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Abstract  

Introduction: The increasing survival of girls and young women after cancer has led to a 

rapid growth in research into assessment of ovarian function after treatment.  

Areas covered: This aim of this review is to discuss normal ovarian function over time, the 

impact of cancer treatment on ovarian function, the assessment of ovarian reserve after 

treatment, and pretreatment predictors of ovarian recovery. 

Expert commentary: Ovarian function damage after chemotherapy and radiotherapy will 

impact on fertility and reproductive lifespan, but with great variability. Age at menopause 

has implications for the duration of estrogen deficiency, with its own adverse health 

consequences. This has led to identification of the key treatment and patient factors at the 

time of treatment, notably age and ovarian reserve that impact on post-treatment ovarian 

function. However, most studies have used outcome measures such as ongoing menses, or 

biomarkers such as anti-mullerian hormone (AMH), with few reporting on fertility or age at 

menopause. 
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1.0 Introduction 

Worldwide, around 1.7 million girls and women under 50 years are diagnosed with cancer 

annually [1], with 5% affecting young people ≤ 35 years, in their reproductive prime. Due to 

advances in treatment, improvements in life expectancy have resulted in a growing 

population of survivors but these treatments can adversely affect ovarian function across 

the lifespan, causing  pubertal failure, infertility, premature ovarian insufficiency (POI), and 

health sequelae due to chronic oestrogen deficiency [2]. Compromised fertility is the most 

prevalent long-term side effect of cancer therapy [3] and affects long-term wellbeing, 

relationships and life decisions [4]. Ovarian function and reproductive capacity after cancer 

treatment are important quality of life issues, but many survivors are poorly informed about 

their fertility status [5, 6] and regular menses may be falsely reassuring [7].   Ovarian reserve 

testing, where several candidate markers are examined  to indirectly estimate a woman’s 

reproductive potential,  is being rapidly adopted, however, there is no gold standard 

‘fertility test’ [8]. This review will discuss normal ovarian function over time, the impact of 

cancer treatment on ovarian function, the assessment of ovarian reserve after treatment, 

and pretreatment predictors of ovarian recovery.  

2.0 Ovarian function with age  

The primordial follicle pool constitutes the ovarian reserve, which is a measure of the ability 

of the ovary to produce mature eggs which can be fertilised [9].  Follicular renewal has not 

been established to date, and it is accepted that the ovarian reserve is finite and complete 

before birth.  Modelling studies based on histological analysis demonstrate a peak in the  

primordial follicle pool at  18-22 weeks, with an average of 295 000 primordial follicles per 
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ovary at birth (95% prediction interval 33,800–2,508,000), declining to 180 000 [21,300- 

1,512,000] at 13 years [10] (figure 1).  

Recruitment of follicles occurs across the reproductive lifespan [11]. In the prepubertal girl 

follicle activation and maturation reaches primary, pre-antral and even early antral phases, 

with development to later antral stages and ovulation from puberty following increases in 

secretion of follicle stimulating hormone (FSH) and luteinising hormone (LH) from the 

pituitary. Growth activation of primordial follicles peak at around 14 years then 

subsequently declines. By 30 years of age, around 12% of the ovarian reserve remains, 

which declines to 3% by age 40 years [10]. Only around 450 follicles will ovulate in the 

reproductive lifetime, thus the majority of follicles, at any stage of development,  undergo 

atresia, until insufficient follicles remain that can develop to later stages, resulting in the 

menopause at around 50 years [12, 13]. Age contributes to around 80% of the variation in 

primordial follicle numbers, and is also the key determinant of reduced oocyte quality. 

Other determinants include genetic and lifestyle factors (stress, parity, basal metabolic 

index and smoking), the latter being thought to make a 3-5% contribution to age of 

menopause [14, 15].  

Regulation of early follicle growth is through a balance between activating and inhibitory 

autocrine and paracrine factors. A major regulatory pathway within the oocyte is the 

phosphatidylinositol-3′-kinase (PI3K–AKT) signalling pathway. The phosphatase and tensin 

homolog deleted on chromosome 10 (PTEN) and transcription factor FOXO3 suppress 

follicle activation [16].  Local paracrine inhibitory factors include anti-Mullerian hormone 

(AMH), which is a principal regulator of folliculogenesis by inhibiting the primordial to 

primary follicle transition [17]. AMH is produced by the granulosa cells of preantral and 



 4 

small antral follicles, (the latter being the main source of AMH) [18], with expression falling 

sharply when follicles reach 8-10 mm diameter.  AMH levels correlate with the antral follicle 

count [19], and while not produced by non-growing follicles, are an indirect measure of the 

size of the primordial follicle pool.  

