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Abstract
Evolutionary and comparative approaches can yield novel insights into human adap-
tation and disease. Endometriosis and polycystic ovary syndrome (PCOS) each affect 
up to 10% of women and significantly reduce the health, fertility, and quality of life of 
those affected. PCOS and endometriosis have yet to be considered as related to one 
another, although both conditions involve alterations to prenatal testosterone levels 
and atypical functioning of the hypothalamic– pituitary– gonadal (HPG) axis. Here, we 
propose and evaluate the novel hypothesis that endometriosis and PCOS represent 
extreme and diametric (opposite) outcomes of variation in HPG axis development 
and activity, with endometriosis mediated in notable part by low prenatal and post-
natal testosterone, while PCOS is mediated by high prenatal testosterone. This dia-
metric disorder hypothesis predicts that, for characteristics shaped by the HPG axis, 
including hormonal profiles, reproductive physiology, life- history traits, and body 
morphology, women with PCOS and women with endometriosis will manifest op-
posite phenotypes. To evaluate these predictions, we review and synthesize exist-
ing evidence from developmental biology, endocrinology, physiology, life history, and 
epidemiology. The hypothesis of diametric phenotypes between endometriosis and 
PCOS is strongly supported across these diverse fields of research. Furthermore, the 
contrasts between endometriosis and PCOS in humans parallel differences among 
nonhuman animals in effects of low versus high prenatal testosterone on female re-
productive traits. These findings suggest that PCOS and endometriosis represent 
maladaptive extremes of both female life- history variation and expression of sexually 
dimorphic female reproductive traits. The diametric disorder hypothesis for endome-
triosis and PCOS provides novel, unifying, proximate, and evolutionary explanations 
for endometriosis risk, synthesizes diverse lines of research concerning the two most 
common female reproductive disorders, and generates future avenues of research 
for improving the quality of life and health of women.
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1  | INTRODUC TION

Evolutionary processes shape human vulnerabilities to disease 
(Nesse & Stearns, 2008). Some pairs of diseases, such as autoimmu-
nity and infection, cancer and neurodegeneration, and autism and 
psychosis, represent opposites to one another (Crespi & Go, 2015). 
Such diseases manifest in pairs because they involve dysfunction 
of the same general biological system, but in diametric directions. 
For example, higher risk of infection involves immune system under- 
activity whereas higher risk of autoimmune disorder involves im-
mune system overactivity (Crespi & Go, 2015). This framework of 
diametric diseases provides key insights into evolutionary and med-
ical questions, as disease pairs and their symptoms can represent 
extreme, maladaptive expressions of adaptations and trade- offs.

Endometriosis and polycystic ovary syndrome (PCOS) both in-
volve altered functioning of the female hypothalamic– pituitary– 
gonadal (HPG) axis, but they have yet to be considered as associated 
with or related to one another. Here, we propose and evaluate the 
novel hypothesis that these two conditions represent a pair of di-
ametric diseases. First, we describe what is known and unknown 
concerning the etiologies of endometriosis and PCOS. Second, we 
review how prenatal testosterone impacts HPG development and 
activity in females, specifying how different levels of prenatal tes-
tosterone should affect the HPG. Third, we describe in detail the 
diametric disorders hypothesis for endometriosis and PCOS risk. 
Fourth, we deduce six predictions from this hypothesis, reviewing 
each prediction through drawing on existing literature from multiple 
fields of study. Finally, we synthesize these diverse lines of evidence, 
evaluating the strength of support for the hypothesis, in addition to 
its implications and limitations.

The etiology of endometriosis, a condition diagnosed when en-
dometrial tissue proliferates beyond the uterine boundaries, is highly 
enigmatic (Bulun et al., 2019; Burney & Giudice, 2012; Giudice & 
Kao, 2004). Women with endometriosis can experience severe pel-
vic pain, especially during menstruation (dysmenorrhea), and heavy 
menstrual bleeding, as well as reduced fertility (Bulun et al., 2019).

Research into the causes of endometriosis largely focuses on ex-
planations for how endometrial cells appear in the peritoneal cavity 
and other bodily sites (Brosens et al., 2015; Sampson, 1927; Sasson 
& Taylor, 2008), identification of predisposing genes and environ-
mental risk factors (García- Peñarrubia et al., 2020; Rahmioglu et al., 
2014), and studies of steroid and immunological pathways that pro-
mote lesion establishment and growth (García- Gómez et al., 2020; 
Marquardt et al., 2019). These approaches help to explain aspects 
of the disorder, but a unifying explanation for why some women are 
particularly vulnerable to endometriosis remains elusive.

Relatively more is known concerning the etiology of PCOS than 
endometriosis. PCOS is diagnosed when women manifest signs of 
hyperandrogenism (high testosterone), irregular or absent ovula-
tion, and polycystic (multi- small follicle) ovaries; other traits, espe-
cially insulin resistance and obesity, frequently co- occur (Rotterdam, 
2004). These diverse symptoms of PCOS emerge following puberty, 
primarily in response to elevated androgenic activity of ovarian 

origin (Rosenfield & Ehrmann, 2016). In response to insulin, ovaries 
of women with PCOS produce especially high levels of androgens 
while peripheral tissues demonstrate insulin resistance. Resulting 
hyperinsulinemia further augments androgen production, contribut-
ing to obesity in women, which further increases androgen levels via 
adipose tissue (Diamanti- Kandarakis & Dunaif, 2012). The metabolic 
and endocrine alterations observed in PCOS interact in complex 
ways and are rooted in early development: Fetal exposure to high 
levels of testosterone during an early, critical window of embryolog-
ical development biases the HPG axis toward increased testosterone 
production that continues throughout postnatal life (Abbott et al., 
2002, 2019; Filippou & Homburg, 2017; Walters et al., 2018).

The HPG axis regulates many aspects of reproduction in both 
sexes, including sex differentiation in utero, hormone production, 
and the pacing of reproductive events— including menarche and 
menopause in women— throughout postnatal life (Plant, 2015). 
Genitourinary structures, endocrine systems, and features of the 
nervous system develop in response to sexually dimorphic levels of 
testosterone, with male fetuses subject to substantially higher levels 
of testosterone than female fetuses.

In species bearing litters, females gestating beside males are 
commonly exposed to elevated levels of testosterone originating 
from the testes of their male littermates (Vandenbergh & Huggett, 
1995). In species such as humans, which typically bear singleton 
offspring, variation in prenatal testosterone exposure of develop-
ing females comes from the fetus itself, the placenta, and the moth-
er's circulation, such that testosterone accumulates from numerous 
sources including her adrenal glands, fat tissues, and ovaries (Hakim 
et al., 2017). Testosterone levels thus vary between individual fe-
males, in humans and other mammals, and have important, lifelong 
consequences on adult morphology, physiology, behavior, and re-
production via the development of the HPG axis (Bütikofer et al., 
2019; Robinson, 2006; Ryan & Vandenbergh, 2002; Slutske et al., 
2011; Tyndall et al., 2012).

Multiple causes contribute to female fetal exposure to testos-
terone. Maternally produced testosterone enters the placenta, but 
in typically developing females, most is converted into estrogens via 
aromatase (Kallak et al., 2017). The metabolic alterations of PCOS 
contribute to placental dysfunction in affected mothers, such that 
increased insulin secretion reduces placental aromatase activity, 
exposing female fetuses to elevated testosterone (Dumesic et al., 
2020). Fetal ovaries also respond to maternal hyperinsulinemia, ev-
ident in women with diabetes or PCOS, by upregulating androgen 
production, representing a maternal– fetal interaction that increases 
overall testosterone exposure (Dumesic et al., 2020).

Other maternal factors such as elevated stress, quantified by 
amniotic cortisol levels, increased maternal weight gain, and young 
maternal age together predict 64.3% of the variation in amniotic tes-
tosterone drawn from female fetuses (Kallak et al., 2017). Further, 
evidence from twin studies of serum testosterone or hormonally 
mediated digit ratio measurements demonstrates that adult tes-
tosterone as well as its bioavailability demonstrate significant ad-
ditive genetic effects, indicating that women who produce more 
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testosterone will have offspring who also produce higher testos-
terone (Coviello et al., 2011; Hiraishi et al., 2012; Paul et al., 2006; 
Stone et al., 2009).

When developing female embryos are exposed to relatively high 
levels of testosterone— such as in females who develop PCOS— 
many aspects of HPG activity are affected. Hypothalamic sensitiv-
ity to steroid- induced negative feedback is reduced, resulting in an 
increased frequency and amplitude of gonadotropin- releasing hor-
mone (GnRH) and luteinizing hormone (LH) pulses with correspond-
ing increases in LH levels (Pastor et al., 1998; Roland & Moenter, 
2014). Increased LH relative to follicle- stimulating hormone (FSH) 
results in elevated ovarian testosterone with subsequent arrest of 
follicular maturation (Burt Solorzano et al., 2012). Immature folli-
cles release high levels of anti- Müllerian hormone (AMH), which 
further stimulate GnRH release while inhibiting FSH release (Franks 
& Hardy, 2020). The ovulation- inducing LH surge is also impaired, 
resulting in lengthened or absent menstrual cycles (Foecking et al., 
2005; Robinson, 2006). Prenatal androgen treatment induces HPG 
changes as well as metabolic alterations including insulin resistance, 
obesity, and enlarged adipocytes in female rhesus monkeys and 
mice (Abbott et al., 2009; Roland et al., 2010). Importantly, these 
testosterone- induced alterations to female development are largely 
consistent across animal models (Astapova et al., 2019; Roland & 
Moenter, 2014).

Contributions of high prenatal testosterone to disease risks in 
women are thus well understood. Whether and how relatively low 
prenatal testosterone contributes to disease risk in women has yet 
to be explored in any detail, but several clues suggest that endo-
metriosis may represent such an outcome. First, recent findings of 
short anogenital distances (AGDs) in women with endometriosis 
compared with controls (Crestani et al., 2020; Mendiola et al., 2016; 
Peters et al., 2020) implicate low prenatal testosterone in this disor-
der, although these results have yet to be considered or synthesized 
in the context of how and why endometriosis develops. Second, 
women with endometriosis demonstrate atypical HPG functioning 
(Cahill & Hull, 2000; Cahill et al., 1995; Stilley et al., 2012), which can 
reflect prenatal programming via hormonal exposure. Third, prenatal 
exposure to estrogenic and antiandrogenic chemicals are known to 
predict endometriosis risk (Missmer et al., 2004).

In contrast to the known HPG alterations induced by relatively 
high prenatal testosterone characteristic of PCOS, a disorder caused 
by relatively low prenatal testosterone should centrally involve the 
following alterations: (1) a lower frequency of GnRH pulses reflected 
by reduced LH; (2) elevated FSH relative to LH; (3) low ovarian and 
serum testosterone, and low AMH; (4) faster follicular maturation; 
and (5) shorter menstrual cycles. As described in detail below, all of 
these conditions are met by endometriosis.

The diametric model proposed here hypothesizes that risk of en-
dometriosis is mediated in notable part by low prenatal testosterone 
exposure, which primes the developing HPG axis to under- produce 
testosterone relative to estradiol throughout adult life, contribut-
ing to the core symptoms and correlates of endometriosis. Under 
the diametric disorders hypothesis, endometriosis and PCOS thus 

represent opposite and extreme manifestations of testosterone- 
mediated HPG axis development and activity in women, with high 
levels increasing PCOS risk and with low levels increasing endome-
triosis risk. If this hypothesis is correct, then the risk factors, proxi-
mate causes, symptoms, and correlates of endometriosis and PCOS 
should tend to be opposite to one another. We tested this hypothe-
sis through interdisciplinary and integrative comparisons of the two 
disorders, using data from the literature.

2  | METHODS

We searched the endometriosis and PCOS literatures extensively for 
data on aspects of early development, endocrine- level physiology, 
physical morphology, reproductive- system physiology, life history, 
and epidemiology that could be compared between the two disor-
ders. We focused especially on sets of integrated traits associated 
with prenatal development (including roles for testosterone) and 
HPG axis functioning. The findings were outlined and organized into 
a set of six main predictions that stem from the diametric disorders 
hypothesis.

3  | RESULTS

3.1 | Endometriosis and PCOS are associated with 
low and high prenatal testosterone, respectively

Sexually dimorphic morphological traits that develop under hormo-
nal influences during specific windows of early embryological life 
are used as proxies for in utero testosterone exposure. Anogenital 
distance is a sensitive and reliable biomarker of fetal testosterone 
exposure across mammalian species, with elevated testosterone re-
sulting in longer AGDs (as found in males) and reduced testosterone 
resulting in shorter AGDs (as found in females) (Thankamony et al., 
2016). Exogenous testosterone given during early to mid- gestation 
increases female AGD in diverse animal models including rodents, 
monkeys, and sheep (Abbott et al., 2012; DeHaan et al., 1987; 
Hotchkiss et al., 2007; Rhees et al., 1997). High doses of prenatal 
estrogenic chemicals decrease AGD in rodents, apparently through 
their ability to suppress testosterone production (Stewart et al., 
2018). Thus, although AGD is generally used as a proxy for prenatal 
testosterone exposure, AGD— and reproductive development more 
broadly— involves complex interactions between testosterone and 
estrogen (Barrett et al., 2014; Williams et al., 2001).

Studies on rodents and rabbits demonstrate linear increases in 
female AGD as a function of in utero proximity to male siblings, with 
the shortest AGDs measured in females with no adjacent male sib-
lings (0M females) and the longest AGDs in females with two ad-
jacent male siblings (2M females) (Bánszegi et al., 2009; Clemens, 
1974; Vandenbergh & Huggett, 1995; vom Saal, 1976; vom Saal et al., 
1990). Testosterone concentrations in blood and amniotic fluid are 
higher in 2M than 0M female mouse fetuses, supporting the use of 
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intrauterine position and AGD as metrics of prenatal testosterone 
exposure (vom Saal & Bronson, 1980a).

Women with PCOS have significantly longer AGDs than unaf-
fected controls (Table 1), supporting the hypothesis that PCOS 
involves elevated prenatal exposure to testosterone (Filippou & 
Homburg, 2017). Daughters of mothers with PCOS also demonstrate 
evidence of longer AGDs than daughters of unaffected women 
(Barrett et al., 2018; Perlman et al., 2020, but see Glintborg et al., 

2019), in association with high serum testosterone in affected moth-
ers during gestation. Clinical characteristics of PCOS, including ele-
vated serum testosterone and increased ovarian follicle count, are 
also positively associated with AGD in nonclinical samples of female 
college students (Mendiola et al., 2012; Mira- Escolano et al., 2014).

