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Cancer treatments can be damaging to the ovary, with implications for future fertility and reproductive lifespan. There is therefore a need for a biomarker than can usefully provide an assessment of the ovary and its potential for long-term function after cancer treatment, and ideally also be of value pre-treatment, for the prediction of post-treatment function. In this review we assess the value of anti-Müllerian hormone (AMH) in this context. Measurement of AMH at the time of cancer diagnosis has been shown to be predictive of whether or not there will remain some ovarian function post-treatment in women with breast cancer, in conjunction with age. AMH may however be reduced at the time of diagnosis in some conditions, including lymphoma, but probably not in women with breast cancer unless they are carriers of BRCA1 mutations. Following chemotherapy, AMH is often much reduced compared to pretreatment levels, with recovery dependent on the chemotherapy regimen administered, the woman’s age, and her pretreatment AMH. Recent data show there may be a long duration of relative stability of AMH levels over 10 to 15 years prior to decline rather than a rapid decline for many young women after cancer. Post-treatment AMH may have utility in determining that ovarian function will not recover, contributing to assessment of the need for ovarian suppression in women with hormone-sensitive breast cancer. AMH measurement provides an index of treatment gonadotoxicity, allowing comparison of different treatment regimens, although extrapolation to effects on fertility requires caution, and there are very limited data regarding the use of AMH to estimate time to menopause in the post-cancer setting.
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Introduction

Adolescent and young adult cancer survivors can experience many late effects related to their cancer treatment. With substantial improvements in survival following many common cancers, perhaps most importantly in the present context for women with breast cancer (1), and recognition of the importance of quality of life following treatment, identifying, and treating reproductive and sexual health late effects has become increasingly important for these young women. While not all cancer treatments adversely impact the ovary, the overall likelihood of a woman having a pregnancy following cancer treatment is reduced by nearly 40% across all diagnoses (2). Cancer survivors express considerable unmet informational needs on individualized risks of adverse sexual and reproductive health outcomes and clinical management options, contributing to lower quality of life and distress (3, 4).

Ovarian function, specifically the development of ovarian follicles and associated reproductive hormones, contributes directly to reproductive and sexual health in this population. Measures of ovarian function for diagnostic and predictive indications may help clinicians and patients understand their current as well as predicted future ovarian function. While conventional indicators of ovarian function, namely cyclical menstruation, gonadotropins, estradiol, and progesterone remain essential for assessing current ovarian function (growth of larger follicles and ovulation), the last 15 years have seen a substantial interest in the potential value of measuring anti-Müllerian hormone (AMH). The objective of this review is to discuss current understanding of the clinical value of measuring AMH in young cancer survivors at cancer diagnosis and post-treatment. Specific questions we address include whether AMH levels at cancer diagnosis and/or post-treatment predict response to ovarian stimulation in the short-term, and fertility or time to menopause in the long-term. We also discuss how AMH levels reflect current ovarian function and help to estimate the gonadotoxicity of cancer treatments.

Other reviews in this collection will address many of the details surrounding the origins of AMH and what is known about its role and value in normal ovarian physiology. For the present context, the key points are that AMH is not produced by primordial follicles, but it is produced by the granulosa cells of growing preantral and small antral follicles. There is a relationship between the number of primordial follicles and the number of growing follicles in the adult human ovary (5), and the limited data available show that AMH levels correlate with the number of primordial follicles (6). Thus, AMH is an indirect marker of the true ovarian reserve, i.e., the number of non-renewable, non-growing primordial follicles. Importantly, AMH production by granulosa cells falls dramatically when follicles reach a diameter of approximately 10 mm, and it is estimated that follicles of 5 to 8 mm diameter contributes the majority of circulating AMH (7). These follicles will have been in the growth phase for a significant period of time, probably many weeks, and are approaching a key timepoint when they may or may not be selected for dominance and ovulation, with the great majority, as at all stages of follicle growth, destined for atresia. Thus, AMH may be regarded as a reflection of what can be termed the functional ovarian reserve, which is those follicles which are starting to produce estrogen and in contributing to basal, early follicular, estrogen production, and underpinning the potential for ovulation. This is, of course, the basis for the value of AMH-based treatment strategies in assisted reproduction, as an index of follicular response to ovarian stimulation.

A further important attribute of AMH is that is it detectable in the circulation in childhood as well as in adults, though with complex age-dependent changes (8, 9). Specifically, after a temporary neonatal peak, AMH levels are initially low in childhood, rising to a plateau after puberty until the mid 20s, then progressively decline thereafter to undetectable levels associated with the menopause. It is important to recognize that these physiological changes in AMH levels may result in a peri-pubertal decline and then rise in adolescent girls, which complicates interpretation during puberty and the years thereafter. While the relationship between AMH and the ovarian reserve thus changes between childhood, adolescence and early adulthood, and the main reproductive years (10), the measurement of AMH allows some assessment of ovarian function in prepubertal girls as well as young adults.



Measuring AMH Before Cancer Treatment

The measurement of AMH at the time of diagnosis in women with cancer has two important clinical uses. Typically measured in clinics, most immediately, it is of value in assessing the functional ovarian reserve in women considering ovarian stimulation for fertility for egg or embryo vitrification for fertility preservation, and therefore the question is whether it has the same predictive value as in the normal situation in women having assisted reproduction. Second, in conjunction with age and cancer treatment, it may be of value in predicting long-term ovarian function after cancer treatment is completed.


AMH and Ovarian Stimulation for Fertility Preservation Before Cancer Treatment

Data showing that AMH levels are reduced in women with lymphoma at the time of diagnosis compared to age match controls (11, 12). This may reflect the systemic inflammatory nature of lymphoma compared to other cancers, as AMH levels do not appear to be reduced in women with breast cancer (13, 14). Higher AMH predicts higher oocyte yield in ovarian stimulation of cancer patients (15). Overall, the results of ovarian stimulation with regard to number of oocytes retrieved and proportion fertilized are similar in women with cancer to women without cancer (16). There is, however, evidence of reduced oocyte quality compared to women cryopreserving oocytes for elective purposes (17), which is not reflected by AMH.