AMH levels across the lifespan reflect non-growing follicle recruitment [20, 21, 22]. AMH is 

present at low levels in prepubertal females, and increases to a peak at around 25 years [20, 

22]. AMH levels demonstrate two small dips, the first soon after birth (following the brief 

rise of neonatal minipuberty), and again at the start of puberty for a couple of years before 

rising again [20, 21, 22].  In women ≥ 25 years AMH follows a non-linear decline, inversely 

correlated with age [20]. AMH becomes undetectable before the menopause: initial studies 

indicated that this occurred approximately 5 years before the menopause [23]; current 

automated assays have much improved sensitivity thus this is gap is likely to be shortened 

[24]. 

The prepubertal ovary also contains a population of apparently abnormal primordial 

follicles, characterised by larger size and indistinct germinal vesicles, which are not present 

in the adult human ovary [25].  Follicles isolated from prepubertal and adolescent girls also 

have intrinsically reduced capacity for growth. Thus it appears that there is more to 

postnatal ovarian development than previously recognised, but the clinical significance of 

these findings is unclear. Understanding of the regulation of early follicle growth is more 

limited than that of later gonadotropin dependant stages, but is important for analysis of 

the effects of gonadotoxic therapy on the ovary, and the changes in follicle growth dynamics 

that result. Advances in this field might lead to therapeutic developments, illustrated by the 

potential for the use of AMH ligands as potential chemoprotectants [26]. 
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Figure 1. Normative model for the non-growing follicle (NGF) population. The best model for the establishment of the NGF population 

after conception, and the subsequent decline until age at menopause. The figure shows the dataset (n = 325), the model, the 95% 
prediction limits of the model, and the 95% confidence interval for the model. The horizontal axis denotes age in months up to birth at age 
zero, and age in years from birth to 51 years. Reprinted with permission from Wallace WH and Kelsey TW. PLoS One 2010; 5: e8772 [10]. 

 

3.0 Mechanisms of radiation and chemotherapy induced damage  

Cytotoxic chemotherapy and radiotherapy can cause a reduction in the number of ovarian 

follicles. Both specifically target dividing cells, thus growing follicles are important sites of 

damage, but primordial follicles may also be lost through either a direct effect, or indirectly 

perhaps through increased initiation of growth [27] (figure 2).  

3.1 Impact of radiotherapy 

Modelling studies based on modern radiotherapy planning have demonstrated that the 

dose required to destroy 50% of non-growing follicles (LD50) is 2Gy [28]. Younger patients 

have higher residual follicle densities hence are more protected against POI from radiation, 

compared with adolescents and adults [28, 29]. Prepubertal patients are at high risk of POI 
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when exposed to ovarian radiation ≥10-15 Gy, with an estimated sterilising dose of 

approximately 20 Gy [2, 28]. However a recent report from the St Jude Lifetime Cohort of 

childhood cancer survivors (median age 31.7 years), demonstrated that POI could be 

associated with any dose of ovarian radiation [<1 Gy (HR=13.85) or ≥1 Gy (HR=132.34)][30]. 

Post-pubertal patients are at high risk after exposure to ≥5-10Gy, with a sterilising dose of 

approximately 16 Gy [28].   

Radiation can also impact reproductive function through effects on the uterus, causing 

microvascular injury, endothelial damage and myometrial fibrosis resulting in poor uterine 

growth and distensibility [29, 31], resulting in miscarriage, preterm labour, low birth weight 

and stillbirth [32, 33, 34]. In contrast to the impact on ovarian function, the reproductive 

impact of uterine radiation is greater at a younger age, and pregnancy is of very high risk in 

those who have been exposed to uterine doses >45 Gy as adults or >25Gy in childhood [29].  

3.2 Impact of chemotherapy 

Ovarian damage from chemotherapy can occur via several mechanisms:  

1. Direct DNA damage to growing ovarian follicles (via DNA breaks and inter-strand 

crosslinking) causes apoptosis [35]. Human xenografting models demonstrate that for high 

risk therapies such as cyclophosphamide, direct follicle loss can occur rapidly and drastically 

(53% loss after 24 hours of the first dose) [35]. Studies of premenopausal women 

demonstrate an acute and rapid fall in AMH levels during chemotherapy,  suggesting a 

similar rapid loss of growing follicles even in the absence of alkylators [36, 37, 38, 39]. 

Alkylators do not require cell proliferation for their cytotoxic action, thus they may also 

directly damage non-growing primordial follicles. Some follicles may survive through DNA 

repair but those that cannot are irretrievably lost [40].  



 7 

2. The destruction of growing follicles and thus local reduction in AMH concentrations 

causes an upregulation in the PI3K/PTEN/Akt signalling pathway and loss of suppression of 

growth activation in primordial follicles [41, 42]. Waves of primordial follicles become 

activated and excessively recruited into growing follicles which are more susceptible to the 

direct impact of chemotherapy, resulting in follicle burnout.   