In contrast to women with PCOS, women with endometriosis 
demonstrate significantly shorter AGDs than unaffected women, 
across three datasets (Table 1). The strengths of these associations 

TA B L E  1   Comparison of developmental and morphological traits between women with endometriosis and women with polycystic ovary 
syndrome (PCOS)

Trait Trait– hormone relationship Women with endometriosis Women with PCOS

Anogenital distance (AGD) Reliable biomarker positively 
associated with early prenatal 
testosterone exposure 
(Thankamony et al., 2016)

Shorter AGD in women with 
endometriosis relative to 
unaffected women (Crestani 
et al., 2020; Mendiola et al., 
2016; Peters et al., 2020; 
Sánchez- Ferrer, Mendiola, 
Jiménez- Velázquez, et al., 
2017)

Longer AGD in women with PCOS relative 
to unaffected women (Hernández- 
Peñalver et al., 2018; Peters et al., 2020; 
Sánchez- Ferrer, Mendiola, Hernández- 
Peñalver, et al., 2017; Sánchez- Ferrer, 
Mendiola, Jiménez- Velázquez, et al., 
2017; Simsir et al., 2019; Wu et al., 2017)

Digit ratio (2D4D) Biomarker negatively associated 
with prenatal testosterone 
exposure (Manning, 2011)

No significant difference 
between women with and 
without endometriosis (Peters 
et al., 2020)

Higher 2D4D in women with 
heavy menstrual bleeding and 
dysmenorrhea (Tabachnik 
et al., 2020)

Lower 2D4D in women with PCOS relative 
to unaffected women in 3/5 studies, no 
difference in 2/5 studies (Cattrall et al., 
2005; Lujan et al., 2010; Pandit et al., 
2016; Peters et al., 2020; Roy et al., 
2018)

Waist- to- hip ratio (WHR) Low WHR predicts high mid- 
cycle estradiol (Jasieńska 
et al., 2004), which increases 
conception probability 
(Venners et al., 2006) and 
cycle regularity (Singh & Singh, 
2011)

High WHR predicts high 
testosterone, and lower 
conception rates during in 
vitro fertilization (Mondragón- 
Ceballos et al., 2015; Sowers 
et al., 2001; Van Anders & 
Hampson, 2005; Zaadstra 
et al., 1993)

Lower WHR in women with 
endometriosis relative to 
controls (Backonja et al., 2016; 
Byun et al., 2020)

Higher WHR in women with PCOS relative 
to controls (Adali et al., 2008; Cosar 
et al., 2008)

Body mass index (BMI) BMI increases with testosterone 
levels (Mondragón- Ceballos 
et al., 2015) and predicts 
reproductive outcomes, with 
reduced fecundity at BMI 
extremes (Gaskins et al., 2015)

Reduced BMI in affected 
women relative to controls 
(Backonja et al., 2017; Jenabi 
et al., 2019; Liu & Zhang, 2017), 
especially in severe disease, 
though relationship between 
BMI and severity is not linear 
(Lafay Pillet et al., 2012; Yi 
et al., 2009)

Above- normal BMI and obesity in PCOS 
women relative to controls, independent 
of age, geographic region, and diagnostic 
criteria (Balen et al., 1995; Lim et al., 
2012; Sam, 2007; Wang et al., 2018)

Fat distribution Estrogen promotes fat 
deposition below waist; 
androgens increase abdominal 
fat (Dumesic et al., 2016; 
Motta- Mena & Puts, 2016)

Fat distribution below the waist 
associated with endometriosis 
(Backonja et al., 2016)

Abdominal fat associated with PCOS, 
including lean women with PCOS 
(Carmina et al., 2007; Kirchengast & 
Huber, 2001; Lim et al., 2012)

Muscle mass Androgens promote growth and 
maintenance of lean muscle 
mass (Notelovitz, 2002)

Lower muscle mass in affected 
women relative to unaffected 
women (Backonja et al., 2017)

Higher muscle mass in affected women 
relative to unaffected women (Carmina 
et al., 2009)



     |  1697DINSDALE AND CRESPI

of AGD with endometriosis are substantial: In Mendiola et al. 
(2016), 91% of females with deep- infiltrating endometriosis had 
AGDs below the median value, compared with 38% of controls 
(OR = 41.6, p = 0.002); in Crestani et al. (2020), the mean AGD of 
women with any degree of endometriosis as determined by lapa-
roscopy was significantly shorter than the AGD of control subjects 
(OR = 6.0, p < 0.0001); and in Peters et al. (2020), women with 
deep- infiltrating endometriosis had significantly shorter AGDs 
compared with controls (OR = 2.8, p < 0.001). Short AGD also 
predicts endometriosis with high specificity (91.4% in Mendiola 
et al., 2016; 98.6% in Crestani et al., 2020). These results strongly 
support the prediction that endometriosis is associated with re-
duced prenatal testosterone.

A second proxy for prenatal hormone exposure is the ratio of 
length of the second to fourth finger (2D4D) (Manning, 2011). Digit 
ratio reflects the ratio between testosterone and estrogen during 
early embryological development, with higher testosterone relative 
to estrogen negatively predicting 2D4D (Lutchmaya et al., 2004; 
Zheng & Cohn, 2011). Thus, females typically demonstrate higher 
2D4D than males, and higher 2D4D predicts shorter AGD in females 

of humans and Rhesus macaques (Abbott et al., 2012; Barrett et al., 
2015; Manning, 2011). Overall, women with PCOS exhibit lower 
2D4D than controls, though not all studies report significant group 
differences (Table 1). The only study assessing digit ratio in women 
with endometriosis found that affected women had higher right- 
hand 2D4D than controls, but this difference was not significant, 
which may be due to lack of statistical power (n = 43 in each group; 
Peters et al., 2020). Another study found that higher 2D4D pre-
dicts heavy menstrual bleeding and dysmenorrhea (Tabachnik et al., 
2020), which are core symptoms of endometriosis.

3.2 | Endometriosis and PCOS are associated with 
opposite hormonal profiles for hormones produced 
by, or interacting with, the HPG axis

We focus on a set of hormones— LH, FSH, AMH, testosterone, sex 
hormone- binding globulin (SHBG), estradiol, β- endorphins, oxy-
tocin, kisspeptin, and activin/inhibin— that play central roles in or-
chestrating the female HPG axis. Table 2 summarizes the contrasting 

TA B L E  2   Comparison of hormonal profiles between endometriosis and polycystic ovary syndrome (PCOS)

Hormone Relevant functions

Activity, level in 
endometriosis relative to 
controls

Activity, level in PCOS 
relative to controls

Luteinizing hormone 
(LH)

Pituitary hormone that stimulates ovulation 
and corpus luteum development (Jeong & 
Kaiser, 2006)

Decreased, two surges Increased, absent surge

Follicle- stimulating 
hormone (FSH)

Pituitary hormone that stimulates follicular 
maturation and estrogen secretion (Jeong & 
Kaiser, 2006)

Increased Decreased

Anti- Müllerian 
hormone

Secreted by granulosa cells of large pre- antral and 
small antral follicles, stimulates LH, inhibits FSH 
(Barbotin et al., 2019)

Decreased Increased

Testosterone Produced by ovarian theca cells, regulates 
folliculogenesis and decidualization (Couse et al., 
2006; Gervásio et al., 2014; Gibson et al., 2016)

Decreased Increased

Sex hormone- binding 
globulin

Influences bioavailability of sex hormones 
(Goldštajn et al., 2016)

Increased Decreased

Estradiol Secreted by granulosa cells, regulates development 
of female sex characteristics and endometrial 
proliferation (Rajkovic et al., 2006)

Low- normal (serum), High in 
lesions

Normal- high (serum), No mid- 
cycle peak

β- Endorphin Pituitary- produced peptide that inhibits 
gonadotropin- releasing hormone (GnRH) and 
ovulation (Plein & Rittner, 2018; Sprouse- Blum 
et al., 2010)

Decreased Increased

Oxytocin Neurohormone released from posterior pituitary 
that regulates uterine peristalsis (Gimpl & 
Fahrenholz, 2001)

Increased Decreased

Kisspeptin Hypothalamic protein that initiates GnRH secretion 
(Skorupskaite et al., 2014)

Mixed Increased

Activin Ovarian cytokine that stimulates FSH, decreases 
LH (Seachrist & Keri, 2019)

Increased Decreased

Inhibin Ovarian cytokine that restrains activin (Seachrist & 
Keri, 2019)

Decreased Increased
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hormonal profiles between women with endometriosis and women 
with PCOS.

3.2.1 | LH and FSH

Women with PCOS demonstrate increased frequencies and ampli-
tudes of GnRH and LH pulses, increased LH levels, reduced FSH and 
an increased LH to FSH ratio, and a reduced capacity to mount the 
LH surge that initiates ovulation (Chang & Cook- Andersen, 2014; 
Chen et al., 2015; Coyle & Campbell, 2019; McCartney & Campbell, 
2020). The granulosa cells from small antral follicles of women with 
PCOS prematurely switch from FSH to LH responsiveness, as indi-
cated by elevated LH receptor expression and reduced FSH recep-
tor expression compared with unaffected women (Franks & Hardy, 
2020; Kanamarlapudi et al., 2016; Owens et al., 2019). These altered 
LH- FSH dynamics, combined with elevated ovarian androgens, con-
tribute to the follicular arrest, anovulation, and cyst formation char-
acteristic of PCOS (Franks & Hardy, 2020).

Women with endometriosis demonstrate reduced LH levels, 
indicating a lower frequency of GnRH and LH pulses (Cahill et al., 
1995; Cheesman et al., 1982; Tummon et al., 1988). Several studies 
report elevated FSH in women with endometriosis compared with 
unaffected women (de Carvalho et al., 2010; González- Fernández 
et al., 2011; Romanski et al., 2019; Yoo et al., 2011), though a few 
studies found no differences (Cahill et al., 1995; Lima et al., 2006). 
Endometriosis can thus be characterized overall, in contrast to 
PCOS, as involving a reduced LH to FSH ratio (Li et al., 2019). The 
premature switch to LH responsiveness of PCOS granulosa cells 
also contrasts with findings from endometriosis: Women with en-
dometriosis demonstrate lower concentrations of LH receptors 
in the ovarian follicles throughout the menstrual cycle (Kauppila 
et al., 1982; Rönnberg et al., 1984) and their cycles involve lon-
ger follicular phases marked by delayed surges of LH (Cahill et al., 
1995).

Menstrual cycles of women with endometriosis more frequently 
demonstrate two LH surges compared with the typical single surge 
recorded in control subjects (90% of endometriosis cycles showed 
biphasic LH surges in Cheesman et al., 1982, and 17% in Vaughan 
Williams et al., 1986), which contrasts with the absence of an LH 
surge, and corresponding anovulation, found in PCOS. Taken to-
gether, this evidence shows that endometriosis and PCOS exhibit 
opposite deviations from unaffected women in patterns of LH and 
FSH production and effects.

3.2.2 | Anti- Müllerian hormone

AMH regulates sex- specific early development and mediates ovar-
ian reserve (Barbotin et al., 2019; Lv et al., 2020). The characteristic 
arrest of antral follicular development in PCOS results in high AMH 
(Zhao et al., 2019). AMH levels are higher in anovulatory compared to 
ovulatory women with PCOS (Cimino et al., 2016) and also positively 

predict symptom severity, including hyperandrogenism and polycys-
tic ovarian morphology (Garg & Tal, 2016; Sahmay et al., 2014).

Women with endometriosis demonstrate reduced serum AMH 
relative to control subjects (Dong et al., 2019; Kasapoglu et al., 2018; 
Muzii et al., 2018; Romanski et al., 2019; Sánchez- Ferrer et al., 2019; 
Shebl et al., 2009). Women with endometriosis treated with ovarian 
surgery demonstrate an especially steep decline in AMH levels, but 
women with endometriosis who do not undergo surgery also show 
accelerated declines in AMH levels relative to unaffected women 
(Goodman et al., 2016; Kasapoglu et al., 2018; Muzii et al., 2018; 
Romanski et al., 2019). AMH levels also decrease with increasing 
severity of endometriosis (Shebl et al., 2009). Endometriosis and 
PCOS are thus associated with opposite levels of AMH, which also 
reflect diametric patterns in ovarian aging and menopause onset, as 
described in more detail below.

3.2.3 | Testosterone, sex hormone- binding 
globulin, and estradiol

Elevated ovarian androgen production is a core feature of PCOS and 
results in PCOS symptoms including hair loss, acne, oily skin, and 
accumulation of abdominal fat (Rosenfield & Ehrmann, 2016). Levels 
of SHBG, a protein that transports steroids in biologically inactive 
form, are reduced in PCOS, permitting higher levels of bioavailable 
androgens (Deswal et al., 2018). Elevated androgen production con-
tributes to functional changes in the adipose tissue of women with 
PCOS, generating chronic low- grade inflammation across multiple 
tissues (Cooke et al., 2016; Fuertes- Martín et al., 2019).

Women with PCOS demonstrate normal or elevated levels of 
serum estradiol relative to controls (Kawwass et al., 2017; Laven 
et al., 2002), but they exhibit reduced ovarian aromatase activity with 
a corresponding decrease in the ovarian estrogen- to- testosterone 
ratio (Chen et al., 2015; Hunter & Sterrett, 2000; Jakimiuk et al., 
1998; Kirilovas et al., 2006). Low FSH and epigenetic changes in 
regulatory regions of the aromatase gene CYP19A1 are associated 
with the aromatase deficiency and androgen excess in PCOS (Franks 
et al., 2008).

In contrast to PCOS, endometriosis is associated with increased 
SHBG and reduced serum and follicular testosterone (Frankfurter 
et al., 1997; Misao et al., 1995; Ono et al., 2014; Panidis et al., 1993). 
One study found that women with endometriosis had higher serum 
testosterone than unaffected controls, but this difference was not 
statistically significant (Evsen et al., 2014). More severe disease pre-
dicted lower follicular testosterone in another study (Pellicer et al., 
1998). Following a period of gonadotropin suppression prior to in 
vitro fertilization (IVF), women with endometriosis showed reduced 
follicular testosterone relative to unaffected women (Rodríguez- 
Tárrega et al., 2020). Reduced testosterone, or hypoandrogenemia, 
is characteristic of chronic inflammatory diseases— a diverse range of 
conditions that involve long- term immune activation— as testoster-
one generally promotes energy storage and thus inhibits metaboli-
cally costly inflammation (Straub, 2014).
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Endometriosis is described as an estrogen- dependent, chronic 
inflammatory disease (Bulun et al., 2019). Women with endome-
triosis show elevated estradiol in their menstrual blood, but not in 
their circulation, indicating high local estradiol production (Stilley 
et al., 2012; Takahashi et al., 1989). Such increased local estradiol 
production appears to result from reduced expression of estrogen- 
metabolizing enzymes and increased aromatase expression (Attar & 
Bulun, 2006; Bulun et al., 2004; Hudelist et al., 2007; Huhtinen et al., 
2012; Mori et al., 2019). The eutopic endometrium of women with 
endometriosis demonstrates significantly elevated aromatase activ-
ity compared with unaffected women (Bukulmez et al., 2008), and 
within affected women, aromatase expression positively predicts 
severity of dysmenorrhea (Maia et al., 2012).

Some studies report lower levels of aromatase expression in 
the ovaries and endometrium of women with endometriosis com-
pared with controls, indicating that aromatase expression varies 
with ethnicity, menstrual cycle phase, fertility status, and disease 
severity and subtype, as well as methodology used (Anupa et al., 
2019; Barcelos et al., 2015). Findings from research with swine 
indicate that aromatase activity is influenced by prenatal testos-
terone exposure: When pregnant swine were treated with flut-
amide, an androgen receptor antagonist, their female offspring 
later demonstrated increased aromatase expression and elevated 
ovarian estradiol production (Grzesiak et al., 2012). Overall, endo-
metriosis can be characterized as a condition involving increased 
estrogenic relative to androgenic activity, whereas PCOS is char-
acterized as the reverse.

3.2.4 | Endogenous opioid system

The endogenous opioid system is a sexually dimorphic modula-
tor of the HPG axis that regulates immunity, analgesia, and stress 
(Böttcher et al., 2017; Eyvazzadeh et al., 2009). Females exhibit 
lower levels of β- endorphin and lower pain thresholds, relative to 
males (Hashmi & Davis, 2014; Wiesenfeld- Hallin, 2005). Women 
with PCOS demonstrated higher β- endorphin than controls in one 
study (Kiałka et al., 2016). Another study found no group differ-
ences in β- endorphin levels, but follicular β- endorphin positively 
predicted serum testosterone (Jaschke et al., 2018). Prenatal tes-
tosterone excess causes adult female rats to demonstrate male- 
typical responses to morphine (Cicero et al., 2002). In women with 
PCOS, opioids stimulate LH and insulin secretion, which increases 
androgen levels (Eyvazzadeh et al., 2009). Thus, hyperandrogen-
emia and hyperinsulinemia are worsened by an over- active opioid 
system and opioid antagonists improve PCOS symptoms, as de-
scribed below.

Women with endometriosis, including women with pain- free en-
dometriosis, demonstrate reduced β- endorphin compared with un-
affected women (Vercellini et al., 1992). Women with endometriosis 
symptoms also show lower pain thresholds than women without en-
dometriosis symptoms (Poli- Neto et al., 2019). Experimental induc-
tion of endometriosis in rats reduced opioid receptor expression by 

20%, suggesting that the presence of endometriosis interferes with 
analgesia (Torres- Reverón et al., 2016). Thus, in contrast to PCOS, 
endometriosis appears to involve an under- active opioid system.

3.2.5 | Oxytocin

Oxytocin, a neurohormone with diverse effects on the brain and 
body, regulates uterine peristalsis (Kunz & Leyendecker, 2002). 
Serum oxytocin and uterine peristalsis are elevated in women with 
endometriosis relative to controls (He et al., 2016; Leyendecker 
et al., 2004). Furthermore, endometrial oxytocin receptor expres-
sion is higher in affected women and positively predicts dysmen-
orrhea (Harada, 2013; Huang et al., 2017). Serum oxytocin is, by 
contrast, reduced among women with PCOS compared to controls 
(Jahromi et al., 2018), and the observed frequency of uterine peri-
stalsis is also reduced (Leonhardt et al., 2012). Type 2 diabetes and 
obesity, which frequently co- occur with PCOS (Diamanti- Kandarakis 
& Dunaif, 2012), are also associated with reduced serum oxytocin 
(Qian et al., 2014; Yuan et al., 2016).