AMH in Women With BRCA Mutations

A special situation in the context of breast cancer is the potential impact of mutations in the BRCA1 and BRCA2 genes on ovarian function. These genes encode proteins involved in the DNA damage repair pathway, which is of key importance in the oocyte (18), and there is good evidence from animal models that BRCA1 in particular is necessary for normal fertility and ovarian lifespan (19). That study also suggested that women with BRCA1 mutations also had lower AMH levels, and a reduced response to ovarian stimulation, and BRCA1/2 carriage has been linked with an earlier age at natural menopause (20). It appears that women with BRCA1 mutations, but probably not those with BRCA2 mutations, do have a lower AMH level overall; it was found to be 25% lower in a study including 172 BRCA1 mutation carriers (21), who were also more likely to have AMH levels in the lowest quartile (odds ratio 1.84, 95% CI: 1.11–303). Comparably, a reduced response to ovarian stimulation has also been reported in a cohort of BRCA1 mutation carriers, with no effect in BRCA2 mutation carriers (22). Others have found that AMH levels are not reduced in BRCA mutation carriers (23, 24), but those studies did not separately analyze BRCA1 and BRCA2 carriers.



AMH at Cancer Diagnosis and Prediction of Long-Term Ovarian Function

The value of AMH measurement at the time of diagnosis in predicting long term ovarian function has been clearly demonstrated in women with breast cancer, with limited data for women with other diagnoses. Studies require a long-term prospective cohort recruited at the time of diagnosis, and are therefore relatively few in number. In women with breast cancer, pretreatment AMH predicts long term ovarian function measured as ongoing menses or not. In the first such analysis AMH was shown to have a better predictive value than age (25, 26), although the latter is also, of course, an important predictive factor. In a second similar prospective cohort, it was shown that pretreatment AMH below the median value for the group, 0.46 ng/ml, accurately predicted amenorrhea in all women at 2 years following diagnosis (27). Combining these two cohorts allowed production of a mosaic chart showing the interaction between age and AMH and pretreatment AMH in predicting whether or not the woman was likely to have long term amenorrhea at—2 to 5 years after diagnosis (Figure 1). Subsequently larger cohorts followed prospectively from diagnosis within breast cancer treatment trials (28) and specifically recruited have produced confirmatory data (29–31). In survivors of cancers other than breast cancer, it has been shown that pretreatment AMH impacts on the rate of recovery of AMH after chemotherapy, with higher pretreatment AMH associated with more rapid recovery (32). Importantly, the menstrual and AMH outcomes of these studies are limited in part by heterogeneity of definition on duration and timing after treatment, but indicate ovarian function and estrogen production, important to sexual and bone health. To date, however, no studies have investigated how pre-treatment AMH levels are related to post-treatment fertility or time to menopause in women with preserved ovarian function after cancer treatment.




Figure 1 | Classification mosaic chart for ongoing menses (M) or chemotherapy-related amenorrhea (A) at 2 to 5 years after diagnosis using serum AMH and chronological age at cancer diagnosis as predictor variables. The primary cutoff values are both for AMH, with below 3.8 pmol/L predicting amenorrhea and above 20.3 pmol/L predicting ongoing menses. Between these AMH levels there is an age threshold at 38.6 years, above which amenorrhea is predicted and below which ongoing menses are predicted. The classification schema has sensitivity 98·.2% (1 of 55 subjects known to have developed amenorrhea misclassified as having ongoing menses) and specificity 80.0% (4 of 20 subjects with known ongoing menses misclassified as amenorrhoeic). After 10-fold cross-validation this schema represents the optimal compromise between good fit to the data used to construct it, and low estimated error when used as a predictive model. Reprinted from (27) with permission.






Measuring AMH After Cancer Treatment


AMH Is a Measure of Current Ovarian Function in Post-Treatment Cancer Survivors

It is recognized that recovery of ovarian function after chemotherapy (as reflected in resumption of menses) varies by age and by diagnosis/treatment (33, 34). Younger women show a more rapid recovery, as do those treated for lymphoma compared to breast cancer, and recovery can take 2 years, or occasionally longer. AMH levels show this recovery. When modeling AMH in cancer survivors, levels are initially low immediately post-treatment then rise to peak between 2 and 3 years later (35). Prospective studies in women with breast cancer (median age 41), as discussed above, show both a marked fall versus pretreatment levels and minimal recovery of AMH levels over several years thereafter (25), while a comparable study in younger women with lymphoma (mean age 24) showed a clear divergence of the pattern of AMH levels by different chemotherapy regimens, with robust recovery of AMH levels in women treated with ABVD versus very limited recovery in women treated with high doses of alkylating agents (36).

With AMH levels drawn post-treatment as a reflection of current ovarian function in those patients, age, AMH at the end of treatment, and BMI are factors associated with the rate and extent of recovery in AMH following treatment. In addition to younger age, having a higher AMH at the end of treatment is associated with greater and faster recovery (32), and higher BMI may also be related to shorter time to recovery (31).

Following recovery after cancer treatment, AMH will again decline as it does in all women. Although this is a challenging aspect of the subject to study, whether the rate of decline is affected by prior chemotherapy has been investigated. In an analysis of the rate of decline of AMH in 170 cancer survivors aged 15 to 39 years over a 2-year period, the rate of decline in AMH was similar to that in similarly aged controls, albeit at lower levels overall, and in both younger groups was much slower than in older women, aged 40 to 50 years (37). A second study reported the slope of change in AMH over approximately 3 years in long-term childhood cancer survivors (median of 16 years since cancer treatment) was similar to women without cancer (38). Taken together, although AMH levels will on average be lower in a cancer survivor than a woman without cancer, there may be a long duration of relative stability with a plateau over 10 to 15 years prior to decline rather than a rapid decline for many young women who are cancer survivors (35). This is very reassuring for such patients, although additional detail is needed to confirm that this applies across the range of AMH levels.