3. Direct damage to the ovarian stroma can result in fibrosis and hyalinisation of small 

blood vessels, resulting in indirect follicle damage and probably compromising growth [43, 

44]. 

4. Both direct and indirect damage may alter the development of growing follicles and 

impair steroidogenesis, explaining the occurrence of temporary acute ovarian failure even 

with less ovo-toxic therapies [35]. As follicle growth takes many weeks, loss of the growing 

follicle population will result in amenorrhoea. Recovery will occur if sufficient primordial 

follicles remain to re-establish the growing follicle populations, with associated restoration 

of endocrine function and menstruation, discussed below.  

 

4.0 Clinical impact of gonadotoxic treatment on ovarian function 

Chemotherapy induced amenorrhoea due to acute ovarian failure is a common occurrence, 

however many women experience later recovery of ovarian function: this is very closely 

associated with age, as younger women have a greater ovarian reserve and thus are more 

likely to have sufficient follicle numbers after treatment [45, 46]. The most significant long 

term consequences are POI (menopause by 40 years of age) and infertility (figure 2). POI 

may be immediate and permanent if the primordial follicle pool is completely depleted, or it 

may occur years after gonadotoxic treatment if there is only partial loss of primordial 

follicles which can then sustain ovarian function for a variable period (figure 3). As well as 
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impact on fertility, POI is associated with chronic health sequelae including reduced life 

expectancy due to cardiovascular disease [47]; reduced bone mineral density (BMD), low 

muscle mass [30], psychosexual dysfunction [48]; genitourinary symptoms [49]; and possible 

cognitive impairment [50]. Women with POI have a 5-10% chance of spontaneous 

conception, and should use contraception if they wish to avoid pregnancy [51]. Those who 

do conceive after chemotherapy show no increase in obstetric or neonatal risk, including 

congenital malformation or miscarriage [52, 53].   

Large cohort studies of childhood cancer survivors have demonstrated the risk of acute 

ovarian failure by 5 years is 6.3% [54], of POI is 10.9% -32% [30, 55], and of infertility is 16%, 

[56]. In adults, there are much less data on fertility in large cohorts, with most studies 

reporting surrogates such as ongoing menses or ovarian reserve markers.  The prevalence of 

early menopause has also been reported in a large survey of adult Hodgkin lymphoma 

survivors, highlighting the range of risk with different treatments, from a hazard ratio of 0.7 

for ABVD (adriamycin, bleomycin, vinblastine and dacarbazine) to 35.6 for pelvic 

radiotherapy with alkylating agent chemotherapy [57]. The available data reflect the wide 

range of ages of women included and different treatment regimens. Thus in breast cancer 

patients chemotherapy induced amenorrhoea has been reported in 16-98% of women by 

the end of their treatment, with around 50% recovery in menses by two years, and a further 

8% recovery up to 5 years [46, 58, 59].  

Individual risk of POI can be classified as low (<20%), medium (20-80%)  and high (>80%), 

and according to age, agent and dose of treatment [60]. Treatments considered low risk are 

antimetabolites (such as methotrexate, cytarabine) and vinca alkaloids (vincristine, 

vinblastine) which do not cause damage to human follicles.  Anthracycline antibiotics are 
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considered low risk, apart from Adriamycin which along with platins are considered 

‘medium risk’.  Agents considered ‘high-risk’ for infertility include pelvic radiation; alkylators 

(such as cyclophosphamide  ≥7.5 g/m2, busulfan ≥600 mg/m2 ,  ifosfamide ≥ 60g/m2 , 

combination alkylating agent treatment); triazenes (such as procarbazine, ≥ 3 cycles of 

MOPP [mustargen, oncovin, procarbazine, prednisone]); nitrosoureas (such as lomustine); 

combination alkylating agent treatment and ovarian radiotherapy (HR=95.56) [30, 61]. 

Myeloablative conditioning for stem cell transplantation (with high dose alkylating agents 

and total body irradiation) is associated with 65-95% risk of infertility in adult women [62]. 

The outcome is different for prepubertal girls who, because of higher ovarian reserve, have 

a risk of future gonadal insufficiency of around 50% after stem cell transplantation [63]. 

Recent reports show that childhood survivors who received alkylators alone without 

radiation (with the exception of busulfan or lomustine), have either similar fertility to 

controls [64] or reduced chance of livebirth only at the highest quartile cyclophosphamide 

equivalent dose (≥11.3 g/m2) [HR 0·85, 0.74-0.98]) [61]. However the reduced fertility with 

delayed childbearing may be accentuated in cancer survivors [61, 64], and measures of 

ovarian reserve may be impaired in survivors with regular menstrual cycles [39, 65]. 