3.2.6 | Kisspeptin

The peptide kisspeptin, primarily expressed in the hypothalamus, 
regulates GnRH secretion, sex steroid feedback, and puberty onset 
in both sexes (Skorupskaite et al., 2014). Serum kisspeptin is higher 
in patients with PCOS than in control individuals across 12 studies 
(Tang et al., 2019), and its concentration is positively correlated with 
levels of free testosterone (Chen et al., 2010; Ibrahim et al., 2020). 
Given the stimulating effect of kisspeptin on GnRH neurons, evi-
dence for elevated kisspeptin in women with PCOS fits with findings 
of higher- frequency GnRH and LH pulses in affected women.

One study found lower levels of kisspeptin in endometrial stroma 
among patients with endometriosis than in controls (Abdelkareem 
et al., 2020), and another study found no difference between groups 
(Timologou et al., 2016). To the best of our knowledge, there are no 
data on serum kisspeptin in women with endometriosis, but under 
the diametric hypothesis, lower serum kisspeptin, with correspond-
ing reductions in GnRH and LH secretion, is expected.

3.2.7 | Activin and inhibin

Activin and inhibin are protein complexes with opposite biological 
effects: Activin contributes to menstrual cycle regulation through 
stimulating FSH production and decreasing testosterone, while in-
hibin reduces FSH synthesis and secretion (Seachrist & Keri, 2019). 
Women with endometriosis demonstrate higher levels of activin than 
unaffected controls (Cahill & Hull, 2000; Reis et al., 2012; Rombauts 
et al., 2006) and giving activin to mice promotes endometriotic le-
sion growth (Kasai et al., 2019). Conversely, women with PCOS are 
characterized by lower activin (Eldar- Geva et al., 2001; Norman 
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et al., 2001) and higher inhibin (Babćová et al., 2015; Tsigkou et al., 
2008), compared with controls.

Taken together, these findings indicate that endometriosis and 
PCOS are characterized by opposite alterations to key hormones 
that regulate the female HPG axis.

3.3 | Endometriosis and PCOS demonstrate 
opposite alterations to reproductive 
physiological processes

Given the roles of the HPG axis and its associated hormones in or-
chestrating reproductive functions including follicular maturation, 
ovulation, menstrual cycling, and uterine preparation for implanta-
tion, it follows from the diametric hypothesis that endometriosis and 
PCOS will involve opposite alterations in these reproductive physi-
ological functions.

3.3.1 | Folliculogenesis

High ovarian testosterone promotes early follicular growth, medi-
ating the recruitment of follicles from the primordial stage to the 
small, pre- antral stage, and contributing to elevated antral follicle 
count, follicular arrest, anovulation, and the cyst formation char-
acteristic of PCOS (Astapova et al., 2019). Women with PCOS thus 
demonstrate a slower transition from the primordial reserve to 
the dynamic reserve, with stalled development at the antral stage 
(Monniaux et al., 2014).

Lower testosterone in women with endometriosis shows evi-
dence of contributing to a faster pace of follicular recruitment and 
death, across several studies. In ovaries affected by endometrio-
sis, a higher proportion of primordial follicles are recruited into the 
growing pool and a greater number of maturing follicles degener-
ate, resulting in quicker depletion of ovarian reserve (Kitajima et al., 
2014; Takeuchi et al., 2019). Women with endometriosis have fewer 
pre- ovulatory follicles as well as smaller follicles, relative to unaf-
fected women (Garcia- Velasco & Arici, 1999; Stilley et al., 2012). 
Low serum testosterone predicts elevated pro- apoptotic factors in 
the follicular fluid of women with endometriosis, which increase fol-
licular atresia (Ono et al., 2014). These findings are consistent with 
results from swine, in which female offspring of flutamide- treated 
mothers demonstrate fewer follicles, greater activation of primor-
dial follicles, and more apoptotic cells (Knapczyk- Stwora et al., 2013, 
2019). These contrasting patterns of folliculogenesis help to account 
for early menopause in endometriosis and later menopause in PCOS, 
as discussed below.

Diametric dynamics of folliculogenesis are also observable 
in settings of assisted reproduction. As part of IVF, women re-
ceive doses of synthetic gonadotropins to stimulate their ovaries 
to rapidly mature several oocytes for harvest and fertilization 
(Siristatidis et al., 2012). During ovarian stimulation, women with 
endometriosis require higher doses of gonadotropin and produce TA
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fewer mature oocytes compared to infertile women without endo-
metriosis (Al- Azemi et al., 2000; Bourdon et al., 2018; González- 
Fernández et al., 2011; Muteshi et al., 2018). Furthermore, 
correlates of endometriosis, including low LH to FSH ratios, short 
AGD, and early menarche, predict poor response to ovarian stim-
ulation in women without endometriosis (Fabregues et al., 2018; 
Kofinas & Elias, 2014; Prasad et al., 2013; Sadrzadeh et al., 2003; 
Shrim et al., 2006).

In contrast to women with endometriosis, women with PCOS re-
quire lower than typical doses of gonadotropin in IVF treatment and 
produce more mature oocytes (González- Fernández et al., 2011). 
PCOS is also associated with an increased risk of ovarian hyperstim-
ulation syndrome, a serious condition resulting from supraphysi-
ologic levels of gonadotropins (Kumar et al., 2011; Tummon et al., 
2005), whereas endometriosis involves a decreased risk of this syn-
drome (Luke et al., 2010). In regularly menstruating women without 
endometriosis or PCOS, serum testosterone levels positively predict 
number of follicles and oocytes retrieved (Sun et al., 2014; Xiao et al., 
2016), and women with higher serum testosterone require less FSH 
and a shorter duration of ovarian stimulation (Frattarelli & Peterson, 
2004). Furthermore, giving testosterone to poor gonadotropin re-
sponders (who overlap with endometriosis in having low LH to FSH 
and short AGDs) increases retrieved oocytes and improves IVF suc-
cess (Bosdou et al., 2012; Luo et al., 2014; Noventa et al., 2019; but 
not in Sunkara et al., 2011).

These findings indicate that women with PCOS and women with 
endometriosis demonstrate opposite responses to controlled ovar-
ian stimulation, which can be understood in the context of diametric 
patterns of ovarian androgens and folliculogenesis.

3.3.2 | Menstrual cycles

Women with PCOS demonstrate lengthened menstrual cycles, due 
to anovulation, absent luteal progesterone, and interrupted nega-
tive feedback on gonadotropin secretion (Franks & Hardy, 2020). 
Women with endometriosis, by contrast, demonstrate shorter men-
strual cycles relative to unaffected women (Arumugam & Lim, 1997; 
Wei et al., 2016; Yasui et al., 2015). Endometriosis also involves an 
apparent elevated incidence of releasing two eggs due to biphasic 
LH surges, as described above. Female rodents prenatally exposed 
to low testosterone also demonstrate shorter estrus cycles, as well 
as higher rates of conception (Table 3).

3.3.3 | Decidualization

Decidualization, the collective biochemical and morphological 
changes to the endometrium that prepare it for implantation (Okada 
et al., 2018), is dysregulated in both endometriosis and PCOS. 
Aspects of decidualization in endometriosis can be characterized 
as overexpressed. Women with endometriosis demonstrate more 
mobile endometrial stromal cells, higher numbers of uterine natural 

killer cells, reduced regulation over endometrial invasion, as well 
as up- regulated angiogenesis, pro- inflammatory cytokine expres-
sion, and oxidative stress (Brosens et al., 2012; Gellersen & Brosens, 
2014; Lessey et al., 2013; Matteo et al., 2017; Sharpe- Timms, 2001; 
Soares et al., 2012; Xavier et al., 2005). Indeed, Somigliana et al. 
(1999) hypothesized that immunological alterations to the endo-
metria and other tissues of women with endometriosis promote 
excellent endometrial receptivity, in the absence of severe effects 
from endometriosis such as adhesions and anatomical obstructions. 
Furthermore, these alterations to decidualization contribute directly 
to the establishment and growth of ectopic endometrial tissue, the 
primary hallmark of this disorder (Patel et al., 2017).

Women with PCOS, in contrast to those with endometriosis, 
demonstrate incomplete and delayed decidualization (Younas et al., 
2019). Genes involved in adhesion, invasion, and tissue remodeling 
are downregulated in endometrium of women with PCOS, causing 
reduced trophoblast invasion which contributes to increased rates 
of preeclampsia and early pregnancy loss (Brosens & Benagiano, 
2015; Piltonen et al., 2015). Women with PCOS also demonstrate 
reduced numbers of uterine natural killer cells (Matteo et al., 2010). 
Treatment with metformin, a drug prescribed for diabetes as well as 
PCOS, improves markers of endometrial receptivity in women with 
PCOS, including increased uterine blood flow (Palomba et al., 2006). 
Recent research with a hyperandrogenic mouse model showed that 
angiogenesis and uterine natural killer cells are increased with flut-
amide treatment, demonstrating that elevated testosterone levels 
inhibit decidualization (Gong et al., 2019).

To summarize, women with endometriosis demonstrate shorter 
menstrual cycles with preserved or even increased ovulatory rates, 
faster testosterone- mediated depletion of ovarian reserve, poor re-
sponse to exogenous ovulatory stimulation, and exaggerated aspects 
of decidualization. Women with PCOS demonstrate longer menstrual 
cycles with infrequent or absent ovulation, slower testosterone- 
mediated depletion of ovarian reserve, strong response to ovarian 
stimulation, and reduced aspects of decidualization. These opposite 
sets of alterations from typical HPG functioning and associated hor-
monal activity contribute directly to the symptoms and fertility re-
ductions of both conditions.

3.4 | Endometriosis and PCOS are associated with 
opposite morphological traits

Testosterone and estradiol play important roles in shaping sexu-
ally dimorphic characteristics including body size and shape 
(Mondragón- Ceballos et al., 2015). In this context, PCOS is associ-
ated with morphological traits indicating elevated testosterone, and 
lower estrogen- to- testosterone ratios, including higher body mass 
index (BMI) and higher waist- to- hip ratio (WHR), which are driven 
by increased abdominal adiposity and higher muscle mass (Table 1).

In contrast to PCOS, women with endometriosis demonstrate 
physical attributes associated with lower testosterone, higher estro-
gen, or both, including lower BMI, lower WHR, reduced abdominal 
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fat, lower muscle mass, and a gynoid pattern of fat distribution on 
the hips and buttocks (Table 1).

In humans, lower WHR and lower BMI have been associated, 
across multiple studies including cross- cultural analysis, with mea-
sures of higher female “attractiveness” to males, and with higher 
fecundity or reproductive value (Andrews et al., 2017; Cloud & 
Perilloux, 2014; Weeden & Sabini, 2005). Among mice, rabbits, and 
gerbils, 0M females (that developed under lower prenatal testoster-
one) demonstrate higher attractiveness to males than 2M females, 
across multiple studies employing a range of mate choice paradigms 
(Clark & Galef, 1998; Rines & vom Saal, 1984; vom Saal & Bronson, 
1978, 1980a). For example, odors of female rabbits with shorter 
AGDs elicit a stronger mating response from males, and these fe-
males produce larger, heavier litters (Bánszegi et al., 2012). These 
findings suggest that, among humans as well as nonhuman mammals 
(Table 3), females exposed to low testosterone in early development 
demonstrate phenotypic attributes that signal high fertility and re-
productive value.

3.5 | Endometriosis and PCOS are associated with 
opposite life- history traits

The HPG axis proximately instantiates life- history decision- 
making, integrating bodily information with environmental cues 
to coordinate the development and expression of key life- history 
events such as onset of puberty and reproductive senescence 
(Segner et al., 2017).

Women with endometriosis show slightly but significantly ear-
lier ages at menarche relative to unaffected women (≤12 years; 
Table 3). Women with PCOS demonstrate the opposite pattern: 
Young women of normal weight who later develop PCOS are more 
likely to have had delayed or absent menarche (≥16 years; Table 3). 
Women with PCOS who reported themselves as overweight during 
menarche onset were more likely to report younger age at menarche 
(Welt & Carmina, 2013). This pattern is consistent with results from 
animal research: 0M females mature, mate, and conceive at earlier 
ages than 2M females (Table 3). Earlier- maturing female gerbils are 
also more fecund, birthing more litters with more young per litter 
(Clark & Galef, 1998).

Reproductive senescence also shows opposite patterns between 
the two conditions. Women with endometriosis reach menopause 
at significantly earlier ages than unaffected women (Pokoradi et al., 
2011; Yasui et al., 2011), whereas women with PCOS reach meno-
pause significantly later than unaffected women (Forslund et al., 
2019; Minooee et al., 2018; Tehrani et al., 2010).

The two conditions also demonstrate diametric associations 
with multiple proxies of ovarian reserve. Compared to unaffected 
women, women with PCOS demonstrate elevated numbers of im-
mature follicles, and their pool of potential oocytes declines more 
slowly through time, as reflected by a slower reduction in AMH 
(Hudecova et al., 2009; Mulders et al., 2004; Nikolaou & Gilling- 
Smith, 2004). Endometriosis, by contrast, is associated with lower 

ovarian reserve (Seyhan et al., 2015; Shah, 2013), increased pri-
mordial follicle recruitment (Takeuchi et al., 2019), fewer antral 
follicles (Muzii et al., 2018), and a steeper rate of decline in AMH 
(Kasapoglu et al., 2018).

The effects of low versus high prenatal testosterone exposure 
on several phenotypes, including life- history traits, can usefully be 
compared between human women and nonhuman female mammals. 
Table 3 shows that low versus high prenatal testosterone exposure 
has consistent effects on female development and reproduction be-
tween rodents and humans.

Figure 1 summarizes the diametric phenotypes of endome-
triosis and PCOS, in the context of the diverse lines of evidence 
described above.

3.6 | Endometriosis and PCOS rarely occur together

If endometriosis and PCOS are diametric disorders, then they should 
tend to not co- occur within individuals; thus, the diametric hypoth-
esis predicts that rates of endometriosis should be lower or nonex-
istent in women with PCOS. This prediction needs to be evaluated 
with careful consideration of comparison groups, as even among 
women with no self- reported symptoms of endometriosis (pain, 
heavy bleeding, infertility), laparoscopic examination conducted 
for other reasons sometimes reveals evidence of endometriosis. To 
evaluate this prediction, we draw on data that compares rates of dis-
covered endometriosis between women with PCOS and women free 
of PCOS and endometriosis symptoms.

Moghadami- Tabrizi et al. (1998) compared PCOS patients 
to asymptomatic women (women undergoing tubal ligation who 
had no symptoms of PCOS or endometriosis) and found that the 
asymptomatic women had a significantly higher prevalence of 
endometriosis lesions (19.9%) than did the women with PCOS 
(7.3%); for both groups, the endometriosis was reported as min-
imal or mild. A meta- analysis of studies assessing the presence of 
endometriosis in women with PCOS undergoing ovarian drilling 
found that, overall, 7.7% of women with PCOS demonstrated ev-
idence of endometriosis, all of which was minimal or mild (Hager 
et al., 2019).

These rates of about 7– 8% of asymptomatic endometriosis phe-
notypes in women with PCOS can be compared with results from 
studies that looked for evidence of asymptomatic endometriosis 
among women who were undergoing tubal ligation. These studies 
yielded rates of endometriosis that center around 19% (Barbosa 
et al., 2009; Rawson, 1991; Tissot et al., 2017). Holoch et al. (2014) 
reported high rates of endometriosis in women with PCOS (>70%), 
but the PCOS group was subject to ascertainment bias because the 
women were examined for endometriosis only if they self- reported 
pelvic pain and/or infertility. Taken together, these studies suggest 
that, among women without any clear symptoms of endometriosis 
(pain, heavy bleeding, infertility), the rate of this disorder as deter-
mined by laparoscopy is about one- half to one- third lower in women 
with PCOS than in women with no known reproductive issues.
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4  | DISCUSSION

We have evaluated the hypothesis that endometriosis and PCOS 
represent opposite, extreme, and dysregulated manifestations of 

variation in female HPG axis development and functioning, with 
risk strongly modulated by levels of prenatal testosterone. The 
developmental and endocrine bases for the hypothesis are sum-
marized in Figure 2. Whereas elevated prenatal testosterone is a 
well- established cause of PCOS (Abbott et al., 2019; Filippou & 
Homburg, 2017), understanding endometriosis as a developmen-
tal disorder involving reduced prenatal testosterone exposure is 
a novel contribution with diverse clinical, research, and theoreti-
cal implications. Our review of evidence supports the hypothesis 
that endometriosis and PCOS represent diametric disorders that 
reflect extreme expressions of evolutionary– ecological trade- offs 
(Crespi & Go, 2005), proximately mediated by variation in prenatal 
development and HPG functioning across the female reproductive 
lifespan.