The Relationship Between Cancer Treatment and Ovarian Function is Reflected by AMH, and Is Modified by Age

In a recent analysis of recovery of ovarian function following treatment for Hodgkin lymphoma, it was confirmed that women treated with ABVD overall showed a complete recovery of AMH levels, in contrast to those treated with BEACOPP (Figure 2) (39). However, within the ABVD treated group recovery of AMH levels was markedly reduced to approximately 35% of pretreatment values in women aged over 35, whereas it was complete in younger women. This was not related to pretreatment AMH levels, thus young women with a low AMH at diagnosis showed a good recovery whereas older women with a higher AMH did not, thus the effects of age may be indicative of other aspects of ovarian aging, perhaps affecting the stroma or vasculature, and their damage by chemotherapy (40). The effect of age on recovery of ovarian function was also demonstrated in FSH levels, which were slower to return to normal in women aged over 35 than in younger women (39). This differential relationship between chemotherapy and post-treatment AMH levels by age in women with Hodgkin lymphoma is in contrast to data in women with breast cancer, where no effect modification has been observed. Potential explanations include the overall older age of the breast cancer population, with the majority in their late 30s and early 40s in most studies, or it may reflect the gonadotoxicity of chemotherapy with overall much less recovery of AMH in women treated with breast cancer chemotherapy regimens.




Figure 2 | AMH concentrations at pre-chemotherapy, after two cycles of ABVD, at end of treatment and at 1, 2, and 3 years after chemotherapy. Blue: women treated with ABVD throughout; red, women treated with BEACOPP after two cycles of ABVD. Boxes are median and IQR, whiskers indicate range. AMH is plotted on a log10 scale to show the low concentrations during and after BEACOPP more clearly. Numbers of subjects at each time point indicated below. Reprinted from (39) with permission.



Indeed, age modified the relationship between gonadotoxicity and post-treatment AMH trajectories in a large cancer survivor cohort (35). The trajectory for high gonadotoxicity (high dose alkylators, pelvic radiation, transplant) had a noticeably steeper decline after its initial rise in the first 2 to 3 years since cancer treatment, compared to the trajectories of the moderate and low gonadotoxicity groups which showed a prolonged plateau. In the same cohort, survivors who were older than age 30 at diagnosis exhibited consistently lower AMH trajectories compared to those younger than 25 years and those between ages 25 and 30 years. A test of interaction between age at treatment and gonadotoxicity was statistically significant, and data suggested that the protective effects of younger age on ovarian reserve when exposed to high gonadotoxicity treatments becomes diminished in the latter 20s.

Importantly, in the present context, recovery of AMH after chemotherapy does not reflect an increase in the ovarian reserve, but a recovery in the population of growing (AMH-producing) follicles in the functional ovarian reserve. Similarly AMH levels are reduced in healthy women taking hormonal contraception (41), and are also reduced in women with some cancer diagnoses, before treatment as discussed above.



Acute and Long-Term AMH Levels as Measures of Cancer Treatment Gonadotoxicity

Many cross-sectional studies clearly show that treatment type is related to AMH levels, both acutely and over the long-term. The first such study to show this was in young women who had been treated for childhood cancer, but who still had regular menstrual cycles thus overtly had normal ovarian function (42). These women were shown to have reduced AMH levels compared to age match controls and this key finding of the added value of AMH in assessment of post-treatment ovarian reserve has subsequently been replicated in a large number of studies across a range of diagnoses. Subsequent studies showed that AMH was markedly low following treatment for breast cancer (43, 44), following alkylating agent therapy and treatments associated with bone marrow transplantation (45), in women treated for Hodgkin lymphoma in childhood where a relationship with dose of alkylating agent was identified (46), and across a range of diagnoses in childhood and young adult cancer survivors (47–50), confirming relationships with dose of alkylating agent and pelvic radiotherapy. The limitation of cross-sectional studies is that they shed little light on the pattern of change of ovarian function post treatment.

More limited prospective data are available. In a pediatric cohort of 22 girls with a range of diagnoses and aged 0.3 to 14 years, AMH fell progressively with each course of chemotherapy becoming undetectable in approximately half the group (51). The key finding was that initial fall of AMH levels and recovery varied by treatment regimen, with those treated with regimens assessed as having low/moderate gonadotoxicity showing recovery to pretreatment AMH levels, whereas those treated with high risk regimens (containing high doses of alkylating agents, or with pelvic radiotherapy) showed lower levels at the end of treatment and minimal or no recovery. Inhibin B and FSH were of no value in discriminating these treatment effects. This may allow improved assessment of girls at pre- and peri-pubertal ages, and support timely treatment for induction of puberty where there is clear and early evidence of absent ovarian function.

Variation in AMH levels by treatment also suggest that AMH may serve as a biomarker of gonadotoxicity. Acutely, between cancer diagnosis and end of treatment, AMH levels fell more in those exposed to alkylating chemotherapy exposure, compared to those not exposed to alkylators (32). Longitudinally, the rate of recovery in AMH did not vary by alkylator exposure, but this could be limited by sample size. Recently, using a hybrid cross-sectional and prospective cohort design, the post-treatment trajectory of AMH was modeled based on data from 763 patients with common cancers (Figure 3) (35). The magnitude of AMH recovery and duration of plateau was less for those whom underwent highly gonadotoxic therapies, compared to low or moderate gonadotoxic treatment groups. This study also used AMH measurements in dried blood spots collected at home: this technique may be of value to pursue large-scale clinically important questions.




Figure 3 | AMH trajectories in 718 post-treatment AYA cancer survivors ages 25 to 40 years at AMH measurement. Data are divided into three gonadotoxicity groups, predicted mean log-transformed AMH trajectories over years since cancer treatment (bold lines with green for low, blue for moderate, red for high gonadotoxicity). Mean curves are truncated when the number of individual participants remaining in the group is fewer than 10. Individual log-transformed AMH levels (+) and predicted trajectories (short lines related to +) also are depicted in the same colour as their gonadotoxicity group. This figure is original and based on data from (35).