Therefore, there is no clear accepted threshold for a “safe” alkylating agent dose with 

respect to future reproductive function [2].   
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Figure 2. Representation of the effects of gonadotoxic treatment on the ovary. The number of primordial and early growing follicles in 

a healthy ovary is reduced by some chemotherapy regimens, with additional effects on the ovarian vasculature and stroma. If a sufficient 
population of primordial and thus early growing follicles remains, development of preovulatory follicles will continue allowing the 
potential for post-treatment fertility. Otherwise, complete depletion results in POI, infertility and estrogen deficiency. Ongoing post-
treatment ovarian function may develop into POI, depending on the remaining ovarian reserve.  
 

4.1 Fertoprotective Cancer treatments and gonadal protectants 

New molecular targeted agents (such as monoclonal antibodies, kinase inhibitors, 

immunomodulators including melatonin), are in various stages of investigation, however 

their impact on ovarian function is largely unknown [66, 67, 68].    There have been reports 

proposing a likely transient effect of bevacizumab (an anti-VEGF agent) on ovarian function 

[69]. Other agents may have as yet unknown effects on the non-growing primordial follicle 

pool through activity on physiological pathways that are involved in the control of follicle 

dormancy and follicle growth activation. One example of this is imatinib, a tyrosine kinase 

inhibitor which has an important role in the treatment of chronic myeloid leukaemia, and 

has been reported to have adverse effects on ovarian function [70], but may also have 

protective effects as shown in an in-vitro model against the gonadotoxicity of cisplatin [71].   

There is a lot of interest around Gonadotropin releasing hormone agonists (GnRHa) as a 

gonadal protectant during chemotherapy. GnRHa initially stimulates FSH and LH then causes 

suppression of hypothalamic-pituitary-ovarian axis by desensitisation of pituitary GnRH 
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receptors. GnRHa may potentially protect ovarian reserve by keeping non-growing follicles 

in a dormant state, or by reducing ovarian perfusion and gonadotoxic penetration to 

follicles. Seven meta-analyses have been undertaken since 2011, the latest including 12 

RCTs of 1231 breast cancer patients [72]. They demonstrate a decreased rate of POI (OR 

0.36-0.55), increased resumption of menses (OR 1.90-3.46), and spontaneous ovulation (OR 

2.70-5.70) in those receiving GnRHa cotreatment with conventional chemotherapy. 

Improved pregnancy rates with GnRHa cotreatment has also been suggested (OR 1.83) [72] 

although this is difficult to interpret without data on the number of women who tried to 

conceive. The two most recent and largest RCTs demonstrate benefit of GnRHa 

administration. The POEMS trial (n=218) demonstrated that GnRHa reduced the risk of POI 

(8% versus 22%, HR 0.30, p=0.04)) (defined as amenorrhoea at 2 years for at least 6 months 

and elevated FSH) and increased chance of pregnancy (22% versus 11%, p=0.03) in women 

with operable hormone receptor negative breast cancer [73]. The GnRHa group also 

demonstrated improved disease-free survival. Similarly the OPTION trial in women with up 

to stage IIB breast cancer (receptor positive or negative) demonstrated a reduced risk of POI 

(2.6% versus 20.0%) and amenorrhoea (10% versus 25.4%) but only in women ≤ 40 years 

[74]. However AMH levels did not significantly differ between groups suggesting that any 

protection of ovarian reserve is small, and this approach should not be used in place of 

more established fertility preservation methods, such as oocyte or embryo 

cryopreservation, where required. Additionally, there are no clear supportive data in other 

diagnoses: in lymphoma, the first long-term RCT (with 5 -6 year follow-up post GnRHa), 

reported no improvements in POI, AMH or pregnancy rates with GnRHa co-treatment 

although the study was small compared to those in breast cancer, and there was substantial 

loss to follow-up [75].  
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As oncology paradigms move towards quality of life issues beyond cancer, fertoprotective 

agents will likely become available for clinical use, but much work needs to be done to 

assess their full impact on efficacy of cancer treatment and protection of fertility [76].  

 

Figure 3. Schematic of the effect of gonadotoxic cancer treatment on ovarian function. The 3 lines represent women with high, 

average and low ovarian reserve (as e.g. reflected in AMH concentrations). Treatment results in a rapid fall in all women. Those with low 
ovarian reserve (red line) are more likely to develop POI during treatment, and for that to persist thereafter. Conversely, those with higher 
ovarian reserve will show a variable recovery, some going on to develop early POI (blue line) with others, at the highest level of ovarian 
reserve (green line) showing more prolonged ovarian activity, with later the normal age related decline. 
 