Multiple lines of evidence support the hypothesis that, in con-
trast to PCOS, endometriosis involves low prenatal testosterone: 
(1) Women with endometriosis demonstrate significantly shorter 
AGDs than unaffected women; (2) female rodents naturally exposed 
to low prenatal testosterone demonstrate short AGDs, as well as 
earlier reproductive maturation and shorter estrus cycles, which 
are correlates and risk factors of endometriosis; (3) endometriosis 
symptoms (heavy, painful menstruation) are associated with reduced 
prenatal testosterone, as indexed by digit ratio; (4) endometriosis 
involves a set of HPG alterations (low LH to FSH, low AMH, low 
ovarian T) that are opposite to the HPG alterations characteristic 
of PCOS that, from a large body of animal research, are known to 
be caused by prenatal testosterone excess; and (5) blocking andro-
gen activity during fetal development increases ovarian estradiol 
production in swine, and elevated ovarian estradiol is a major prox-
imate cause of endometriosis. These independent lines of evidence 

F I G U R E  1   The diametric disorder hypothesis for endometriosis and polycystic ovary syndrome (PCOS) proposes that opposite levels of 
prenatal testosterone exposure (low in endometriosis; high in PCOS) program the developing hypothalamic– pituitary– gonadal axis, resulting 
in under- production (in endometriosis) and over- production (in PCOS) of ovarian testosterone relative to estradiol in adulthood. Pointed 
arrowheads indicate a stimulating effect (e.g., GnRH stimulates LH) and rounded arrowheads indicate an inhibitory effect (e.g., AMH inhibits 
FSH). The positive feedback effect of E2 on GnRH release is interrupted in PCOS, denoted by X. Altered testosterone to estradiol ratios in 
both conditions directly contribute to their symptoms (noted in bold). 2D4D, second to fourth finger ratio; AGD, anogenital distance; AMH, 
anti- Müllerian hormone; BMI, body mass index; E2, estradiol; FSH, follicle- stimulating hormone; GnRH, gonadotropin- releasing hormone; 
LH, luteinizing hormone; T, testosterone; WHR, waist- to- hip ratio

F I G U R E  2   Diametric phenotypes between endometriosis and 
polycystic ovary syndrome (PCOS) are evident across multiple 
categories, including early testosterone- mediated development 
(red), adult endocrinological activity (orange), body morphology 
(green), reproductive physiology (blue), and life history (purple). 
AGD, anogenital distance; AMH, anti- Müllerian hormone; BMI, 
body mass index; E2/T, estradiol relative to testosterone; LH/FSH, 
luteinizing hormone relative to follicle- stimulating hormone; OT, 
oxytocin; WHR, waist- to- hip ratio; β, β- endorphin
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converge in revealing a causal role for low prenatal testosterone in 
the development of endometriosis.

Diverse evidence also indicates that low prenatal testosterone 
primes the adult HPG axis to under- produce ovarian testosterone 
and that low adult testosterone contributes to endometriosis symp-
toms and correlates: (1) Women with endometriosis demonstrate 
reduced levels of follicular and serum testosterone; (2) AGD is pos-
itively correlated with circulating testosterone in healthy women; 
(3) low serum testosterone in women with endometriosis increases 
the rate of follicular recruitment and atresia, contributing to dimin-
ished ovarian reserve and earlier menopause of affected women; 
(4) testosterone supplementation increases ovarian response to ex-
ogenous hormones; (5) chronic inflammatory diseases, a category to 
which endometriosis belongs, are characterized by hypoandrogene-
mia; and (6) women with endometriosis tend to demonstrate a suite 
of morphological phenotypes that centrally involve reduced testos-
terone relative to estradiol, including low BMI and WHR. Together, 
these lines of evidence support the diametric model's framing of 
core endometriosis symptoms and correlate as involving low ovarian 
and circulating testosterone, with developmental roots in low pre-
natal testosterone.

That high prenatal testosterone programs the adult female HPG 
axis to continually over- produce ovarian testosterone is well doc-
umented in humans and several animal models. How low prenatal 
testosterone impacts female HPG development and activity, and 
subsequent reproduction, has received significantly less research 
attention, perhaps due to conceptual biases in the literature toward 
higher, but not lower, testosterone being considered as physiologi-
cally and developmentally causal.

Accounts of endometriosis have largely focused on the role 
of estrogen, as estrogen proximately contributes to lesion growth 
through its proliferative and inflammatory effects on endometrial 
tissue. Such characterization of endometriosis as an estrogen- 
dependent disease (Bulun et al., 2019) may have inadvertently over-
shadowed the role of testosterone in endometriosis etiology. For 
example, recent replicated findings of short AGD in women with en-
dometriosis (Crestani et al., 2020; Mendiola et al., 2016; Peters et al., 
2020) were, in each article, interpreted as indicative of an overly es-
trogenic prenatal environment. Estrogenic prenatal environments 
do decrease AGD (Stewart et al., 2018) and increase endometriosis 
risk (Missmer et al., 2004), so this interpretation is accurate but in-
complete. Given that AGD is generally used as a proxy for prenatal 
testosterone exposure and that AGD predicts adult testosterone 
levels but not estrogen (Eisenberg et al., 2012; Mira- Escolano et al., 
2014), it is clearly important to address both estrogen and testoster-
one when investigating endometriosis etiology.

Positioning this expanded awareness of how estrogen and tes-
tosterone together mediate risk of female reproductive disorders 
in an evolutionary context provides productive avenues for further 
research. Given that estrogen and testosterone represent key fe-
male and male sex hormones, endometriosis and PCOS can be con-
ceptualized as existing at opposite ends of a spectrum of variation 
in sexually dimorphic traits, within females (Dinsdale et al., 2021). 

Traits typically observed in females relative to males, including short 
AGD, gynoid physique, low β- endorphin and testosterone, and ele-
vated oxytocin, are thus especially highly expressed in women with 
endometriosis. In an evolutionary medical context, this suite of phe-
notypes may be framed as representing an extreme expression of fe-
male reproductive adaptations. Because prenatal testosterone plays 
a crucial role in mediating sex differentiation in utero, endometriosis 
may be fruitfully explored as involving an especially female- biased 
trajectory of reproductive development.

A second evolutionary context through which to understand 
the diametric relationship between endometriosis and PCOS is 
life- history trade- offs. Framing endometriosis and PCOS as oppo-
site and extreme expressions of life- history strategies is supported 
by the clear continuity of prenatal testosterone effects on repro-
ductive life histories across females of multiple mammalian species 
(Table 3). Correlates of endometriosis, particularly earlier menarche 
and menopause and rapid menstrual cycling, indicate a life- history 
strategy where early investment into reproduction is favored. In 
both traditional and modern populations, younger age at men-
arche predicts earlier first pregnancy as well as higher fecundability 
(Guldbrandsen et al., 2014; Hochberg et al., 2011). High investment 
into early reproduction is expected to entail survival costs, which 
should be greater in conditions of poor resource availability. Indeed, 
Lycett et al. (2000) reported a negative relationship between fecun-
dity and longevity for women with low access to resources. Another 
study found that a faster pace of reproduction with higher parity 
resulted in higher mortality and poorer nutritional condition, though 
only in the short term (Gurven et al., 2016).

Polycystic ovary syndrome, involving later menarche and meno-
pause and extended or absent menstrual cycling, may represent a 
maladaptive extreme of a strategy where investment into mainte-
nance and survival is favored over reproductive effort, particularly 
in challenging environments (reviewed in Corbett & Morin- Papunen, 
2013). Investment into visceral fat— which is elevated in lean as well 
as obese women with PCOS— appears to enhance health and sur-
vival in harsh conditions of low nutrition and high infection (West- 
Eberhard, 2019; Lassek & Gaulin, 2018). Studies of mice indicate 
that, in environments with high population densities, females pre-
natally exposed to high testosterone may be more effective com-
petitors for limited resources (vom Saal & Bronson, 1980a). Higher 
prenatal testosterone exposure could thus be beneficial for females 
in environments where resource competition is high and traits such 
as increased robustness, muscularity, and dominance provide sur-
vival and competitive benefits. Contrasting PCOS and endometrio-
sis as extreme expressions of life- history strategies provides insights 
into the costs and benefits of prenatal testosterone exposure to 
female development and behavior, an area that has received little 
attention thus far.

A central strength of the diametric hypothesis is that it is ca-
pable of unifying previous hypotheses for the causes of endo-
metriosis. One widely accepted explanation for endometriosis is 
that, in some women, refluxed endometrial cells from menstrua-
tion are insufficiently cleared from the peritoneal cavity, and then 
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implant and proliferate into lesions (Sampson, 1927). The dia-
metric hypothesis addresses the puzzle of why, although 90% of 
women experience retrograde menstruation (Halme et al., 1984), 
only 5%– 10% of women develop endometriotic lesions: (1) Low 
prenatal and postnatal testosterone contributes directly and indi-
rectly to more menstruations and greater menstrual blood volume 
via early menarche, shorter menstrual cycles, and thicker endo-
metrial lining; (2) high local estradiol relative to testosterone in-
creases inflammatory responses to ectopic tissue in women with 
endometriosis; and (3) elevated oxytocinergic activity increases 
uterine contractility, increasing the likelihood and volume of reflux 
menstruation.

Another important hypothesis for the etiology of endometrio-
sis is based on inflammatory activation of developmentally mislo-
cated stem cells, or Müllerian fragments (Russell, 1899; Sasson & 
Taylor, 2008). By the diametric model, such events are mediated by 
effects of prenatal testosterone on expression of reproductive de-
velopmental genes including HOXA10 (Cermik et al., 2003; He et al., 
2018) as well as other genes involved in cell apoptosis, migration, 
and proliferation (Knapczyk- Stwora et al., 2019; Laganà et al., 2017).

The diametric disorder hypothesis for endometriosis and PCOS 
is subject to important caveats and limitations. There are research 
areas where existing evidence is limited or absent. For example, con-
nections of AGD with testosterone and follicular count come from 
one dataset (e.g., Murcia Young Women's Study; Mendiola et al., 
2012; Mira- Escolano et al., 2014) and thus require replication. More 
studies examining testosterone levels and correlations between tes-
tosterone levels and endometriosis symptoms and severity are also 
needed.

Evidence of endometriosis lesions in women with PCOS indi-
cates that causes of endometriosis apart from prenatal testoster-
one exposure should also be considered. This co- occurrence is low, 
and such overlap might be explained in the following three ways. 
Firstly, endometriosis can be induced by treatments for PCOS (and 
vice versa) (Dinsdale et al., 2021), which could account for some of 
the co- occurrence. Secondly, when endometriosis is discovered in 
women with PCOS, it is mild. Risk factors for endometriosis that are 
strongly linked to low prenatal testosterone, such as short AGD, are 
especially predictive of severe endometriosis. Mild endometriosis 
may be framed as a possible outcome of normal inflammation in-
volved in female reproductive processes. An analogy to cancer can 
be applied here, whereby some people and families are especially 
prone to specific, aggressive kinds of cancer, but anyone can de-
velop cancerous growths under certain environmental or lifestyle 
conditions. Environmental exposures (e.g., endocrine- disrupting 
chemicals) can also dysregulate normal endocrine and inflamma-
tory processes and may reduce the threshold for endometriosis 
lesions in women who, under the diametric model, would be con-
sidered low risk for the disease. Thirdly, aspects of PCOS, such as 
high testosterone, could independently contribute to endometriosis 
lesions through increasing susceptibility to infection, which is a hy-
pothesized proximate pathway whereby endometriosis lesions begin 
(García- Peñarrubia et al., 2020).

There are other examples of phenotypic similarity between 
PCOS and endometriosis, such as inflammation and progesterone 
resistance, but these appear to manifest differently and involve dif-
ferent causes (Li et al., 2014; Patel et al., 2017). Under the diamet-
ric hypothesis, areas of phenotypic overlap are expected to involve 
opposite proximate causes in the two conditions, but further study 
is required. A final limitation to consider is that, to the best of our 
knowledge, the effects of prenatal androgen deficiency have only 
been experimentally assessed in swine, whereas the effects of pre-
natal androgen excess on the developing female HPG axis are well 
characterized from experiments on diverse animal models. Future 
studies that experimentally analyze the proximate basis of endome-
triosis in prenatal development, coupled with work that focuses on 
the adaptive evolutionary trade- offs and extremes involved in risks 
of endometriosis and PCOS, should provide substantial new insights 
into the causes and treatments of both disorders.

ACKNOWLEDG MENTS
This work was supported by a NSERC CGS D grant received by N.L. 
Dinsdale as part of her doctoral funding and a NSERC Discovery 
Grant 2019- 04208 to B. Crespi. We thank Dr. Paul Yong, Dr. 
Mohamed Bedaiwy, members of SFU's FAB* lab, Dr. Donna Chizen, 
Calen Ryan, and Robert Brown for their helpful comments and 
conversations. We also thank Silven Read for her assistance with 
formatting.

CONFLIC T OF INTERE S T
The authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analyzed in this study.

ORCID
Bernard J. Crespi  https://orcid.org/0000-0002-0362-392X 

R E FE R E N C E S
Abbott, A. D., Colman, R. J., Tiefenthaler, R., Dumesic, D. A., & Abbott, D. 

H. (2012). Early- to- mid gestation fetal testosterone increases right 
hand 2D:4D finger length ratio in polycystic ovary syndrome- like 
monkeys. PLoS One, 7(8), e42372.

Abbott, D., Dumesic, D., & Franks, S. (2002). Developmental origin of 
polycystic ovary syndrome –  A hypothesis. Journal of Endocrinology, 
174(1), 1– 5.

Abbott, D. H., Dumesic, D. A., & Levine, J. E. (2019). Hyperandrogenic 
origins of polycystic ovary syndrome –  Implications for pathophys-
iology and treatment. Expert Review of Endocrinology & Metabolism, 
14(2), 131– 143.

Abbott, D. H., Tarantal, A. F., & Dumesic, D. A. (2009). Fetal, infant, 
adolescent and adult phenotypes of polycystic ovary syndrome in 
prenatally androgenized female rhesus monkeys. American Journal of 
Primatology, 71(9), 776– 784.

Abdelkareem, A. O., Alotaibi, F. T., AlKusayer, G. M., Ait- Allah, A. 
S., Rasheed, S. M., Helmy, Y. A., Allaire, C., Peng, B., Yong, P. J., & 
Bedaiwy, M. A. (2020). Immunoreactivity of kisspeptin and kiss-
peptin receptor in eutopic and ectopic endometrial tissue of women 

https://orcid.org/0000-0002-0362-392X
https://orcid.org/0000-0002-0362-392X


1706  |     DINSDALE AND CRESPI

with and without endometriosis. Reproductive Science, 27(9), 1731– 
1741. https://doi.org/10.1007/s4303 2- 020- 00167 - w

Adali, E., Yildizhan, R., Kurdoglu, M., Kolusari, A., Edirne, T., Sahin, H. G., 
Yildizhan, B., & Kamaci, M. (2008). The relationship between clinico- 
biochemical characteristics and psychiatric distress in young women 
with polycystic ovary syndrome. Journal of International Medical 
Research, 36(6), 1188– 1196. https://doi.org/10.1177/14732 30008 
03600604

Al- Azemi, M., Bernal, A. L., Steele, J., Gramsbergen, I., Barlow, D., & 
Kennedy, S. (2000). Ovarian response to repeated controlled stimu-
lation in in- vitro fertilization cycles in patients with ovarian endome-
triosis. Human Reproduction, 15(1), 72– 75. https://doi.org/10.1093/
humre p/15.1.72

Andrews, T. M., Lukaszewski, A. W., Simmons, Z. L., & Bleske- Rechek, A. 
(2017). Cue- based estimates of reproductive value explain women's 
body attractiveness. Evolution & Human Behavior, 38(4), 461– 467. 
https://doi.org/10.1016/j.evolh umbeh av.2017.04.002

Anupa, G., Sharma, J. B., Roy, K. K., Sengupta, J., & Ghosh, D. (2019). 
An assessment of the multifactorial profile of steroid- metabolizing 
enzymes and steroid receptors in the eutopic endometrium 
during moderate to severe ovarian endometriosis. Reproductive 
Biology & Endocrinology, 17(1), 111. https://doi.org/10.1186/s1295 
8- 019- 0553- 0

Arumugam, K., & Lim, J. M. H. (1997). Menstrual characteristics associ-
ated with endometriosis. British Journal of Obstetrics & Gynaecology, 
104(8), 948– 950. https://doi.org/10.1111/j.1471- 0528.1997.tb143 
57.x

Astapova, O., Minor, B. M. N., & Hammes, S. R. (2019). Physiological 
and pathological androgen actions in the ovary. Endocrinology, 160, 
1166– 1174. https://doi.org/10.1210/en.2019- 00101