Post-Treatment AMH and Diagnosing Ovarian Insufficiency

The accurate diagnosis of permanent ovarian insufficiency is of considerable value in patients treated for cancer beyond fertility considerations. Ovarian function is also of importance in hormone dependent breast cancer as it may impact on choice of endocrine therapy. The use of aromatase inhibitors is now established to improve survival in post-menopausal women with breast cancer (52), but these drugs require concurrent ovarian suppression with GnRH agonists in pre-menopausal women. Uncertainty in identifying which women have become truly post-menopausal following treatment when they were pre-menopausal beforehand results in reluctance to stop GnRH agonist ovarian suppression even when in reality in an individual patient it may not be required. In the context of the normal menopause, initial studies showed that AMH became undetectable several years before the menopause, and therefore the assays available at that time were clearly insufficiently sensitive to have confidence in the use of AMH as an accurate diagnosis of POI following chemotherapy. However, currently available assays, both automated (Roche and Beckman Coulter) and the manual PICO assay (Ansh laboratories), have markedly improved sensitivity, and data on the relationship between AMH and natural menopause are becoming clearer (53), although age remains an important determinant of the accuracy of prediction. In a re-analysis of 98 blood samples taken 2 years after breast cancer treatment using the PICO assay, undetectable AMH was an extremely good predictor that ovarian function would not recover over the following few years, with 96% specificity (54). Subsequently the value of an undetectable AMH level, using the Roche automated assay, was shown to be an accurate diagnostic test for POI at 2 years following diagnosis with 100% sensitivity and 73% specificity (55), thus it appears that after allowing 2 years for any potential recovery of ovarian function, an undetectable AMH level is indeed an accurate index that recovery of ovarian function is very unlikely. While these data are exciting, it is important to note that substantial inter-assay differences remain with regard to AMH assays (56), which may be of particular importance at the lower limit of detection, and thus, the generalizability of cut points is assay-dependent. It is also the case that a proportion of women, perhaps as high as 10% in a young population (57), may have episodes of vaginal bleeding after more than 2 years of post-cancer amenorrhea, possibly reflecting transient ovarian activity.

AMH levels have been shown to be not influenced by tamoxifen co-administration, but they are suppressed by GnRH agonist administration over a period of several months (25), thus that needs to be taken into account in analyzing AMH levels in that context. Given the high predictive value of an undetectable AMH level at 2 years, the question is therefore how early after chemotherapy can AMH be used to accurately identify permanent POI. In that same analysis of women with breast cancer, AMH analysis at the end of chemotherapy was also analyzed (55). Overall, in a group of 68 women, an undetectable AMH at end of chemotherapy had a sensitivity of 78% and specificity of 82% for prediction of POI at 2 years, giving a diagnostic odds ratio of 10.9. This surpassed the value of FSH, which while it had a very high sensitivity (inevitable given that it is part of the diagnosis of POI), the specificity was low, and the diagnostic odds ratio was only 5.5. However, in a sub-group analysis of women aged over 40, the accuracy of AMH at end of treatment was improved with a sensitivity of 91% and specificity 82%, giving a high diagnostic odds ratio of 42.8. It may therefore be that using these high sensitivity assays that an AMH assessment on completion of chemotherapy can accurately identify those women who will not show any recovery of ovarian function following chemotherapy, and this may be of value in determining the most appropriate adjuvant endocrine treatment, but this may be limited to women in their forties. More conservatively, breast cancer survivors who are amenorrhoeic without GnRH agonist suppression for 2 years after chemotherapy and have an undetectable AMH level may be candidates for aromatase inhibitor endocrine therapy without concurrent GnRH agonist, but subsequent vaginal bleeding would require reassessment of ovarian function. This requires prospective evaluation.




Conclusion

The above discussion clearly shows the value of pre- and post-treatment AMH in female cancer survivors for predicting post-treatment ovarian function, serving as a biomarker of treatment gonadotoxicity, and in the diagnosis of ovarian insufficiency, particularly when a sufficient time for early recovery of ovarian function has been allowed to elapse. Pretreatment analysis of AMH level is of value in predicting long term ovarian function in women with breast cancer but its value in other diagnoses and with other types of chemotherapy regimen, particularly when less gonadotoxic are unclear. The interaction with age in this respect is intriguing, and it is likely to require a greater understanding of these adverse effects of chemotherapy on the different compartments and cell types of the ovary. There are promising data that in certain sub-groups AMH may be of value shortly after completion of chemotherapy and ultimately this may be of value in guiding adjuvant endocrine therapy in some women with breast cancer. Current data suggest that AMH is not of value in predicting short term fertility in women following cancer treatment as shown both by specific analysis (58) and in individual cases within larger analyses (39), as is the case for women in the general population (59, 60). Unfortunately there remains a dearth of data regarding the use of AMH to estimate time to menopause in the post-cancer treatment setting and beyond that into whether AMH can help stage the process of reproductive senescence similar to in the general population (61). Data are lacking on AMH’s relationship to non-reproductive late effects relating to estrogen deficiency such as bone health and potentially cardiovascular and cerebral vascular function. Larger prospective studies with these diverse end points are needed to clarify the key areas where AMH is of value in this context.



Author Contributions

All authors contributed to the article and approved the submitted version.



Funding

The authors work in this field has been supported by MRC grant MR/N022556/1 (to RA) and NIH HD080952 (to HS).