 

5.0 Surveillance of ovarian function 

5.1 Indications 

Currently ovarian function surveillance (involving evaluation of clinical biochemical and 

ultrasonographic markers of ovarian function) is an important aspect of care prior to 

gonadotoxic treatment and during survivorship. There are three main indications for 

surveillance: 

1. To diagnose ovarian decline or established ovarian failure.  The diagnosis of POI rests 

on the presence of (i) amenorrhoea for at least 4 months, and (ii) elevated follicle 

stimulating hormone (FSH) > 25 IU/L on two occasions > 4 weeks apart [51]. POI needs to be 
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excluded in those with pubertal delay or arrest, menstrual cycle dysfunction or menopausal 

symptoms [2].  It is recommended that sex steroid medications be discontinued for 2 

months prior to testing, with care to avoid pregnancy [2]. 

2. To inform women of their reproductive prospects and guide decisions around 

assisted reproduction and fertility preservation. Once POI is established or imminent, the 

opportunity for biological parenthood is largely missed, as the chance of natural conception 

becomes significantly reduced about a decade beforehand [77]. A period of regular 

menstrual cyclicity can still occur in the presence of significant follicle depletion and reduced 

reproductive capacity [36, 78]. Therefore postpubertal females who desire assessment 

regarding future fertility should be offered ovarian reserve testing. Low ovarian reserve may 

indicate a reduced reproductive lifespan, but does not reflect ability to conceive in the short 

term [8, 79], which is more determined by factors including age, regular ovulation and of 

course the partner’s fertility. Additionally, while AMH predicts the ovarian response to 

stimulation, it is a poor predictor of live birth from assisted reproduction [80]. 

3. A potential future indication is to assess ovarian status after breast cancer treatment 

and provide guidance on choice of endocrine therapy [24]. Approximately 30% of women 

are premenopausal at diagnosis of breast cancer [81]. Adjuvant chemotherapy improves 

disease-free and overall survival [82] and has evolved from alkylating-based treatments 

(cyclophosphamide, methotrexate,5-fluorouracil (CMF)), to anthracycline or taxane based 

regimens. Endocrine therapy is an important systemic treatment for hormone receptor 

positive cancer, as ovarian suppression or oestrogen blockade reduces risk of recurrence.  

Tamoxifen (plus or minus the use of a GnRH analogue) is recommended as adjuvant 

treatment for premenopausal women [83], with aromatase inhibitors recommended in 

postmenopausal women [84]. Aromatase inhibitors block extraovarian oestrogen 
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production, and reduce circulating oestrogen by 98% in postmenopausal women. They are 

contraindicated in perimenopausal and premenopausal women with endogenous oestrogen 

production, as oestrogen blockage may increase FSH leading to a paradoxical rise in ovarian 

steroid production. Chemotherapy induced amenorrhoea does not predict postmenopausal 

status as up to 32% of women ≥ 40 years may recover ovarian function [85, 86]. There is 

therefore a need for more sensitive markers of ovarian function that could more accurately 

predict likelihood of ovarian recovery in these patients [24].    

 

5.2 Candidate biomarkers: 

There are a number of candidate biomarkers of ovarian function including FSH, inhibin B, 

AMH, and transvaginal ultrasound to assess antral follicle count (AFC, the total number of 

antral follicles [2-10mm] on both ovaries via transvaginal ultrasound on day 2-4 of the 

cycle), and ovarian volume. During gonadotoxic treatment, follicle depletion results in acute 

falls in circulating AMH and inhibin B, AFC and ovarian volume, and an acute rise in FSH [37, 

39] (figure 3). Recovery of these markers after cessation of therapy reflects reinitiation of 

follicle growth [39]. Thus, they are all in fact biomarkers of growing follicles (the “functional” 

ovarian reserve) [87], and only indirectly reflect the size of the primordial follicle pool (the 

“true” ovarian reserve).  

 Each of these markers has variable utility. Elevated FSH and reduced inhibin B are 

correlated with low ovarian reserve [88];however normal levels may also be seen, and there 

may be significant variability in levels between and within menstrual cycles [3]. Ovarian 

volume increases from birth, is maximal after puberty, and declines with age until the 

menopause [89]. There is a strong positive correlation between ovarian volume and ovarian 
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reserve [90] which has enabled development of predictive models of follicle density (the 

number of non- growing follicles per cubic millimetre of ovarian cortex) for healthy adult 

women [91]. There are significant correlations between ovarian volume, AFC, high 

gonadotrophins and amenorrhea due to gonadotoxic therapy [39, 78, 92].  Ultrasound 

measures however show significant intra and inter-operator variability [93].   

