19.5 years. (b) The
same example, with confidence intervals included. Average un-
treated menopause occurs at 50.4 years * (1.96 X 3.9) years.
Average menopause after treatment is the predicted age of meno-
pause (19.5 years) = (1.96 X 3.9) years.

We next consider a patient having a larger (or smaller) than
average follicle population at age of treatment. This corresponds to
the case that the patient is likely to have had a later (respectively
earlier) than average menopause. In quantitative terms, this means
that the patient was toward the upper (respectively lower) limit of
the 95% confidence interval for age of menopause: 50.4 years *
(1.96 X 3.9) years (12). The confidence interval used for age of
menopause after treatment is the predicted age of ovarian failure *
(1.96 X 3.9) years. This is illustrated in Fig. 1b, again using the
example where x,,., = 12 years and z = 10 Gy.

Calculating the effective sterilizing dose

Using this model the age of ovarian failure, with 95% confi-
dence intervals, can be predicted given any age from birth to 50
years and any practical dose. The predicted age is based on an
estimate of the surviving follicle pool after treatment. We calculate
the effective sterilizing dose (ESD) by considering those patients
at the upper limit of the 95% confidence interval for follicle
population: equivalently, those patients expected to experience
menopause at 58 years (50.4 plus 1.96 SD years). The ESD is the
dose after which the patients’ primordial oocyte population will
fall below 1,000. Such a dose will induce immediate ovarian
failure in 97.5% of the female population, effectively taking their
reproductive age to 58 years. The mean sterilizing dose will induce
immediate premature ovarian failure in 50% of women.

Calculating the dose of radiotherapy received by
the ovary

Using modern radiotherapy planning methods (computed to-
mography [CT] planning with or without image fusion) the
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