References

1. Early Breast Cancer Trialists’ Collaborative G, Peto, R, Davies, C, Godwin, J, Gray, R, Pan, HC, et al. Comparisons Between Different Polychemotherapy Regimens for Early Breast Cancer: Meta-Analyses of Long-Term Outcome Among 100,000 Women in 123 Randomised Trials. Lancet (2012) 379(9814):432–44. doi: 10.1016/S0140-6736(11)61625-5

2. Anderson, RA, Brewster, DH, Wood, R, Nowell, S, Fischbacher, C, Kelsey, TW, et al. The Impact of Cancer on Subsequent Chance of Pregnancy: a Population-Based Analysis. Hum Reprod (2018) 33(7):1281–90. doi: 10.1093/Humrep/Dey216

3. Benedict, C, Thom, B, Friedman, DN, Pottenger, E, Raghunathan, N, and Kelvin, JF. Fertility Information Needs and Concerns Post-Treatment Contribute to Lowered Quality of Life Among Young Adult Female Cancer Survivors. Supp Care Cancer (2018) 26(7):2209–15. doi: 10.1007/S00520-017-4006-Z

4. Gorman, JR, Su, HI, Roberts, SC, Dominick, SA, and Malcarne, VL. Experiencing Reproductive Concerns as a Female Cancer Survivor Is Associated With Depression. Cancer (2015) 121(6):935–42. doi: 10.1002/Cncr.29133

5. Gougeon, A, Echochard, R, and Thalabard, JC. Age-Related Changes of the Population of Human Ovarian Follicles: Increase in the Disappearance Rate of Non-Growing and Early-Growing Follicles in Aging Women. Biol Reprod (1994) 50(3):653–63. doi: 10.1095/biolreprod50.3.653

6. Hansen, KR, Hodnett, GM, Knowlton, N, and Craig, LB. Correlation of Ovarian Reserve Tests With Histologically Determined Primordial Follicle Number. Fertil Steril (2011) 95:170–5. doi: 10.1016/J.Fertnstert.2010.04.006. Doi: S0015-0282(10)00603-5 [Pii].

7. Jeppesen, JV, Anderson, RA, Kelsey, TW, Christiansen, SL, Kristensen, SG, Jayaprakasan, K, et al. Which Follicles Make the Most Anti-Mullerian Hormone in Humans? Evidence for an Abrupt Decline in AMH Production At the Time of Follicle Selection. Mol Hum Reprod (2013) 19:519–27. doi: 10.1093/Molehr/Gat024

8. Hagen, CP, Aksglaede, L, Sorensen, K, Mouritsen, A, Andersson, AM, Petersen, JH, et al. Individual Serum Levels of Anti-Mullerian Hormone in Healthy Girls Persist Through Childhood and Adolescence: a Longitudinal Cohort Study. Hum Reprod (2012) 27(3):861–6. doi: 10.1093/Humrep/Der435

9. Kelsey, TW, Wright, P, Nelson, SM, Anderson, RA, and Wallace, WH. A Validated Model of Serum Anti-Müllerian Hormone From Conception to Menopause. PloS One (2011) 6(7):E22024. doi: 10.1371/Journal.Pone.0022024PONE-D-11-03998

10. Fleming, R, Kelsey, TW, Anderson, RA, Wallace, WH, and Nelson, SM. Interpreting Human Follicular Recruitment and Antimullerian Hormone Concentrations Throughout Life. Fertil Steril (2012) 98(5):1097–102. doi: 10.1016/J.Fertnstert.2012.07.1114

11. Lawrenz, B, Fehm, T, Von Wolff, M, Soekler, M, Huebner, S, Henes, J, et al. Reduced Pretreatment Ovarian Reserve in Premenopausal Female Patients With Hodgkin Lymphoma or Non-Hodgkin-Lymphoma–Evaluation by Using Antimullerian Hormone and Retrieved Oocytes. Fertil Steril (2012) 98(1):141–4. doi: 10.1016/J.Fertnstert.2012.04.021

12. Lekovich, J, Lobel, ALS, Stewart, JD, Pereira, N, Kligman, I, and Rosenwaks, Z. Female Patients With Lymphoma Demonstrate Diminished Ovarian Reserve Even Before Initiation of Chemotherapy When Compared With Healthy Controls and Patients With Other Malignancies. J Assist Reprod Genet (2016) 33(5):657–62. doi: 10.1007/S10815-016-0689-1

13. Su, HI, Flatt, SW, Natarajan, L, Demichele, A, and Steiner, AZ. Impact of Breast Cancer on Anti-Mullerian Hormone Levels in Young Women. Breast Cancer Res Treat (2013) 137(2):571–7. doi: 10.1007/S10549-012-2361-5

14. Yu, B, Douglas, N, Ferin, MJ, Nakhuda, GS, Crew, K, Lobo, RA, et al. Changes in Markers of Ovarian Reserve and Endocrine Function in Young Women With Breast Cancer Undergoing Adjuvant Chemotherapy. Cancer (2010) 116(9):2099–105. doi: 10.1002/Cncr.25037

15. Filippi, F, Martinelli, F, Paffoni, A, Reschini, M, Raspagliesi, F, and Somigliana, E. Fertility Preservation in Women With Malignancies: the Accuracy of Antral Follicle Count Collected Randomly During the Menstrual Cycle in Predicting the Number of Oocytes Retrieved. J Assist Reprod Genet (2019) 36(3):569–78. doi: 10.1007/S10815-018-1377-0

16. Turan, V, Quinn, MM, Dayioglu, N, Rosen, MP, and Oktay, K. The Impact of Malignancy on Response to Ovarian Stimulation for Fertility Preservation: a Meta-Analysis. Fertil Steril (2018) 110(7):1347–55. doi: 10.1016/J.Fertnstert.2018.08.013

17. Cobo, A, Garcia-Velasco, J, Domingo, J, Pellicer, A, and Remohi, J. Elective and Onco-Fertility Preservation: Factors Related to IVF Outcomes. Hum Reprod (2018) 33(12):2222–31. doi: 10.1093/Humrep/Dey321

18. Turan, V, and Oktay, K. BRCA-Related ATM-Mediated DNA Double-Strand Break Repair and Ovarian Aging. Hum Reprod Update (2020) 26(1):43–57. doi: 10.1093/Humupd/Dmz043