AMH is currently the most robust marker of ovarian reserve in females over 25 years [80, 

93, 94, 95]. AMH levels are more discriminatory than FSH, inhibin B, AFC and ovarian volume 

[24, 36, 37, 88, 93, 96]. They show little clinically significant fluctuation with menstrual 

cycles, or time of day [97, 98, 99], although there remains an issue with assay 

standardisation, despite new automated assays becoming available [93].  For any given age 

levels vary substantially between individuals [20, 21]. Both AMH and antral follicle count are 

reduced by use of hormonal contraception and GnRH [37, 100]. AMH levels can also vary 

with ethnicity and comorbidities (for example, being elevated in polycystic ovary syndrome, 

and reduced in women with lymphoma and in BRCA1 carriers) [93, 101, 102, 103].  

AMH levels predict time to menopause in older healthy women [104]. This may  distinguish 

women who are at risk of POI but still have a reasonable follicle pool [105]. Predictive value 

is less accurate in younger women, with rate of decline of AMH being potentially a more 

significant factor in the latter group [96]. There are limited data to show an association 

between AMH and fecundity, conception or live birth [8],[80, 94],[106].    AMH is often 

measured prior to IVF, as low levels predict a poor oocyte yield in response to ovarian 

stimulation [103, 107, 108] .   

AMH is an accurate marker of ovarian reserve after gonadotoxic treatment. AMH levels 

remain low to undetectable at completion of treatment, or show recovery depending on 
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age and the drugs used [24, 39, 78, 109, 110, 111]. In studies using less sensitive assays, low 

AMH was associated with amenorrhoea, however AMH was undetectable in some women 

with ongoing menses [78, 111]. Highly sensitive and automated assays are now available 

which provide a more accurate assessment of ovarian function, and potential for recovery 

post chemotherapy.  Undetectable AMH on ultrasensitive assay at completion of 

chemotherapy (where the limit of detection of AMH was 0.07 pmol/l [0.010 ng/ml]), 

predicted POI at 24 months with good sensitivity and specificity (0.91 and 0.82 respectively) 

[24]. Women with detectable AMH at 2 years post treatment, were likely to have ongoing 

menses for at least 3 years, while those with an undetectable AMH at 2 years were 

considered to have no remaining ovarian reserve [88]. Additionally, improved assay 

sensitivity can allow detection of ovarian function after ovarian tissue reimplantation, and 

correlates with the resumption of ovulation in such patients [112]. 

There are limited data on the interpretation of AMH in girls and adolescents. Healthy 

children with low AMH still progress through normal puberty, although fertility data are 

lacking [21].  Small prospective studies have demonstrated a similar rapid decline in AMH 

with gonadotoxic treatment in children and adolescents as seen in adults [113, 114].   

Recovery of AMH was less likely in those having high risk treatment [114]. Low AMH was 

associated with absent pubertal development and menses in survivors [115], indicating that 

it is likely to be of value in early detection of those young girls who will not go through 

puberty naturally, allowing timely initiation of treatment. 

6.0 Pretreatment predictors and factors determining recovery of ovarian function: 

It would be very useful to predict the impact of cancer treatment on ovarian function prior 

to commencement. The pattern of ovarian recovery varies significantly according to a 
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number of intrinsic and extrinsic factors, most importantly age and chemotherapy regimen.  

Development of personalised ovarian function scores, using a combination of multiple 

intrinsic and extrinsic factors, may provide more precise estimates of ovarian function and 

allow women to make informed decisions about the nature of their cancer treatment, and 

fertility care [36, 116, 117, 118].    

6.1 Intrinsic Factors determining recovery of ovarian function 

 

1. Advanced reproductive age: Age is the most important factor determining 

prevalence and duration of chemotherapy induced amenorrhoea, and recovery of ovarian 

reserve markers [46, 58, 117]. In breast cancer patients, around 70% of women under 40 

years of age experience amenorrhoea, however prevalence and recovery of amenorrhoea is 

age dependent [46, 117, 119].  A two-year follow-up study of patients treated with 

anthracycline-based chemotherapy, demonstrated that 8.7% of the patients < 40 years were 

still amenorrhoeic, compared to 85.6% of patients ≥ 40 years [HR 12.26 (95% CI 5.21–28.86)] 

[46].  Ruddy et al. found that for every 1 year increase in age, there was an 18 % increase in 

the odds of developing chemotherapy related amenorrhoea at 18 months [120].   