Attar, E., & Bulun, S. E. (2006). Aromatase and other steroidogenic genes 
in endometriosis: Translational aspects. Human Reproduction Update, 
12(1), 49– 56. https://doi.org/10.1093/humup d/dmi034

Babćová, K., Ulčová- Gallová, Z., Rumpík, D., Mičanová, Z., & Bibková, K. 
(2015). Inhibin A and B levels in serum and follicular fluids of women 
with various reproductive failures undergoing in vitro fertilization. 
Ginekologia Polska, 86(10), 726– 730. https://doi.org/10.17772/ 
gp/57844

Backonja, U., Buck Lous, G. M., & Lauver, D. R. (2016). Overall adiposity, 
adipose tissue distribution, and endometriosis. Nursing Research, 65, 
151– 166. https://doi.org/10.1097/NNR.00000 00000 000146

Backonja, U., Hediger, M. L., Chen, Z., Lauver, D. R., Sun, L., Peterson, 
C. M., & Buck Louis, G. M. (2017). Beyond body mass index: Using 
anthropometric measures and body composition indicators to assess 
odds of an endometriosis diagnosis. Journal of Women's Health, 26(9), 
941– 950. https://doi.org/10.1089/jwh.2016.6128

Balen, A. H., Conway, G. S., Kaltsas, G., Techatraisak, K., Manning, P. J., 
West, C., & Jacobs, H. S. (1995). Polycystic ovary syndrome: The 
spectrum of the disorder in 1741 patients. Human Reproduction, 
10(8), 2107– 2111. https://doi.org/10.1093/oxfor djour nals.humrep.
a136243

Bánszegi, O., Altbäcker, V., & Bilkó, A. (2009). Intrauterine position in-
fluences anatomy and behavior in domestic rabbits. Physiology 
& Behavior, 98(3), 258– 262. https://doi.org/10.1016/j.physb 
eh.2009.05.016

Bánszegi, O., Szenczi, P., Dombay, K., Bilkó, A., & Altbäcker, V. (2012). 
Anogenital distance as a predictor of attractiveness, litter size and 
sex ratio of rabbit does. Physiology & Behavior, 105, 1226– 1230. 
https://doi.org/10.1016/j.physb eh.2012.01.002

Barbosa, C. P., Souza, Â. M. B. D., Bianco, B., Christofolini, D., Bach, F. 
A. M., & Lima, G. R. D. (2009). Frequency of endometriotic lesions 
in peritoneum samples from asymptomatic fertile women and cor-
relation with CA125 values. Sao Paulo Medical Journal, 127, 342– 345

Barbotin, A.- L., Peigné, M., Malone, S. A., & Giacobini, P. (2019). Emerging 
roles of anti- Müllerian hormone in hypothalamic- pituitary function. 

Neuroendocrinology, 109, 218– 229. https://doi.org/10.1159/00050 
0689

Barcelos, I. D., Donabella, F. C., Ribas, C. P., Meola, J., Ferriani, R. A., 
de Paz, C. C., & Navarro, P. A. (2015). Down- regulation of the 
CYP19A1 gene in cumulus cells of infertile women with endome-
triosis. Reproductive Biomedicine Online, 30(5), 532– 541. https://doi.
org/10.1016/j.rbmo.2015.01.012

Barrett, E. S., Hoeger, K. M., Sathyanarayana, S., Abbott, D. H., Redmon, 
J. B., Nguyen, R. H., & Swan, S. H. (2018). Anogenital distance in 
newborn daughters of women with polycystic ovary syndrome indi-
cates fetal testosterone exposure. Journal of Developmental Origins of 
Health & Disease, 9(3), 307– 314.

Barrett, E. S., Parlett, L. E., Redmon, J. B., & Swan, S. H. (2014). Evidence 
for sexually dimorphic associations between maternal characteris-
tics and anogenital distance, a marker of reproductive development. 
American Journal of Epidemiology, 179(1), 57– 66.

Barrett, E. S., Parlett, L. E., & Swan, S. H. (2015). Stability of proposed 
biomarkers of prenatal androgen exposure over the menstrual cycle. 
Journal of Developmental Origins of Health & Disease, 6(2), 149– 157.

Bosdou, J. K., Venetis, C. A., Kolibianakis, E. M., Toulis, K. A., Goulis, 
D. G., Zepiridis, L., & Tarlatzis, B. C. (2012). The use of androgens 
or androgen- modulating agents in poor responders undergoing in 
vitro fertilization: A systematic review and meta- analysis. Human 
Reproduction Update, 18(2), 127– 145. https://doi.org/10.1093/
humup d/dmr051

Böttcher, B., Seeber, B., Leyendecker, G., & Wildt, L. (2017). Impact of 
the opioid system on the reproductive axis. Fertility & Sterility, 108(2), 
207– 213. https://doi.org/10.1016/j.fertn stert.2017.06.009

Bourdon, M., Raad, J., Dahan, Y., Marcellin, L., Maignien, C., Even, M., 
Pocate- Cheriet, K., Lamau, M. C., Santulli, P., & Chapron, C. (2018). 
Endometriosis and ART: A prior history of surgery for OMA is asso-
ciated with a poor ovarian response to hyperstimulation. PLoS One, 
13(8), e0202399. https://doi.org/10.1371/journ al.pone.0202399

Brosens, I., & Benagiano, G. (2015). Menstrual preconditioning for the 
prevention of major obstetrical syndromes in polycystic ovary syn-
drome. American Journal of Obstetrics & Gynecology, 213, 488– 493. 
https://doi.org/10.1016/j.ajog.2015.07.021

Brosens, I., Brosens, J. J., & Benagiano, G. (2012). The eutopic endo-
metrium in endometriosis: Are the changes of clinical significance? 
Reproductive Biomedicine Online, 24(5), 496– 502. https://doi.
org/10.1016/j.rbmo.2012.01.022

Brosens, I., Ćurčić, A., Vejnović, T., Gargett, C. E., Brosens, J. J., & 
Benagiano, G. (2015). The perinatal origins of major reproductive 
disorders in the adolescent: Research avenues. Placenta, 36(4), 341– 
344. https://doi.org/10.1016/j.place nta.2015.01.003

Bukulmez, O., Hardy, D. B., Carr, B. R., Word, R. A., & Mendelson, C. R. 
(2008). Inflammatory status influences aromatase and steroid recep-
tor expression in endometriosis. Endocrinology, 149(3), 1190– 1204. 
https://doi.org/10.1210/en.2007- 0665

Bulun, S. E., Fang, Z., Imir, G., Gurates, B., Tamura, M., Yilmaz, B., Langoi, 
D., Amin, S., Yang, S., & Deb, S. (2004). Aromatase and endometri-
osis. Seminars in Reproductive Medicine, 22(1), 45– 50. https://doi.
org/10.1055/s- 2004- 823026

Bulun, S. E., Yilmaz, B. D., Sison, C., Miyazaki, K., Bernardi, L., Liu, S., 
Kohlmeier, A., Yin, P., Milad, M., & Wei, J. (2019). Endometriosis. 
Endocrine Reviews, 40, 1048– 1079.

Burney, R. O., & Giudice, L. C. (2012). Pathogenesis and pathophysiol-
ogy of endometriosis. Fertility & Sterility, 98, 511– 519. https://doi.
org/10.1016/j.fertn stert.2012.06.029

Burt Solorzano, C. M., Beller, J. P., Abshire, M. Y., Collins, J. S., McCartney, 
C. R., & Marshall, J. C. (2012). Neuroendocrine dysfunction in 
polycystic ovary syndrome. Steroids, 77(4), 332– 337. https://doi.
org/10.1016/j.stero ids.2011.12.007

Bütikofer, A., Figlio, D. N., Karbownik, K., Kuzawa, C. W., & Salvanes, 
K. G. (2019). Evidence that prenatal testosterone transfer from male 

https://doi.org/10.1007/s43032-020-00167-w
https://doi.org/10.1177/147323000803600604
https://doi.org/10.1177/147323000803600604
https://doi.org/10.1093/humrep/15.1.72
https://doi.org/10.1093/humrep/15.1.72
https://doi.org/10.1016/j.evolhumbehav.2017.04.002
https://doi.org/10.1186/s12958-019-0553-0
https://doi.org/10.1186/s12958-019-0553-0
https://doi.org/10.1111/j.1471-0528.1997.tb14357.x
https://doi.org/10.1111/j.1471-0528.1997.tb14357.x
https://doi.org/10.1210/en.2019-00101
https://doi.org/10.1093/humupd/dmi034
https://doi.org/10.17772/gp/57844
https://doi.org/10.17772/gp/57844
https://doi.org/10.1097/NNR.0000000000000146
https://doi.org/10.1089/jwh.2016.6128
https://doi.org/10.1093/oxfordjournals.humrep.a136243
https://doi.org/10.1093/oxfordjournals.humrep.a136243
https://doi.org/10.1016/j.physbeh.2009.05.016
https://doi.org/10.1016/j.physbeh.2009.05.016
https://doi.org/10.1016/j.physbeh.2012.01.002
https://doi.org/10.1159/000500689
https://doi.org/10.1159/000500689
https://doi.org/10.1016/j.rbmo.2015.01.012
https://doi.org/10.1016/j.rbmo.2015.01.012
https://doi.org/10.1093/humupd/dmr051
https://doi.org/10.1093/humupd/dmr051
https://doi.org/10.1016/j.fertnstert.2017.06.009
https://doi.org/10.1371/journal.pone.0202399
https://doi.org/10.1016/j.ajog.2015.07.021
https://doi.org/10.1016/j.rbmo.2012.01.022
https://doi.org/10.1016/j.rbmo.2012.01.022
https://doi.org/10.1016/j.placenta.2015.01.003
https://doi.org/10.1210/en.2007-0665
https://doi.org/10.1055/s-2004-823026
https://doi.org/10.1055/s-2004-823026
https://doi.org/10.1016/j.fertnstert.2012.06.029
https://doi.org/10.1016/j.fertnstert.2012.06.029
https://doi.org/10.1016/j.steroids.2011.12.007
https://doi.org/10.1016/j.steroids.2011.12.007


     |  1707DINSDALE AND CRESPI

twins reduces the fertility and socioeconomic success of their fe-
male co- twins. Proceedings of the National Academy of Sciences USA, 
116(14), 6749– 6753.

Byun, J., Peterson, C. M., Backonja, U., Taylor, R. N., Stanford, J. B., 
Allen- Brady, K. L., Smith, K. R., Buck Louis, G. M., & Schliep, K. C. 
(2020). Adiposity and endometriosis severity and typology. Journal 
of Minimally Invasive Gynecology, 27(7), 1516– 1523. http://dx.doi.
org/10.1016/j.jmig.2020.01.002

Cahill, D. J., & Hull, M. G. R. (2000). Pituitary- ovarian dysfunction and 
endometriosis. Human Reproduction Update, 6, 56– 66.

Cahill, D. J., Wardle, P. G., Maile, L. A., Harlow, C. R., & Hull, M. G. R. 
(1995). Pituitary- ovarian dysfunction as a cause for endometriosis- 
associated and unexplained infertility. Human Reproduction, 10, 
3142– 3146.

Carmina, E., Bucchieri, S., Esposito, A., Del Puente, A., Mansueto, P., Orio, 
F., Di Fede, G., & Rini, G. (2007). Abdominal fat quantity and dis-
tribution in women with polycystic ovary syndrome and extent of 
its relation to insulin resistance. The Journal of Clinical Endocrinology 
& Metabolism, 92(7), 2500– 2505. https://doi.org/10.1210/
jc.2006- 2725

Carmina, E., Guastella, E., Longo, R. A., Rini, G. B., & Lobo, R. A. (2009). 
Correlates of increased lean muscle mass in women with polycystic 
ovary syndrome. European Journal of Endocrinology, 161(4), 583– 589. 
https://doi.org/10.1530/EJE- 09- 0398

Carroll, J., Saxena, R., & Welt, C. K. (2012). Environmental and genetic 
factors influence age at menarche in women with polycystic ovary 
syndrome. Journal of Pediatric Endocrinology & Metabolism, 25(5– 6), 
459– 466. https://doi.org/10.1515/jpem- 2012- 0047

Cattrall, F. R., Vollenhoven, B. J., & Weston, G. C. (2005). Anatomical ev-
idence for in utero androgen exposure in women with PCOS. Fertility 
& Sterility, 84(6), P1689– P1692.

Cermik, D., Selam, B., & Taylor, H. S. (2003). Regulation of HOXA10 ex-
pression by testosterone in vitro and in the endometrium of patients 
with polycystic ovary syndrome. The Journal of Clinical Endocrinology 
& Metabolism, 88, 238– 243.

Chang, R. J., & Cook- Andersen, H. (2014). Disordered follicle develop-
ment. Molecular & Cellular Endocrinology, 373, 51– 60. https://doi.
org/10.1016/j.mce.2012.07.011

Cheesman, K. L., Ben Nun, I., Chatterton, R., & Cohen, M. R. (1982). 
Relationship of luteinizing hormone, pregnanediol- 3 glucuronide and 
estriol- 16- glucuronide in urine of infertile women with endometrio-
sis. Fertility & Sterility, 385, 542– 548.

Chen, J., Shen, S., Tan, Y., Xia, D., Xia, Y., Cao, Y., Wang, W., Wu, X., Wang, 
H., Yi, L., Gao, Q., & Wang, Y. (2015). The correlation of aromatase 
activity and obesity in women with or without polycystic ovary syn-
drome. Journal of Ovarian Research, 8, 4– 9. https://doi.org/10.1186/
s1304 8- 015- 0139- 1

Chen, X., Mo, Y., Li, L., Chen, Y., Li, Y., & Yang, D. (2010). Increased plasma 
metastin levels in adolescent women with polycystic ovary syn-
drome. European Journal of Obstetrics & Gynecology and Reproductive 
Biology, 149(1), 72– 76. https://doi.org/10.1016/j.ejogrb.2009.11.018

Cicero, T. J., Nock, B., O'Connor, L., & Meyerk, E. R. (2002). Role of ste-
roids in sex differences in morphine- induced analgesia: Activational 
and organizational effects. Journal of Pharmacology & Experimental 
Therapeutics, 300(2), 695– 701. https://doi.org/10.1124/
jpet.300.2.695

Cimino, I., Casoni, F., Liu, X., Messina, A., Parkash, J., Jamin, S. P., Catteau- 
Jonard, S., Collier, F., Baroncini, M., Dewailly, D., Pigny, P., Prescott, 
M., Campbell, R., Herbison, A. E., Prevot, V., & Giacobini, P. (2016). 
Novel role for anti- Müllerian hormone in the regulation of GnRH 
neuron excitability and hormone secretion. Nature Communications, 
7, 1– 12. https://doi.org/10.1038/ncomm s10055

Clark, M. M., & Galef, B. G. Jr (1998). Effects of intrauterine position 
on the behavior and genital morphology of litter- bearing rodents. 
Developmental Neuropsychology, 14, 197– 211.

Clemens, L. G. (1974). Neurohormonal control of male sexual behaviour. 
In W. Montagna, & W. Sadler (Eds.), Reproductive behaviour (pp. 23– 
53). Plenum Press.

Clemens, L. G., Gladue, B. A., & Coniglio, L. P. (1978). Prenatal endoge-
nous androgenic influences on masculine sexual behavior and geni-
tal morphology in male and female rats. Hormones & Behavior, 10(1), 
40– 53. https://doi.org/10.1016/0018- 506X(78)90023 - 5

Cloud, J. M., & Perilloux, C. (2014). Bodily attractiveness as a win-
dow to women's fertility and reproductive value. In V. A. Weekes- 
Shackelford, & T. K. Shackelford (Eds.), Evolutionary psychology. 
Evolutionary perspectives on human sexual psychology and behavior 
(pp. 135– 152). https://doi.org/10.1007/978- 1- 4939- 0314- 6_7

Cooke, A. A., Connaughton, R. M., Lyons, C. L., McMorrow, A. M., & 
Roche, H. M. (2016). Fatty acids and chronic low grade inflamma-
tion associated with obesity and the metabolic syndrome. European 
Journal of Pharmacology, 785, 207– 214. https://doi.org/10.1016/j.
ejphar.2016.04.021

Corbett, S., & Morin- Papunen, L. (2013). The polycystic ovary syndrome 
and recent human evolution. Molecular & Cellular Endocrinology, 
373(1– 2), 39– 50. https://doi.org/10.1016/j.mce.2013.01.001

Cosar, E., Üçok, K., Akgün, L., Köken, G., Sahin, F. K., Arioz, D. T., & Baş, O. 
(2008). Body fat composition and distribution in women with poly-
cystic ovary syndrome. Gynecological Endocrinology, 24(8), 428– 432. 
https://doi.org/10.1080/09513 59080 2234253

Couse, J. F., Hewitt, S. C., & Korach, K. S. (2006). Steroid receptors in the 
ovary and uterus. In J. D. Neill (Ed.), Knobil & Neill's physiology of re-
production (3rd ed., pp. 593– 678). Elsevier. https://doi.org/10.1016/
B978- 01251 5400- 0/50020 - 8

Coviello, A. D., Zhuang, W. V., Lunetta, K. L., Bhasin, S., Ulloor, J., 
Zhang, A., Karasik, D., Kiel, D. P., Vasan, R. S., & Murabito, J. M. 
(2011). Circulating testosterone and SHBG concentrations are her-
itable in women: The Framingham Heart Study. Journal of Clinical 
Endocrinology & Metabolism, 96, E1491– E1495.