19. Titus, S, Li, F, Stobezki, R, Akula, K, Unsal, E, Jeong, K, et al. Impairment of BRCA1-Related DNA Double-Strand Break Repair Leads to Ovarian Aging in Mice and Humans. Sci Transl Med (2013) 5(172):172ra21. doi: 10.1126/Scitranslmed.3004925

20. Lin, WT, Beattie, M, Chen, LM, Oktay, K, Crawford, SL, and Gold, EB. Et Al. Comparison of Age At Natural Menopause in BRCA1/2 Mutation Carriers With a Non-Clinic-Based Sample of Women in Northern California. Cancer (2013) 119(9):1652–9. doi: 10.1002/Cncr.27952

21. Phillips, KA, Collins, IM, Milne, RL, Mclachlan, SA, Friedlander, M, Hickey, M, et al. Anti-Mullerian Hormone Serum Concentrations of Women With Germline BRCA1 or BRCA2 Mutations. Hum Reprod (2016) 31(5):1126–32. doi: 10.1093/Humrep/Dew044

22. Derks-Smeets, IAP, Van Tilborg, TC, Van Montfoort, A, Smits, L, Torrance, HL, Meijer-Hoogeveen, M, et al. BRCA1 Mutation Carriers Have a Lower Number of Mature Oocytes After Ovarian Stimulation for IVF/PGD. J Assist Reprod Genet (2017) 34(11):1475–82. doi: 10.1007/S10815-017-1014-3

23. Van Tilborg, TC, Derks-Smeets, IA, Bos, AM, Oosterwijk, JC, Van Golde, RJ, De Die-Smulders, CE, et al. Serum AMH Levels in Healthy Women From BRCA1/2 Mutated Families: Are They Reduced? Hum Reprod (2016) 31(11):2651–9. doi: 10.1093/Humrep/Dew242

24. Lambertini, M, Olympios, N, Lequesne, J, Calbrix, C, Fontanilles, M, Loeb, A, et al. Impact of Taxanes, Endocrine Therapy, and Deleterious Germline BRCA Mutations on Anti-Mullerian Hormone Levels in Early Breast Cancer Patients Treated With Anthracycline- and Cyclophosphamide-Based Chemotherapy. Front Oncol (2019) 9:575:575. doi: 10.3389/Fonc.2019.00575

25. Anderson, RA, Themmen, APN, Al Qahtani, A, Groome, NP, and Cameron, DA. The Effects of Chemotherapy and Long-Term Gonadotrophin Suppression on the Ovarian Reserve in Premenopausal Women With Breast Cancer. Hum Reprod (2006) 21(10):2583–92. doi: 10.1093/humrep/del201

26. Anderson, RA, and Cameron, DA. Pretreatment Serum Anti-Mullerian Hormone Predicts Long-Term Ovarian Function and Bone Mass After Chemotherapy for Early Breast Cancer. J Clin Endocrinol Metab (2011) 96(5):1336–43. doi: 10.1210/Jc.2010-2582. Jc.2010-2582 [Pii].

27. Anderson, RA, Rosendahl, M, Kelsey, TW, and Cameron, DA. Pretreatment Anti-Mullerian Hormone Predicts for Loss of Ovarian Function After Chemotherapy for Early Breast Cancer. Eur J Cancer (2013) 49(16):3404–11. doi: 10.1016/J.Ejca.2013.07.014

28. Ruddy, KJ, O’Neill, A, Miller, KD, Schneider, BP, Baker, E, Sparano, JA, et al. Biomarker Prediction of Chemotherapy-Related Amenorrhea in Premenopausal Women With Breast Cancer Participating in E5103. Breast Cancer Res Treat (2014) 144(3):591–7. doi: 10.1007/S10549-014-2891-0

29. Freour, T, Barriere, P, and Masson, D. Anti-Mullerian Hormone Levels and Evolution in Women of Reproductive Age With Breast Cancer Treated With Chemotherapy. Eur J Cancer (2017) 74:1–8. doi: 10.1016/J.Ejca.2016.12.008

30. Dezellus, A, Barriere, P, Campone, M, Lemanski, C, Vanlemmens, L, Mignot, L, et al. Prospective Evaluation of Serum Anti-Mullerian Hormone Dynamics in 250 Women of Reproductive Age Treated With Chemotherapy for Breast Cancer. Eur J Cancer (2017) 79:72–80. doi: 10.1016/J.Ejca.2017.03.035

31. Su, HC, Haunschild, C, Chung, K, Komrokian, S, Boles, S, Sammel, MD, et al. Prechemotherapy Antimullerian Hormone, Age, and Body Size Predict Timing of Return of Ovarian Function in Young Breast Cancer Patients. Cancer (2014) 120(23):3691–8. doi: 10.1002/Cncr.28942

32. Dillon, KE, Sammel, MD, Prewitt, M, Ginsberg, JP, Walker, D, Mersereau, JE, et al. Pretreatment Antimullerian Hormone Levels Determine Rate of Posttherapy Ovarian Reserve Recovery: Acute Changes in Ovarian Reserve During and After Chemotherapy. Fertil Steril (2013) 99(2):477–83. doi: 10.1016/J.Fertnstert.2012.09.039

33. Jacobson, MH, Mertens, AC, Spencer, JB, Manatunga, AK, and Howards, PP. Menses Resumption After Cancer Treatment-Induced Amenorrhea Occurs Early or Not At All. Fertil Steril (2016) 105(3):765–72. doi: 10.1016/J.Fertnstert.2015.11.020

34. Petrek, JA, Naughton, MJ, Case, LD, Paskett, ED, Naftalis, EZ, Singletary, SE, et al. Incidence, Time Course, and Determinants of Menstrual Bleeding After Breast Cancer Treatment: a Prospective Study. J Clin Oncol (2006) 24(7):1045–51. doi: 10.1200/JCO.2005.03.3969

35. Su, HI, Kwan, B, Whitcomb, BW, Shliakhsitsava, K, Dietz, AC, Stark, SS, et al. Modeling Variation in the Reproductive Lifespan of Female Adolescent and Young Adult Cancer Survivors Using AMH. J Clin Endocrinol Metab (2020) 105(8):2740–51. doi: 10.1210/Clinem/Dgaa172

36. Decanter, C, Morschhauser, F, Pigny, P, Lefebvre, C, Gallo, C, and Dewailly, D. Anti-Mullerian Hormone Follow-Up in Young Women Treated by Chemotherapy for Lymphoma: Preliminary Results. Reprod BioMed Online (2010) 20(2):280–5. doi: 10.1016/J.Rbmo.2009.11.010. Doi:S1472-6483(09)00223-5 [Pii].