2. Underlying ovarian reserve: Many studies assessing predictive value of ovarian 

reserve markers are reported on early breast cancer survivors so generalisability to other 

conditions is unclear. Several studies have demonstrated that pretreatment AMH is a good 

predictor of return of menses from 1-5 years post treatment [24, 36, 39, 78, 117, 118, 120, 

121] . Anderson et al. reported a 98.2% sensitivity, and 80.0% specificity for recovery of 

menses using a classification mosaic (figure 4) based on pretreatment age (greater than or 

less than 38.6 years) and AMH (below 3.8 pmol/L predicted amenorrhoea, above 20.3 

pmol/L predicted ongoing menses) [36]. D’Avila et al. suggested that patients aged over 32 
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years have counselling for fertility preservation prior to chemotherapy when pretreatment 

AMH levels are <3.32ng/mL (23.7pmol/L) [117]. Similar relationships between FSH, inhibin 

and ovarian recovery are not consistently seen [36, 118, 122]. A baseline AFC <8 or 9 was 

predictive of amenorrhoea post therapy [78, 117] while AFC >19 predicted ovarian function 

post therapy  [78]. 

3. Other protective factors: larger body size, caucasian ethnicity, and genetic 

polymorphisms may protect ovarian function, although results are inconsistent [2, 86, 118].  

 

6.2 Extrinsic factors influencing ovarian function recovery 

1. Smoking: In a study of premenopausal breast cancer patients, smoking was 

associated with lower estrogen levels, smaller ovaries, a lower AFC and amenorrhoea two 

years after chemotherapy compared to non-smoking [92]. Nonsmokers were 13 times more 

likely to recover menses. 

2. High versus low risk gonadotoxic treatment: ovarian recovery varies significantly 

according to protocol [123]. Women who do not receive alkylating treatment have 

significantly faster recovery of AMH levels (even within 6 months of treatment cessation) 

and have higher AMH, inhibin, estradiol levels, and a higher AFC in survivorship compared to 

those who receive alkylating treatment [36, 38, 39, 111]. This may be due to the direct 

impact of alkylators on the primordial follicle pool, which is less likely in non-alkylators. 

Similar results have been seen in childhood and adolescent cancer survivors with those 

having low risk treatment demonstrating  recovery of AMH by around 6 months as opposed 

to little or no recovery in those receiving high risk treatments (according to agent, dose, and 

ovarian radiation exposure) [114].  
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Figure 4. Prognostic mosaic chart using age and AMH to predict menses (M) or amenorrhoea (A) at 2–5 years post-treatment in 

women with early breast cancer (reproduced with permission from Anderson RA, et al. Eur J Cancer 2013; 49: 3404–3411) [36]. 

 

7.0 Expert commentary 

The ovary is a very dynamic organ whose growing follicles are very sensitive to 

chemotherapy.  Post-treatment function is however largely based on the survival of 

primordial follicles, which are impossible to quantify at present, and the best currently 

available biomarkers reflect activity of growing follicles some distance in time from their 

non-growing state.  Non-invasive assessment of the ovarian reserve is thus the ultimate goal 

in this field. Clinical assessment at present does not allow accurate prediction of ongoing 

ovarian function (i.e. time to menopause), nor can it predict the ability to conceive. Another 

key gap in clinical management is that ovarian reserve testing cannot provide patients with 

individualised pretreatment assessment of infertility risk. Large cohort studies are available 
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in childhood cancer survivors regarding fertility risk with analysis of specific drug classes and 

doses, as well as the impact of radiotherapy, but these are lacking in adult patients in whom 

largely short term outcomes having been reported (such as menses and using biomarkers). 

Thus patients are unable to make fully informed individualised risk-benefit decisions 

regarding their future fertility. To address this, long term follow-up studies in adults 

focussing on fertility as the key outcome (in addition to age at menopause/POI) are 

required. At all ages the distinctions between ovarian activity, fertility, and the desire and 

ability to achieve a pregnancy are important, and studies assessing later fertility have not 

distinguished between women unable to have a pregnancy and those who did not wish to 

become pregnant.  This is particularly important in intervention studies such as those 

investigating ovarian protection strategies.   

 

The last two decades have however seen very substantial increases in our understanding of 

the effects of cancer therapies on the ovary, albeit using endocrine rather than fertility 

outcomes.  There are several approaches to ovarian protection in development, mostly 

preclinical at present, which offer potential.  The possibility of constructing artificial ovaries 

has potential both for research and treatment: the complex pattern of follicle development 

and its long duration complicate in vitro replication, as well as the difficulties of using 

human tissue in such research. Rodent models have limitations in replicating human 

outcomes, and the ovaries of large animals such as sheep and cows are used disappointingly 

infrequently although are much closer to the human in structure and function. The long 

initial period of gonadotropin-independant folliculogenesis from initiation of follicle growth 

is also poorly understood, yet these follicles with their high proliferative activity are very 

sensitive to chemotherapy, and their number and activity is increasingly recognised to be of 
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critical importance in the maintenance of primordial follicle growth arrest and its regulated 

activation. 