Coyle, C., & Campbell, R. E. (2019). Pathological pulses in PCOS. Molecular 
& Cellular Endocrinology, 498, 110561.

Crespi, B. J., & Go, M. C. (2015). Diametrical diseases reflect evolutionary- 
genetic tradeoffs: Evidence from psychiatry, neurology, rheuma-
tology, oncology and immunology. Evolutionary Medicine & Public 
Health, 2015(1), 216– 253.

Crestani, A., Arfi, A., Ploteau, S., Breban, M., Boudy, A. S., Bendifallah, S., 
Ferrier, C., & Darai, E. (2020). Anogenital distance in adult women is a 
strong marker of endometriosis: Results of a prospective study with 
laparoscopic and histological findings. Human Reproduction Open, 
2020(3), hoaa023.

Day, F. R., Elks, C. E., Murray, A., Ong, K. K., & Perry, J. R. B. (2015). 
Puberty timing associated with diabetes, cardiovascular disease and 
also diverse health outcomes in men and women: The UK Biobank 
study. Science Reports, 5, 1– 12. https://doi.org/10.1038/srep1 1208

de Carvalho, B. R., de Sá Rosa, A. C. J., Rosa- e- Silva, J. C., dos Reis, R. 
M., Ferriani, R. A., & Silva- de- Sá, M. F. (2010). Increased basal FSH 
levels as predictors of low- quality follicles in infertile women with 
endometriosis. International Journal of Gynaecology & Obstetrics, 110, 
208– 212. https://doi.org/10.1016/j.ijgo.2010.03.033

DeHaan, K. C., Berger, L. L., Kesler, D. J., McKeith, F. K., Thomas, D. L., & 
Nash, T. G. (1987). Effect of prenatal androgenization on lamb per-
formance, carcass composition and reproductive function. Journal of 
Animal Science, 65(6), 1465– 1470.

Deswal, R., Yadav, A., & Dang, A. S. (2018). Sex hormone binding globu-
lin –  An important biomarker for predicting PCOS risk: A systematic 
review and meta- analysis. Systems Biology in Reproductive Medicine, 
64(1), 12– 24. https://doi.org/10.1080/19396 368.2017.1410591

Diamanti- Kandarakis, E., & Dunaif, A. (2012). Insulin resistance and 
the polycystic ovary syndrome revisited: An update on mecha-
nisms. Endocrine Reviews, 2, 981– 1030. https://doi.org/10.1210/
er.2011- 1034

http://dx.doi.org/10.1016/j.jmig.2020.01.002
http://dx.doi.org/10.1016/j.jmig.2020.01.002
https://doi.org/10.1210/jc.2006-2725
https://doi.org/10.1210/jc.2006-2725
https://doi.org/10.1530/EJE-09-0398
https://doi.org/10.1515/jpem-2012-0047
https://doi.org/10.1016/j.mce.2012.07.011
https://doi.org/10.1016/j.mce.2012.07.011
https://doi.org/10.1186/s13048-015-0139-1
https://doi.org/10.1186/s13048-015-0139-1
https://doi.org/10.1016/j.ejogrb.2009.11.018
https://doi.org/10.1124/jpet.300.2.695
https://doi.org/10.1124/jpet.300.2.695
https://doi.org/10.1038/ncomms10055
https://doi.org/10.1016/0018-506X(78)90023-5
https://doi.org/10.1007/978-1-4939-0314-6_7
https://doi.org/10.1016/j.ejphar.2016.04.021
https://doi.org/10.1016/j.ejphar.2016.04.021
https://doi.org/10.1016/j.mce.2013.01.001
https://doi.org/10.1080/09513590802234253
https://doi.org/10.1016/B978-012515400-0/50020-8
https://doi.org/10.1016/B978-012515400-0/50020-8
https://doi.org/10.1038/srep11208
https://doi.org/10.1016/j.ijgo.2010.03.033
https://doi.org/10.1080/19396368.2017.1410591
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/er.2011-1034


1708  |     DINSDALE AND CRESPI

Dinsdale, N., Nepomnaschy, P., & Crespi, B. (2021). The evolutionary 
biology of endometriosis. Evolution, Medicine and Public Health, 9(1), 
174– 191.

Dong, Z., An, J., Xie, X., Wang, Z., & Sun, P. (2019). Preoperative serum 
anti- Müllerian hormone level is a potential predictor of ovarian en-
dometrioma severity and postoperative fertility. European Journal 
of Obstetrics & Gynecology and Reproductive Biology, 240, 113– 120. 
https://doi.org/10.1016/j.ejogrb.2019.06.024

Drickamer, L. C. (1996). Intra- uterine position and anogenital distance in 
house mice: Consequences under field conditions. Animal Behaviour, 
51, 925– 934.

Drickamer, L. C., Robinson, A. S., & Mossman, C. A. (2001). Differential 
responses to same and opposite sex odors by adult house mice are 
associated with anogenital distance. Ethology, 107, 509– 519.

Dumesic, D. A., Akopians, A. L., Madrigal, V. K., Ramirez, E., Margolis, D. 
J., Sarma, M. K., Thomas, A. M., Grogan, T. R., Haykal, R., Schooler, 
T. A., Okeya, B. L., Abbott, D. H., & Chazenbalk, G. D. (2016). 
Hyperandrogenism accompanies increased intra- abdominal fat stor-
age in normal weight polycystic ovary syndrome women. The Journal 
of Clinical Endocrinology & Metabolism, 101(11), 4178– 4188. http://
dx.doi.org/10.1210/jc.2016- 2586

Dumesic, D. A., Hoyos, L. R., Chazenbalk, G. D., Naik, R., Padmanabhan, 
V., & Abbott, D. H. (2020). Mechanisms of intergenerational trans-
mission of polycystic ovary syndrome. Reproduction, 159, R1– R13.

Eisenberg, M. L., Jensen, T. K., Walters, R. C., Skakkebaek, N. E., & 
Lipshultz, L. I. (2012). The relationship between anogenital distance 
and reproductive hormone levels in adult men. The Journal of Urology, 
187(2), 594– 598.

Eldar- Geva, T., Spitz, I. M., Groome, N. P., Margalioth, E. J., & Homburg, 
R. (2001). Follistatin and activin A serum concentrations in obese 
and non- obese patients with polycystic ovary syndrome. Human 
Reproduction, 16, 2552– 2556.

Evsen, M. S., Sak, M. E., Soydinc, H. E., Guven, S., Basaranoglu, S., 
Hatipoglu, N. K., Evliyaoglu, O., & Gul, T. (2014). Serum levels of an-
drogens and prostate- specific antigen in endometriosis. Clinical and 
Experimental Obstetrics & Gynecology, 41(4), 432– 435.

Eyvazzadeh, A. D., Pennington, K. P., Pop- Busui, R., Sowers, M., Zubieta, 
J. K., & Smith, Y. R. (2009). The role of the endogenous opioid system 
in polycystic ovary syndrome. Fertility & Sterility, 92, 1– 12. https://
doi.org/10.1016/j.fertn stert.2009.05.012

Fabregues, F., González- Foruria, I., Peñarrubia, J., & Carmona, F. (2018). 
Ovarian response is associated with anogenital distance in pa-
tients undergoing controlled ovarian stimulation for IVF. Human 
Reproduction, 33(9), 1696– 1704. https://doi.org/10.1093/humre p/
dey244

Filippou, P., & Homburg, R. (2017). Is foetal hyperexposure to androgens 
a cause of PCOS? Human Reproduction Update, 23(4), 421– 432.

Foecking, E. M., Szabo, M., Schwartz, N. B., & Levine, J. E. (2005). 
Neuroendocrine consequences of prenatal androgen exposure in 
the female rat: Absence of luteinizing hormone surges, suppres-
sion of progesterone receptor gene expression, and acceleration 
of the gonadotropin- releasing hormone pulse generator. Biology of 
Reproduction, 72, 1475– 1483.

Forslund, M., Landin- Wilhelmsen, K., Schmidt, J., Brännström, M., 
Trimpou, P., & Dahlgren, E. (2019). Higher menopausal age but no 
differences in parity in women with polycystic ovary syndrome com-
pared with controls. Acta Obstetrics & Gynecology Scandinavica, 98, 
320– 326. https://doi.org/10.1111/aogs.13489

Frankfurter, D., Damassa, D. A., Dubey, A. K., & Reindollar, R. H. (1997). 
Serum sex hormone binding globulin levels are elevated in infertile 
endometriosis patients undergoing in vitro fertilization. Fertility & 
Sterility, 1001, S230.

Franks, S., & Hardy, K. (2020). What causes anovulation in PCOS? Current 
Opinion in Endocrine & Metabolic Research, 12, 59– 65. https://doi.
org/10.1016/j.coemr.2020.03.001

Franks, S., Stark, J., & Hardy, K. (2008). Follicle dynamics and anovula-
tion in polycystic ovary syndrome. Human Reproduction Update, 14, 
367– 378.

Frattarelli, J. L., & Peterson, E. H. (2004). Effect of androgen levels on in 
vitro fertilization cycles. Fertility & Sterility, 81(6), 1713– 1714. https://
doi.org/10.1016/j.fertn stert.2003.11.032

Fuertes- Martín, R., Moncayo, S., Insenser, M., Martinez- Garcia, M. A., 
Luque- Ramirez, M., Grau, N. A., Blancher, X. C., & Escobar- Morreale, 
H. (2019). Glycoprotein A and B height- to- width ratios as obesity- 
independent novel biomarkers of low- grade chronic inflammation in 
women with polycystic ovary syndrome (PCOS). Journal of Proteome 
Research, 18(11), 4038– 4045. https://doi.org/10.1021/acs.jprot 
eome.9b00528

García- Gómez, E., Vázquez- Martínez, E. R., Reyes- Mayoral, C., Cruz- 
Orozco, O. P., Camacho- Arroyo, I., & Cerbón, M. (2020). Regulation 
of inflammation pathways and inflammasome by sex steroid hor-
mones in endometriosis. Frontiers in Endocrinology, 10(935), 1– 17. 
https://doi.org/10.3389/fendo.20190 0935

García- Peñarrubia, P., Ruiz- Alcaraz, A. J., Martínez- Esparza, M., Marín, 
P., & Machado- Linde, F. (2020). Hypothetical roadmap towards en-
dometriosis: Prenatal endocrine- disrupting chemical pollutant ex-
posure, anogenital distance, gut- genital microbiota and subclinical 
infections. Human Reproduction Update, 26(2), 214– 246. https://doi.
org/10.1093/humup d/dmz044

Garcia- Velasco, J. A., & Arici, A. (1999). Is the endometrium or oocyte/
embryo affected in endometriosis? Human Reproduction, 14, 77– 89.

Garg, D., & Tal, R. (2016). The role of AMH in the pathophysiology of 
polycystic ovarian syndrome. Reproductive BioMedicine Online, 33, 
15– 28. https://doi.org/10.1016/j.rbmo.2016.04.007

Gaskins, A. J., Rich- Edwards, J. W., Missmer, S. A., Rosner, B., & Chavarro, 
J. E. (2015). Association of fecundity with changes in adult female 
weight. Obstetrics & Gynecology, 126(4), 850– 858. https://doi.
org/10.1097/AOG.00000 00000 001030

Gervásio, C. G., Bernuci, M. P., Silva- de- Sá, M. F., & Rosa- e- Silva, A. C. 
J. (2014). The role of androgen hormones in early follicular devel-
opment. ISRN Obstetrics and Gynecology, 2014, 1– 11. http://dx.doi.
org/10.1155/2014/818010

Gellersen, B., & Brosens, J. J. (2014). Cyclic decidualization of the human 
endometrium in reproductive health and failure. Endocrine Reviews, 
35(6), 851– 905. https://doi.org/10.1210/er.2014- 1045

Gibson, D. A., Simitsidellis, I., & Saunders, P. T. K. (2016). Regulation 
of androgen action during establishment of pregnancy. Journal of 
Molecular Endocrinology, 57(1), R35– R47. https://doi.org/10.1530/
JME- 16- 0027

Gimpl, G., & Fahrenholz, F. (2001). The oxytocin receptor system: 
Structure, function, and regulation. Physiological Reviews, 81(2), 
629– 683.

Giudice, L. C., & Kao, L. C. (2004). Endometriosis. Lancet, 364, 1789– 1799.
Glintborg, D., Jensen, R. C., Schmedes, A. V., Brandslund, I., Kyhl, H. B., 

Jensen, T. K., & Andersen, M. S. (2019). Anogenital distance in chil-
dren born of mothers with polycystic ovary syndrome: The Odense 
Child Cohort. Human Reproduction, 34(10), 2061– 2070.

Goldštajn, M. Š., Toljan, K., Grgić, F., Jurković, I., & Baldani, D. P. (2016). 
Sex hormone binding globulin (SHBG) as a marker of clinical disor-
ders. Collegium Antropologicum, 40(3), 211– 218.

Gong, H., Wu, W., Xu, J., Yu, D., Qiao, B., Liu, H., Yang, B., Li, Y., Ling, 
Y., & Kuang, H. (2019). Flutamide ameliorates uterine decidualization 
and angiogenesis in the mouse hyperandrogenemia model during 
mid- pregnancy. PLoS One, 14(5), e0217095. https://doi.org/10.1371/
journ al.pone.0217095

González- Fernández, R., Peña, Ó., Hernández, J., Martín- Vasallo, P., 
Palumbo, A., & Avila, J. (2011). Patients with endometriosis and pa-
tients with poor ovarian reserve have abnormal follicle- stimulating 
hormone receptor signaling pathways. Fertility & Sterility, 95, 2373– 
2378. https://doi.org/10.1016/j.fertn stert.2011.03.030

https://doi.org/10.1016/j.ejogrb.2019.06.024
http://dx.doi.org/10.1210/jc.2016-2586
http://dx.doi.org/10.1210/jc.2016-2586
https://doi.org/10.1016/j.fertnstert.2009.05.012
https://doi.org/10.1016/j.fertnstert.2009.05.012
https://doi.org/10.1093/humrep/dey244
https://doi.org/10.1093/humrep/dey244
https://doi.org/10.1111/aogs.13489
https://doi.org/10.1016/j.coemr.2020.03.001
https://doi.org/10.1016/j.coemr.2020.03.001
https://doi.org/10.1016/j.fertnstert.2003.11.032
https://doi.org/10.1016/j.fertnstert.2003.11.032
https://doi.org/10.1021/acs.jproteome.9b00528
https://doi.org/10.1021/acs.jproteome.9b00528
https://doi.org/10.3389/fendo.201900935
https://doi.org/10.1093/humupd/dmz044
https://doi.org/10.1093/humupd/dmz044
https://doi.org/10.1016/j.rbmo.2016.04.007
https://doi.org/10.1097/AOG.0000000000001030
https://doi.org/10.1097/AOG.0000000000001030
http://dx.doi.org/10.1155/2014/818010
http://dx.doi.org/10.1155/2014/818010
https://doi.org/10.1210/er.2014-1045
https://doi.org/10.1530/JME-16-0027
https://doi.org/10.1530/JME-16-0027
https://doi.org/10.1371/journal.pone.0217095
https://doi.org/10.1371/journal.pone.0217095
https://doi.org/10.1016/j.fertnstert.2011.03.030


     |  1709DINSDALE AND CRESPI

Goodman, L. R., Goldberg, J. M., Flyckt, R. L., Gupta, M., Harwalker, J., 
& Falcone, T. (2016). Effect of surgery on ovarian reserve in women 
with endometriomas, endometriosis and controls. American Journal 
of Obstetrics & Gynecology, 215(5), 589.e1.