37. Cameron, K, Sammel, MD, Prewitt, M, and Gracia, C. Differential Rates of Change in Measures of Ovarian Reserve in Young Cancer Survivors Across the Reproductive Lifespan. J Clin Endocrinol Metab (2019) 104(5):1813–22. doi: 10.1210/Jc.2018-02257

38. Van Der Kooi, AL, Van Den Heuvel-Eibrink, MM, Van Noortwijk, A, Neggers, SJ, Pluijm, SM, Van Dulmen-Den Broeder, E, et al. Longitudinal Follow-Up in Female Childhood Cancer Survivors: No Signs of Accelerated Ovarian Function Loss. Hum Reprod (2017) 32(1):193–200. doi: 10.1093/Humrep/Dew278

39. Anderson, RA, Remedios, R, Kirkwood, AA, Patrick, P, Stevens, L, Clifton-Hadley, L, et al. Determinants of Ovarian Function After Response-Adapted Therapy in Patients With Advanced Hodgkin’s Lymphoma (RATHL): a Secondary Analysis of a Randomised Phase 3 Trial. Lancet Oncol (2018) 19(10):1328–37. doi: 10.1016/S1470-2045(18)30500-X

40. Meirow, D, Dor, J, Kaufman, B, Shrim, A, Rabinovici, J, Schiff, E, et al. Cortical Fibrosis and Blood-Vessels Damage in Human Ovaries Exposed to Chemotherapy. Potential Mechanisms of Ovarian Injury. Hum Reprod (2007) 22(6):1626–33. doi: 10.1093/humrep/dem027

41. Bentzen, JG, Forman, JL, Pinborg, A, Lidegaard, O, Larsen, EC, Friis-Hansen, L, et al. Ovarian Reserve Parameters: a Comparison Between Users and Non-Users of Hormonal Contraception. Reprod BioMed Online (2012) 25(6):612–9. doi: 10.1016/J.Rbmo.2012.09.001

42. Bath, LE, Wallace, WH, Shaw, MP, Fitzpatrick, C, and Anderson, RA. Depletion of Ovarian Reserve in Young Women After Treatment for Cancer in Childhood: Detection by Anti-Mullerian Hormone, Inhibin B and Ovarian Ultrasound. Hum Reprod (2003) 18(11):2368–74. doi: 10.1093/humrep/deg473

43. Su, HI, Sammel, MD, Green, J, Velders, L, Stankiewicz, C, Matro, J, et al. Antimullerian Hormone and Inhibin B Are Hormone Measures of Ovarian Function in Late Reproductive-Aged Breast Cancer Survivors. Cancer (2010) 116(3):592–9. doi: 10.1002/Cncr.24746

44. Partridge, AH, Ruddy, KJ, Gelber, S, Schapira, L, Abusief, M, Meyer, M, et al. Ovarian Reserve in Women Who Remain Premenopausal After Chemotherapy for Early Stage Breast Cancer. Fertil Steril (2010) 94(2):638–44. doi: 10.1016/J.Fertnstert.2009.03.045

45. Rosendahl, M, Andersen, CY, Ernst, E, Westergaard, LG, Rasmussen, PE, Loft, A, et al. Ovarian Function After Removal of an Entire Ovary for Cryopreservation of Pieces of Cortex Prior to Gonadotoxic Treatment: a Follow-Up Study. Hum Reprod (2008) 23(11):2475–83. doi: 10.1093/humrep/den248

46. Van Beek, RD, Van Den Heuvel-Eibrink, MM, Laven, JS, De Jong, FH, Themmen, AP, Hakvoort-Cammel, FG, et al. Anti-Mullerian Hormone Is a Sensitive Serum Marker for Gonadal Function in Women Treated for Hodgkin’s Lymphoma During Childhood. J Clin Endocrinol Metab (2007) 92(10):3869–74.

47. Lie Fong, S, Laven, JS, Hakvoort-Cammel, FG, Schipper, I, Visser, JA, Themmen, AP, et al. Assessment of Ovarian Reserve in Adult Childhood Cancer Survivors Using Anti-Mullerian Hormone. Hum Reprod (2009) 24(4):982–90. doi: 10.1093/Humrep/Den487. Den487.

48. Gracia, CR, Sammel, MD, Freeman, E, Prewitt, M, Carlson, C, Ray, A, et al. Impact of Cancer Therapies on Ovarian Reserve. Fertil Steril (2012) 97(1):134–40. doi: 10.1016/J.Fertnstert.2011.10.040. E1.