 

The relatively quiescent nature of gonadal activity before puberty and the recognition that 

ovarian function continues to develop for many years after puberty are a barrier to the 

development of accurate tests and biomarkers for girls and adolescents.  Although AMH is 

detectable in girls of all ages, its interpretation as a marker of ovarian reserve in children, 

adolescents and young women is very unclear and currently there are no evidence-based 

tests available for clinical use. This means that the management of hypogonadism in young 

people is generally instigated when there are clinical manifestations of ovarian dysfunction 

such as delayed growth and puberty, oligomenorrhoea or POI: the validation of AMH or 

other biomarkers in this context would be of considerable clinical value.  

 

The analysis of ovarian function during and after cancer treatment is a burgeoning and 

rapidly advancing area of research, and as our knowledge of follicular development 

expands, our ability to counsel and manage patients with greater precision will improve.  

 

8.0 Five-year view 

Precision medicine will allow more accurate clinical prediction of ovarian failure, based on 

algorithms which combine a range of biomarkers and clinical factors to provide a 

personalised risk score. Ovarian function scores for premenopausal breast cancer patients 

have been reported in small studies, using various combinations of age, FSH, estradiol, 

AMH, BMI, and AFC [36, 116, 117, 118]. Combined analysis of these (and perhaps other) 

markers will improve the accuracy of prediction of return of ovarian function and prediction 
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of remaining reproductive lifespan, but they are as yet inadequately validated for clinical 

use.  These can be developed for prepubertal girls as well as for adult women.  The 

development of a non-invasive method for assessment of the size of the ovarian reserve 

remains a fundamental need to allow more accurate assessment of ovarian function and the 

impact of gonadotoxic therapy.  There also remains no method of predicting female fertility, 

in the absence of POI.  At present, a woman’s age is the only indicator we have of oocyte 

quality, which becomes the limiting factor in older women.  This is a pressing need for 

reproductive medicine in general, particularly with the ongoing increase of the age at which 

women are having children, as they negotiate the competing demands of parenthood with 

education and financial stability [124, 125].  These factors may have even  greater impact for 

women after cancer treatment.   

 

Key issues 

• Significant improvements in cancer survival mean that ovarian function and fertility 

are important survivorship considerations.  

• Assessing post-treatment ovarian function is important for young survivors. 

• This may allow counselling regarding reproductive lifespan, and detection and timely 

treatment of POI. 

• Prediction of post-treatment ovarian function before treatment starts may inform 

decisions regarding fertility preservation. 

• The interaction of age and ovarian reserve markers is insufficiently understood at 

present. 
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• Ultrasensitive AMH assays are a good marker of ovarian reserve in adults but do not 

predict short-term fertility.  

• Emerging fertoprotective therapies require ongoing evaluation to assess their impact 

on fertility and cancer treatment.  
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Figure Legends 

Figure 1. 

Normative model for the non-growing follicle (NGF) population. The best model for the 

establishment of the NGF population after conception, and the subsequent decline until age 

at menopause. The figure shows the dataset (n = 325), the model, the 95% prediction limits 

of the model, and the 95% confidence interval for the model. The horizontal axis denotes 

age in months up to birth at age zero, and age in years from birth to 51 years. Reprinted 

with permission from Wallace WH and Kelsey TW. PLoS One 2010; 5: e8772. [10]. 

Figure 2.   

Representation of the effects of gonadotoxic treatment on the ovary.  The number of 

primordial and early growing follicles in a healthy ovary is reduced by some chemotherapy 

regimens, with additional effects on the ovarian vasculature and stroma. If a sufficient 

population of primordial and thus early growing follicles remains, development of 

preovulatory follicles will continue allowing the potential for post-treatment fertility.  

Otherwise, complete depletion results in POI, infertility and estrogen deficiency. Ongoing 

post-treatment ovarian function may develop into POI, depending on the remaining ovarian 

reserve. 

Figure 3. 

Schematic of the effect of gonadotoxic cancer treatment on ovarian function.  The 3 lines 

represent women with high, average and low ovarian reserve (as e.g. reflected in AMH 

concentrations). Treatment results in a rapid fall in all women. Those with low ovarian 

reserve (red line) are more likely to develop POI during treatment, and for that to persist 

thereafter. Conversely, those with higher ovarian reserve will show a variable recovery, 

some going on to develop early POI (blue line) with others, at the highest level of ovarian 

reserve (green line) showing more prolonged ovarian activity, with later the normal age-

related decline. 

Figure 4.  
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Prognostic mosaic chart using age and AMH to predict menses (M) or amenorrhoea (A) at 2-

5 years post-treatment in women with early breast cancer (reproduced with permission 

from Anderson RA, et al. Eur J Cancer 2013; 49: 3404-3411)[36]. 
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