Grzesiak, M., Knapczyk- Stwora, K., Duda, M., & Slomczynska, M. (2012). 
Elevated level of 17β- estradiol is associated with overexpression 
of FSHR, CYP19A1, and CTNNB1 genes in porcine ovarian follicles 
after prenatal and neonatal flutamide exposure. Theriogenology, 78, 
2050– 2060. https://doi.org/10.1016/j.theri ogeno logy.2012.07.026

Guldbrandsen, K., Håkonsen, L. B., Ernst, A., Toft, G., Lyngsø, J., Olsen, J., 
& Ramlau- Hansen, C. H. (2014). Age of menarche and time to preg-
nancy. Human Reproduction, 29, 2058– 2064.

Gurven, M., Costa, M., Trumble, B., Stieglitz, J., Beheim, B., Rodriguez, 
D. E., & Kaplan, H. (2016). Health costs of reproduction are minimal 
despite high fertility, mortality and subsistence lifestyle. Science of 
Reproduction, 6, 1– 10.

Hager, M., Wenzl, R., Riesenhuber, S., Marschalek, J., Kuessel, L., 
Mayrhofer, D., Ristl, R., Kurz, C., & Ott, J. (2019). The prevalence of 
incidental endometriosis in women undergoing laparoscopic ovarian 
drilling for clomiphene- resistant polycystic ovary syndrome: A retro-
spective cohort study and meta- analysis. Journal of Clinical Medicine, 
8, 1210. https://doi.org/10.3390/jcm80 81210

Hakim, C., Padmanabhan, V., & Vyas, A. K. (2017). Gestational hyper-
androgenism in developmental programming. Endocrinology, 158, 
199– 212.

Halme, J., Hammond, M. G., Hulka, J. F., Raj, S. G., & Talbert, L. M. (1984). 
Retrograde menstruation in healthy women and in patients with en-
dometriosis. Obstetrics & Gynecology, 64, 151– 154.

Harada, T. (2013). Dysmenorrhea and endometriosis in young women. 
Yonago Acta Medica, 56(4), 81– 84.

Hashmi, J. A., & Davis, K. D. (2014). Deconstructing sex differences 
in pain sensitivity. Pain, 155(1), 10– 13. https://doi.org/10.1016/j.
pain.2013.07.039

He, B., Ni, Z. L., Kong, S. B., Lu, J. H., & Wang, H. B. (2018). Homeobox 
genes for embryo implantation: From mouse to human. Animal 
Models & Experimental Medicine, 1(1), 14– 22.

He, Y. E., Wu, H., He, X., Xing, Q., Zhou, P., Cao, Y., & Wei, Z. (2016). 
Administration of atosiban in patients with endometriosis under-
going frozen- thawed embryo transfer: A prospective, randomized 
study. Fertility & Sterility, 106(2), 416– 422. https://doi.org/10.1016/j.
fertn stert.2016.04.019

Hernández- Peñalver, A. I., Sánchez- Ferrer, M. L., Mendiola, J., Adoamnei, 
E., Prieto- Sánchez, M. T., Corbalán- Biyang, S., Carmona- Barnosi, 
A., Nieto, A., & Torres- Cantero, A. M. (2018). Assessment of ano-
genital distance as a diagnostic tool in polycystic ovary syn-
drome. Reproductive BioMedicine Online, 37, 741– 749. https://doi.
org/10.1016/j.rbmo.2018.08.020

Hiraishi, K., Sasaki, S., Shikishima, C., & Ando, J. (2012). The second to 
fourth digit ratio (2D:4D) in a Japanese twin sample: heritability, 
prenatal hormone transfer, and association with sexual orientation. 
Archives of Sexual Behavior, 41(3), 711– 724.

Hochberg, Z. E., Gawlik, A., & Walker, R. S. (2011). Evolutionary fitness as 
a function of pubertal age in 22 subsistence- based traditional societ-
ies. International Journal of Pediatric Endocrinology, 1(2), 1– 7.

Holoch, K. J., Savaris, R. F., Forstein, D. A., Miller, P. B., Higdon, H. L. 
III, Likes, C. E., & Lessey, B. A. (2014). Coexistence of polycys-
tic ovary syndrome and endometriosis in women with infertility. 
Journal of Endometriosis & Pelvic Pain Disorders, 6, 78– 83. https://doi.
org/10.5301/je.500181

Hotchkiss, A. K., Lambright, C. S., Ostby, J. S., Parks- Saldutti, L., 
Vandenbergh, J. G., & Gray, L. E. Jr (2007). Prenatal testosterone 
exposure permanently masculinizes anogenital distance, nipple de-
velopment, and reproductive tract morphology in female Sprague- 
Dawley rats. Toxicological Sciences, 96(2), 335– 345. https://doi.
org/10.1093/toxsc i/kfm002

Huang, M., Li, X., Guo, P., Yu, Z., Xu, Y., & Wei, Z. (2017). The abnormal 
expression of oxytocin receptors in the uterine junctional zone in 
women with endometriosis. Reproductive Biology & Endocrinology, 15, 
1. https://doi.org/10.1186/s1295 8- 016- 0220- 7

Hudecova, M., Holte, J., Olovsson, M., & Sundström Poromaa, I. (2009). 
Long- term follow- up of patients with polycystic ovary syndrome: 
Reproductive outcome and ovarian reserve. Human Reproduction, 
24(5), 1176– 1183. https://doi.org/10.1093/humre p/den482

Hudelist, G., Czerwenka, K., Keckstein, J., Haas, C., Fink- Retter, A., 
Gschwantler- Kaulich, D., Kubista, E., & Singer, C. F. (2007). Expression 
of aromatase and estrogen sulfotransferase in eutopic and ecto-
pic endometrium: Evidence for unbalanced estradiol production in 
endometriosis. Reproductive Sciences, 14(8), 798– 805. https://doi.
org/10.1177/19337 19107 309120

Huhtinen, K., Desai, R., Ståhle, M., Salminen, A., Handelsman, D. J., 
Perheentupa, A., & Poutanen, M. (2012). Endometrial and endo-
metriotic concentrations of estrone and estradiol are determined 
by local metabolism rather than circulating levels. The Journal of 
Clinical Endocrinology & Metabolism, 97(11), 4228– 4235. https://doi.
org/10.1210/jc.2012- 1154

Hunter, M. H., & Sterrett, J. J. (2000). Polycystic ovary syndrome: it's not 
just infertility. American Family Physician, 62(5), 1079– 1090.

Ibrahim, R. O., Omer, S. H., & Fattah, C. N. (2020). The correlation be-
tween hormonal disturbance in PCOS women and serum level of kis-
speptin. International Journal of Endocrinology, 2020, 6237141.

Jahromi, B. N., Dabbaghmanesh, M. H., Bakhshaie, P., Parsanezhad, M. E., 
Anvar, Z., Alborzi, M., Zarei, A., & Bakhshaei, M. (2018). Assessment 
of oxytocin level, glucose metabolism components and cutoff values 
for oxytocin and anti- Müllerian hormone in infertile PCOS women. 
Taiwan Journal of Obstetrics & Gynecology, 57(4), 555– 559. https://doi.
org/10.1016/j.tjog.2018.06.015

Jakimiuk, A. J., Weitsman, S. R., Brzechffa, P. R., & Magoffin, D. A. (1998). 
Aromatase mRNA expression in individual follicles from polycys-
tic ovaries. Molecular Human Reproduction, 4(1), 1– 8. https://doi.
org/10.1093/moleh r/4.1.1

Jaschke, N., Lunger, F., Wildt, L., & Seeber, B. (2018). Beta endorphin in 
serum and follicular fluid of PCOS-  and non- PCOS women. Archives 
of Gynecology & Obstetrics, 298(1), 217– 222. https://doi.org/10.1007/
s0040 4- 018- 4793- 6

Jasieńska, G., Ziomkiewicz, A., Ellison, P. T., Lipson, S. F., & Thune, I. 
(2004). Large breasts and narrow waists indicate high reproductive 
potential in women. Proceedings of the Royal Society of London. Series 
B: Biological Sciences, 271, 1213– 1217. https://doi.org/10.1098/
rspb.2004.2712

Jenabi, E., Khazaei, S., & Veisani, Y. (2019). The association between body 
mass index and the risk of endometriosis: A meta- analysis. Journal of 
Endometriosis & Pelvic Pain Disorders, 11(2), 55– 61.

Jeong, K. H., & Kaiser, U. B. (2006). Gonadotropin- releasing hormone 
regulation of gonadotropin biosynthesis and secretion. In J. D. 
Neill (Ed.), Knobil & Neill's physiology of reproduction (3rd ed., pp. 
1635– 1701). Elsevier. https://doi.org/10.1016/B978- 01251 5400- 
0/50036 - 1

Kallak, T. K., Hellgren, C., Skalkidou, A., Sandelin- Francke, 
L., Ubhayasekhera, K., Bergquist, J., Axelsson, O., Comasco, E., 
Campbell, R. E., & Sundström Poromaa, I. (2017). Maternal and fe-
male fetal testosterone levels are associated with maternal age and 
gestational weight gain. European Journal of Endocrinology, 177(4), 
379– 388. https://doi.org/10.1530/EJE- 17- 0207

Kanamarlapudi, V., Gordon, U. D., & López, A. L. (2016). Luteinizing hor-
mone/chorionic gonadotrophin receptor overexpressed in granulosa 
cells from polycystic ovary syndrome ovaries is functionally active. 
Reproductive BioMedicine Online, 32(6), 635– 641.

Kasai, K., Kato, T., Kadota, Y., Erdenebayar, O., Keyama, K., Kawakita, 
T., Yoshida, K., Kuwahara, A., Matsuzaki, T., & Irahara, M. (2019). 
Intraperitoneal administration of activin A promotes development of 

https://doi.org/10.1016/j.theriogenology.2012.07.026
https://doi.org/10.3390/jcm8081210
https://doi.org/10.1016/j.pain.2013.07.039
https://doi.org/10.1016/j.pain.2013.07.039
https://doi.org/10.1016/j.fertnstert.2016.04.019
https://doi.org/10.1016/j.fertnstert.2016.04.019
https://doi.org/10.1016/j.rbmo.2018.08.020
https://doi.org/10.1016/j.rbmo.2018.08.020
https://doi.org/10.5301/je.500181
https://doi.org/10.5301/je.500181
https://doi.org/10.1093/toxsci/kfm002
https://doi.org/10.1093/toxsci/kfm002
https://doi.org/10.1186/s12958-016-0220-7
https://doi.org/10.1093/humrep/den482
https://doi.org/10.1177/1933719107309120
https://doi.org/10.1177/1933719107309120
https://doi.org/10.1210/jc.2012-1154
https://doi.org/10.1210/jc.2012-1154
https://doi.org/10.1016/j.tjog.2018.06.015
https://doi.org/10.1016/j.tjog.2018.06.015
https://doi.org/10.1093/molehr/4.1.1
https://doi.org/10.1093/molehr/4.1.1
https://doi.org/10.1007/s00404-018-4793-6
https://doi.org/10.1007/s00404-018-4793-6
https://doi.org/10.1098/rspb.2004.2712
https://doi.org/10.1098/rspb.2004.2712
https://doi.org/10.1016/B978-012515400-0/50036-1
https://doi.org/10.1016/B978-012515400-0/50036-1
https://doi.org/10.1530/EJE-17-0207


1710  |     DINSDALE AND CRESPI

endometriotic lesions in a mouse model of endometriosis. Journal of 
Medical Investigation, 66, 123– 127.

Kasapoglu, I., Ata, B., Uyaniklar, O., Seyhan, A., Orhan, A., Oguz, S. Y., & 
Uncu, G. (2018). Endometrioma- related reduction in ovarian reserve 
(ERROR): A prospective longitudinal study. Fertility & Sterility, 110(1), 
122– 127. https://doi.org/10.1016/j.fertn stert.2018.03.015

Kauppila, A., Rajaniemi, H., & Rönnberg, L. (1982). Low LH(hCG) receptor 
concentration in ovarian follicles in endometriosis. Acta Obstetrics & 
Gynecology Scandinavica, 61, 81.

Kawwass, J. F., Sanders, K. M., Loucks, T. L., Rohan, L. C., & Berga, S. L. 
(2017). Increased cerebrospinal fluid levels of GABA, testosterone 
and estradiol in women with polycystic ovary syndrome. Human 
Reproduction, 32(7), 1450– 1456. https://doi.org/10.1093/humre p/
dex086

Keisler, L. W., vom Saal, F. S., Keisler, D. H., & Walker, S. E. (1991). 
Hormonal manipulation of the prenatal environment alters repro-
ductive morphology and increases longevity in autoimmune NZB/W 
mice. Biology of Reproduction, 44, 707– 716.

Kiałka, M., Milewicz, T., Spałkowska, M., Krzyczkowska- Sendrakowska, 
M., Wasyl, B., Pełka, A., & Krzysiek, J. (2016). β- endorphins plasma 
level is higher in lean polycystic ovary syndrome (PCOS) women. 
Experimental and Clinical Endocrinology & Diabetes, 124(1), 55– 60. 
https://doi.org/10.1055/s- 0035- 1564094

Kirchengast, S., & Huber, J. (2001). Body composition characteristics and 
body fat distribution in lean women with polycystic ovary syndrome. 
Human Reproduction, 16(6), 1255– 1260. https://doi.org/10.1093/
humre p/16.6.1255

Kirilovas, D., Chaika, A., Bergström, M., Bergström- Petterman, E., 
Carlström, K., Nosenko, J., Korniyenko, S., Yakovets, A., Mogilevkina, 
I., & Naessen, T. (2006). Granulosa cell aromatase enzyme activ-
ity: Effects of follicular fluid from patients with polycystic ovary 
syndrome, using aromatase conversion and [11C]vorozole- binding 
assays. Gynecological Endocrinology, 22(12), 685– 691. https://doi.
org/10.1080/09513 59060 1037535

Kitajima, M., Dolmans, M. M., Donnez, O., Masuzaki, H., Soares, M., & 
Donnez, J. (2014). Enhanced follicular recruitment and atresia in 
cortex derived from ovaries with endometriomas. Fertility & Sterility, 
101, 1031– 1037. https://doi.org/10.1016/j.fertn stert.2013.12.049

Knapczyk- Stwora, K., Durlej- Grzesiak, M., Ciereszko, R. E., Koziorowski, 
M., & Slomczynska, M. (2013). Antiandrogen flutamide affects follic-
ulogenesis during fetal development in pigs. Reproduction, 145, 265– 
276. https://doi.org/10.1530/REP- 12- 0236

Knapczyk- Stwora, K., Nynca, A., Ciereszko, R. E., Paukszto, L., Jastrzebski, 
J. P., Czaja, E., Witek, P., Koziorowski, M., & Slomczynska, M. (2019). 
Flutamide- induced alterations in transcriptional profiling of neonatal 
porcine ovaries. Journal of Animal Science & Biotechnology, 10, 1– 15. 
https://doi.org/10.1186/s4010 4- 019- 0340- y

Kofinas, J. D., & Elias, R. T. (2014). Follicle- stimulating hormone/luteiniz-
ing hormone ratio as an independent predictor of response to con-
trolled ovarian stimulation. Women's Health, 10(5), 505– 509. https://
doi.org/10.2217/whe.14.31

Kumar, P., Sait, S. F., Sharma, A., & Kumar, M. (2011). Ovarian hyperstimu-
lation syndrome. Journal of Human Reproduction Science, 4(2), 70– 75. 
https://doi.org/10.4103/0974- 1208.86080

Kunz, G., & Leyendecker, G. (2002). Uterine peristaltic activity during 
the menstrual cycle: Characterization, regulation, function and dys-
function. Reproductive BioMedicine Online, 4(S3), 5– 9. https://doi.
org/10.1016/s1472 - 6483(12)60108 - 4

Lafay Pillet, M. C., Schneider, A., Borghese, B., Santulli, P., Souza, C., 
Streuli, I., de Ziegler, D., & Chapron, C. (2012). Deep infiltrating en-
dometriosis is associated with markedly lower body mass index: A 
476 case- control study. Human Reproduction, 27(1), 265– 272. https://
doi.org/10.1093/humre p/der346

Laganà, A. S., Vitale, S. G., Salmeri, F. M., Triolo, O., Frangež, H. B., 
Vrtačnik- Bokal, E., Stojanovska, L., Apostolopoulos, V., Granese, 

R., & Sofo, V. (2017). Unus pro omnibus, omnes pro uno: A novel, 
evidence- based, unifying theory for the pathogenesis of endome-
triosis. Medical Hypotheses, 103, 10– 20. https://doi.org/10.1016/j.
mehy.2017.03.032

Lassek, W. D., & Gaulin, S. J. C. (2018). Do the low WHRs and BMIs judged 
most attractive indicate higher fertility? Evolutionary Psychology, 
16(4), 1– 16. https://doi.org/10.1177/14747 04918 800063