49. Thomas-Teinturier, C, Allodji, RS, Svetlova, E, Frey, MA, Oberlin, O, Millischer, AE, et al. Ovarian Reserve After Treatment With Alkylating Agents During Childhood. Hum Reprod (2015) 30(6):1437–46. doi: 10.1093/Humrep/Dev060

50. Van Den Berg, MH, Overbeek, A, Lambalk, CB, Kaspers, GJL, Bresters, D, Van Den Heuvel-Eibrink, MM, et al. Long-Term Effects of Childhood Cancer Treatment on Hormonal and Ultrasound Markers of Ovarian Reserve. Hum Reprod (2018) 33(8):1474–88. doi: 10.1093/Humrep/Dey229

51. Brougham, MF, Crofton, PM, Johnson, EJ, Evans, N, Anderson, RA, and Wallace, WH. Anti-Mullerian Hormone Is a Marker of Gonadotoxicity in Pre- and Postpubertal Girls Treated for Cancer: a Prospective Study. J Clin Endocrinol Metab (2012) 97:2059–67. doi: 10.1210/Jc.2011-3180

52. Early Breast Cancer Trialists’ Collaborative, G, Dowsett, M, Forbes, JF, Bradley, R, Ingle, J, Aihara, T, et al. Aromatase Inhibitors Versus Tamoxifen in Early Breast Cancer: Patient-Level Meta-Analysis of the Randomised Trials. Lancet (2015) 386(10001):1341–52. doi: 10.1016/S0140-6736(15)61074-1

53. Finkelstein, JS, Lee, H, Karlamangla, A, Neer, RM, Sluss, PM, Burnett-Bowie, SM, et al. Antimullerian Hormone and Impending Menopause in Late Reproductive Age: the Study of Women’s Health Across the Nation. J Clin Endocrinol Metab (2020) 105(4):E1862–71. doi: 10.1210/Clinem/Dgz283

54. Chai, J, Howie, AF, Cameron, DA, and Anderson, RA. A Highly-Sensitive Anti-Mullerian Hormone Assay Improves Analysis of Ovarian Function Following Chemotherapy for Early Breast Cancer. Eur J Cancer (2014) 50(14):2367–74. doi: 10.1016/J.Ejca.2014.06.011

55. Anderson, RA, Mansi, J, Coleman, RE, Adamson, DJA, and Leonard, RCF. The Utility of Anti-Mullerian Hormone in the Diagnosis and Prediction of Loss of Ovarian Function Following Chemotherapy for Early Breast Cancer. Eur J Cancer (2017) 87:58–64. doi: 10.1016/J.Ejca.2017.10.001

56. Su, HI, Sammel, MD, Homer, MV, Bui, K, Haunschild, C, and Stanczyk, FZ. Comparability of Antimullerian Hormone Levels Among Commercially Available Immunoassays. Fertil Steril (2014) 101(6):1766–72. doi: 10.1016/J.Fertnstert.2014.02.046. E1.

57. Sukumvanich, P, Case, LD, Van Zee, K, Singletary, SE, Paskett, ED, Petrek, JA, et al. Incidence and Time Course of Bleeding After Long-Term Amenorrhea After Breast Cancer Treatment: a Prospective Study. Cancer (2010) 116(13):3102–11. doi: 10.1002/Cncr.25106

58. Hamy, AS, Porcher, R, Eskenazi, S, Cuvier, C, Giacchetti, S, Coussy, F, et al. Anti-Mullerian Hormone in Breast Cancer Patients Treated With Chemotherapy: a Retrospective Evaluation of Subsequent Pregnancies. Reprod BioMed Online (2016) 32(3):299–307. doi: 10.1016/J.Rbmo.2015.12.008

59. Hagen, CP, Vestergaard, S, Juul, A, Skakkebaek, NE, Andersson, AM, Main, KM, et al. Low Concentration of Circulating Antimullerian Hormone Is Not Predictive of Reduced Fecundability in Young Healthy Women: a Prospective Cohort Study. Fertil Steril (2012) 98(6):1602–8. doi: 10.1016/J.Fertnstert.2012.08.008. E2.

60. Steiner, AZ, Pritchard, D, Stanczyk, FZ, Kesner, JS, Meadows, JW, Herring, AH, et al. Association Between Biomarkers of Ovarian Reserve and Infertility Among Older Women of Reproductive Age. JAMA (2017) 318(14):1367–76. doi: 10.1001/Jama.2017.14588

61. Harlow, SD, Gass, M, Hall, JE, Lobo, R, Maki, P, Rebar, RW, et al. Executive Summary of the Stages of Reproductive Aging Workshop + 10: Addressing the Unfinished Agenda of Staging Reproductive Aging. J Clin Endocrinol Metab (2012) 97(4):1159–68. doi: 10.1210/Jc.2011-3362



Conflict of Interest: RA has undertaken consultancy work for Roche Diagnostics.

The remaining author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Anderson and Su. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-11-574263-g003.jpg
Ln(AMH) ng/mL

0 5 10 15 20 25
Years since treatment
~~ Low Gonadotoxicity ~—— High Gonadotoxicity

= Moderate Gonadotoxicity





OEBPS/Images/fendo-11-574263-g002.jpg
AMH (pmol/L)

Al

BEACOPP

100

101
y
0.1 .
0.01
S @ &
() ¢ &'
S S
& <
Q&
Qb
<
B)VD 57 56 56
10 9 8





OEBPS/Images/fendo.2020.574263_cover.jpg
, frontlers
n Endocrinology

The Clinical Value and Interpretation
of Anti-Mullerian Hormone in Women
With Cancer





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Clinical Value and Interpretation of Anti-Müllerian Hormone in Women With Cancer

      

        		

          Introduction

        



        		

          Measuring AMH Before Cancer Treatment

        

          		

            AMH and Ovarian Stimulation for Fertility Preservation Before Cancer Treatment

          



          		

            AMH in Women With BRCA Mutations

          



          		

            AMH at Cancer Diagnosis and Prediction of Long-Term Ovarian Function

          



        



        



        		

          Measuring AMH After Cancer Treatment

        

          		

            AMH Is a Measure of Current Ovarian Function in Post-Treatment Cancer Survivors

          



          		

            The Relationship Between Cancer Treatment and Ovarian Function is Reflected by AMH, and Is Modified by Age

          



          		

            Acute and Long-Term AMH Levels as Measures of Cancer Treatment Gonadotoxicity

          



          		

            Post-Treatment AMH and Diagnosing Ovarian Insufficiency

          



        



        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-11-574263-g001.jpg
30

27 |«38 €203

T T
0 10 20 30 40
'AMH (pmol/L)