Laven, J. S., Imani, B., Eijkemans, M. J., & Fauser, B. C. (2002). New ap-
proach to polycystic ovary syndrome and other forms of anovulatory 
infertility. Obstetrical & Gynecological Survey, 57(11), 755– 767. https://
doi.org/10.1097/00006 254- 20021 1000- 00022

Leonhardt, H., Gull, B., Kishimoto, K., Kataoka, M., Nilsson, L., Janson, 
P. O., Stener- Victorin, E., & Hellström, M. (2012). Uterine mor-
phology and peristalsis in women with polycystic ovary syndrome. 
Acta Radiologica, 53(10), 1195– 1201. https://doi.org/10.1258/
ar.2012.120384

Lessey, B. A., Lebovic, D. I., & Taylor, R. N. (2013). Eutopic endometrium 
in women with endometriosis: Ground zero for the study of implan-
tation defects. Seminars in Reproductive Medicine, 31(2), 109– 124. 
https://doi.org/10.1055/s- 0032- 1333476

Leyendecker, G., Kunz, G., Herbertz, M., Beil, D., Huppert, P., Mall, G., 
Kissler, S., Noe, M., & Wildt, L. (2004). Uterine peristaltic activity and 
the development of endometriosis. Annals of the New York Academy of 
Sciences, 1034, 338– 355. https://doi.org/10.1196/annals.1335.036

Li, X., Feng, Y., Lin, J. F., Billig, H., & Shao, R. (2014). Endometrial proges-
terone resistance and PCOS. Journal of Biomedical Science, 21(1), 2. 
https://doi.org/10.1186/1423- 0127- 21- 2

Li, Y., Li, R., Ouyang, N., Dai, K., Yuan, P., Zheng, L., & Wang, W. (2019). 
Investigating the impact of local inflammation on granulosa cells 
and follicular development in women with ovarian endometriosis. 
Fertility & Sterility, 112, 882– 891. https://doi.org/10.1016/j.fertn 
stert.2019.07.007

Lim, S. S., Davies, M. J., Norman, R. J., & Moran, L. J. (2012). Overweight, 
obesity and central obesity in women with polycystic ovary syn-
drome: A systematic review and meta- analysis. Human Reproduction 
Update, 18(6), 618– 637. https://doi.org/10.1093/humup d/dms030

Lima, A., Silva, R. E., & Martins, A. (2006). FSH, LH, estradiol, proges-
terone, and histamine concentrations in serum, peritoneal fluid and 
follicular fluid of women with and without endometriosis. Revista 
Brasileira de Ginecologia e Obstetrícia, 28(11), 643– 651. https://doi.
org/10.1590/S0100 - 72032 00600 1100003

Liu, Y., & Zhang, W. (2017). Association between body mass index and 
endometriosis risk: A meta- analysis. Oncotarget, 8(29), 46928– 
46936. https://doi.org/10.18632/ oncot arget.14916

Lujan, M. E., Bloski, T. G., Chizen, D. R., Lehotay, D. C., & Pierson, R. 
A. (2010). Digit ratios do not serve as anatomical evidence of pre-
natal androgen exposure in clinical phenotypes of PCOS. Human 
Reproduction, 25(1), 204– 211.

Luke, B., Brown, M. B., Morbeck, D. E., Hudson, S. B., Coddington, C. 
C. III, & Stern, J. E. (2010). Factors associated with ovarian hyper-
stimulation syndrome (OHSS) and its effect on assisted reproductive 
technology (ART) treatment and outcome. Fertility & Sterility, 94(4), 
1399– 1404. https://doi.org/10.1016/j.fertn stert.2009.05.092

Lummaa, V., Pettay, J. E., & Russell, A. F. (2007). Male twins reduce fitness 
of female co- twins in humans. Proceedings of the National Academy 
of Sciences USA, 104(26), 10915– 10920. https://doi.org/10.1073/
pnas.06058 75104

Luo, S., Li, S., Li, X., Qin, L., & Jin, S. (2014). Effect of pretreatment with 
transdermal testosterone on poor ovarian responders undergoing 
IVF/ICSI: A meta- analysis. Experimental & Therapeutic Medicine, 8(1), 
187– 194. https://doi.org/10.3892/etm.2014.1683

Lutchmaya, S., Baron- Cohen, S., Raggatt, P., Knickmeyer, R., & Manning, 
J. T. (2004). 2nd to 4th digit ratios, fetal testosterone and estradiol. 
Early Human Development, 77(1– 2), 23– 28. https://doi.org/10.1016/j.
earlh umdev.2003.12.002

https://doi.org/10.1016/j.fertnstert.2018.03.015
https://doi.org/10.1093/humrep/dex086
https://doi.org/10.1093/humrep/dex086
https://doi.org/10.1055/s-0035-1564094
https://doi.org/10.1093/humrep/16.6.1255
https://doi.org/10.1093/humrep/16.6.1255
https://doi.org/10.1080/09513590601037535
https://doi.org/10.1080/09513590601037535
https://doi.org/10.1016/j.fertnstert.2013.12.049
https://doi.org/10.1530/REP-12-0236
https://doi.org/10.1186/s40104-019-0340-y
https://doi.org/10.2217/whe.14.31
https://doi.org/10.2217/whe.14.31
https://doi.org/10.4103/0974-1208.86080
https://doi.org/10.1016/s1472-6483(12)60108-4
https://doi.org/10.1016/s1472-6483(12)60108-4
https://doi.org/10.1093/humrep/der346
https://doi.org/10.1093/humrep/der346
https://doi.org/10.1016/j.mehy.2017.03.032
https://doi.org/10.1016/j.mehy.2017.03.032
https://doi.org/10.1177/1474704918800063
https://doi.org/10.1097/00006254-200211000-00022
https://doi.org/10.1097/00006254-200211000-00022
https://doi.org/10.1258/ar.2012.120384
https://doi.org/10.1258/ar.2012.120384
https://doi.org/10.1055/s-0032-1333476
https://doi.org/10.1196/annals.1335.036
https://doi.org/10.1186/1423-0127-21-2
https://doi.org/10.1016/j.fertnstert.2019.07.007
https://doi.org/10.1016/j.fertnstert.2019.07.007
https://doi.org/10.1093/humupd/dms030
https://doi.org/10.1590/S0100-72032006001100003
https://doi.org/10.1590/S0100-72032006001100003
https://doi.org/10.18632/oncotarget.14916
https://doi.org/10.1016/j.fertnstert.2009.05.092
https://doi.org/10.1073/pnas.0605875104
https://doi.org/10.1073/pnas.0605875104
https://doi.org/10.3892/etm.2014.1683
https://doi.org/10.1016/j.earlhumdev.2003.12.002
https://doi.org/10.1016/j.earlhumdev.2003.12.002


     |  1711DINSDALE AND CRESPI

Lv, P. P., Jin, M., Rao, J. P., Chen, J., Wang, L. Q., Huang, C. C., Yang, S. 
Q., Yao, Q. P., Feng, L., Shen, J. M., & Feng, C. (2020). Role of anti- 
Müllerian hormone and testosterone in follicular growth: A cross- 
sectional study. BMC Endocrine Disorders, 20, 1– 10.

Lycett, J. E., Dunbar, R. I. M., & Voland, E. (2000). Longevity and the 
costs of reproduction in a historical human population. Proceedings 
of the Royal Society of London. Series B: Biological Sciences, 267, 
31– 35.

Maia, H. Jr, Haddad, C., & Casoy, J. (2012). Correlation between aro-
matase expression in the eutopic endometrium of symptomatic pa-
tients and the presence of endometriosis. International. Journal of 
Women's Health, 4, 61– 65. https://doi.org/10.2147/IJWH.S29154

Manning, J. T. (2011). Resolving the role of prenatal sex steroids in the 
development of digit ratio. Proceedings of the National Academy of 
Sciences USA, 108(39), 16143– 16144.

Marquardt, R. M., Kim, T. H., Shin, J. H., & Jeong, J. W. (2019). 
Progesterone and estrogen signaling in the endometrium: What goes 
wrong in endometriosis? International Journal of Molecular Science, 
20(15), 3822. https://doi.org/10.3390/ijms2 0153822

Matteo, M., Cicinelli, E., Neri, M., Carrubba, R., Carpagnano, F. A., 
Romeo, F., Scutiero, G., Greco, P., Garlanda, C., Vendemiale, G., Levi 
Setti, P. E., & Serviddio, G. (2017). Pro- inflammatory M1/Th1 type 
immune network and increased expression of TSG- 6 in the eutopic 
endometrium from women with endometriosis. European Journal of 
Obstetrics Gynecology & Reproductive Biology, 218, 99– 105. https://
doi.org/10.1016/j.ejogrb.2017.08.014

Matteo, M., Serviddio, G., Massenzio, F., Scillitani, G., Castellana, L., 
Picca, G., Sanguedolce, F., Cignarelli, M., Altomare, E., Bufo, P., Greco, 
P., & Liso, A. (2010). Reduced percentage of natural killer cells as-
sociated with impaired cytokine network in the secretory endome-
trium of infertile women with polycystic ovary syndrome. Fertility & 
Sterility, 94, 2222– 2227.

McCartney, C. R., & Campbell, R. E. (2020). Abnormal GnRH pulsatility 
in polycystic ovary syndrome: Recent insights. Current Opinion in 
Endocrine & Metabolic Research, 12, 78– 84. https://doi.org/10.1016/j.
coemr.2020.04.005

Mendiola, J., Roca, M., Mínguez- Alarcón, L., Mira- Escolano, M. P., López- 
Espín, J. J., Barrett, E. S., Swan, S. H., & Torres- Cantero, A. M. (2012). 
Anogenital distance is related to ovarian follicular number in young 
Spanish women: A cross- sectional study. Environmental Health, 11, 
7– 14. https://doi.org/10.1186/1476- 069X- 11- 90

Mendiola, J., Sánchez- Ferrer, M. L., Jiménez- Velázquez, R., Cánovas- 
López, L., Hernández- Peñalver, A. I., Corbalán- Biyang, S., Carmona- 
Barnosi, A., Prieto- Sánchez, M. T., Nieto, A., & Torres- Cantero, A. M. 
(2016). Endometriomas and deep infiltrating endometriosis in adult-
hood are strongly associated with anogenital distance, a biomarker 
for prenatal hormonal environment. Human Reproduction, 31, 2377– 
2383. https://doi.org/10.1093/humre p/dew163

Minooee, S., Ramezani Tehrani, F., Rahmati, M., Mansournia, M. A., 
& Azizi, F. (2018). Prediction of age at menopause in women with 
polycystic ovary syndrome. Climacteric, 21(1), 29– 34. https://doi.
org/10.1080/13697 137.2017.1392501

Mira- Escolano, M. P., Mendiola, J., Mínguez- Alarcón, L., Melgarejo, M., 
Cutillas- Tolín, A., Roca, M., López- Espín, J. J., Noguera- Velasco, J. A., 
& Torres- Cantero, A. M. (2014). Longer anogenital distance is asso-
ciated with higher testosterone levels in women: A cross- sectional 
study. British Journal of Obstetrics & Gynaecology, 121, 1359– 1364. 
https://doi.org/10.1111/1471- 0528.12627

Misao, R., Hori, M., Ichigo, S., Fujimoto, J., & Tamaya, T. (1995). Levels 
of sex hormone- binding globulin (SHBG) and corticosteroid- binding 
globulin (CBG) messenger ribonucleic acid (mRNAs) in ovarian en-
dometriosis. Reproduction, Nutrition, Development, 35(2), 155– 165. 
https://doi.org/10.1051/rnd:19950204

Missmer, S. A., Hankinson, S. E., Spiegelman, D., Barbieri, R. L., Michels, 
K. B., & Hunter, D. J. (2004). In utero exposures and the incidence 

of endometriosis. Fertility & Sterility, 82(6), 1501– 1508. https://doi.
org/10.1016/j.fertn stert.2004.04.065

Moghadami- Tabrizi, N., Mohammad, K., Dabirashrafi, H., Zandinejad, K., 
& Zomorrodian, S. (1998). The occurrence of endometriosis among 
infertile patients with uterine myoma and those with polycystic ovar-
ian disease: Comparison with infertile control cases. Medical Journal 
of the Islamic Republic of Iran, 11(4), 315– 317.

Mondragón- Ceballos, R., García Granados, M. D., Cerda- Molina, A. L., 
Chavira- Ramírez, R., & Hernández- López, L. E. (2015). Waist- to- hip 
ratio, but not body mass index, is associated with testosterone and 
estradiol concentrations in young women. International Journal of 
Endocrinology, 2015, 1– 6. https://doi.org/10.1155/2015/654046

Monniaux, D., Clément, F., Dalbiès- Tran, R., Estienne, A., Fabre, S., 
Mansanet, C., & Monget, P. (2014). The ovarian reserve of primordial 
follicles and the dynamic reserve of antral growing follicles: What is 
the link? Biology of Reproduction, 90, 1– 11. https://doi.org/10.1095/
biolr eprod.113.117077

Mori, T., Ito, F., Koshiba, A., Kataoka, H., Takaoka, O., Okimura, H., Khan, 
K. N., & Kitawaki, J. (2019). Local estrogen formation and its regula-
tion in endometriosis. Reproductive Medicine & Biology, 18(4), 305– 
311. https://doi.org/10.1002/rmb2.12285

Motta- Mena, N. V., & Puts, D. A. (2016). Endocrinology of human female 
sexuality, mating, and reproductive behavior. Hormones & Behavior, 
91, 19– 35. https://doi.org/10.1016/j.yhbeh.2016.11.012

Mulders, A. G., Laven, J. S., Eijkemans, M. J., de Jong, F. H., Themmen, A. 
P., & Fauser, B. C. (2004). Changes in anti- Müllerian hormone serum 
concentrations over time suggest delayed ovarian ageing in nor-
mogonadotrophic anovulatory infertility. Human Reproduction, 19(9), 
2036– 2042. https://doi.org/10.1093/humre p/deh373

Muteshi, C. M., Ohuma, E. O., Child, T., & Becker, C. M. (2018). The effect 
of endometriosis on live birth rate and other reproductive outcomes 
in ART cycles: A cohort study. Human Reproduction Open, 2018(4), 
1– 7. https://doi.org/10.1093/hrope n/hoy016

Muzii, L., Di Tucci, C., Di Feliciantonio, M., Galati, G., Di Donato, V., 
Musella, A., Palaia, I., & Panici, P. B. (2018). Antimüllerian hormone is 
reduced in the presence of ovarian endometriomas: A systematic re-
view and meta- analysis. Fertility & Sterility, 110(5), 932– 940. https://
doi.org/10.1016/j.fertn stert.2018.06.025

Nesse, R. M., & Stearns, S. C. (2008). The great opportunity: Evolutionary 
applications to medicine and public health. Evolutionary Applications, 
1(1), 28– 48. https://doi.org/10.1111/j.1752- 4571.2007.00006.x

Nikolaou, D., & Gilling- Smith, C. (2004). Early ovarian ageing: Are women 
with polycystic ovaries protected? Human Reproduction, 19(10), 
2175– 2179. https://doi.org/10.1093/humre p/deh419

Nnoaham, K. E., Webster, P., & Kumbang, J. (2012). Is early age at men-
arche a risk factor for endometriosis? A systematic review and meta- 
analysis of case- control studies. Fertility & Sterility, 98(3), 702– 712.
e6. https://doi.org/10.1016/j.fertn stert.2012.05.035

Norman, R. J., Milner, C. R., Groome, N. P., & Robertson, D. M. (2001). 
Circulating follistatin concentrations are higher and activin concen-
trations are lower in PCOS. Human Reproduction, 16(4), 668– 672.

Notelovitz, M. (2002). Androgen effects on bone and muscle. Fertility 
& Sterility, 77(S4), S34– S41. https://doi.org/10.1016/s0015 
- 0282(02)02968 - 0

Noventa, M., Vitagliano, A., Andrisani, A., Blaganje, M., Viganò, P., 
Papaelo, E., Scioscia, M., Cavallin, F., Ambrosini, G., & Cozzolino, M. 
(2019). Testosterone therapy for women with poor ovarian response 
undergoing IVF: A meta- analysis of randomized controlled trials. 
Journal of Assisted Reproduction & Genetics, 36(4), 673– 683. https://
doi.org/10.1007/s1081 5- 018- 1383- 2

Okada, H., Tsuzuki, T., & Murata, H. (2018). Decidualization of the human 
endometrium. Reproductive Medicine & Biology, 17, 220– 227.

Ono, Y. J., Tanabe, A., Nakamura, Y., Yamamoto, H., Hayashi, A., Tanaka, 
T., Sasaki, H., Hayashi, M., Terai, Y., & Ohmichi, M. (2014). A low- 
testosterone state associated with endometrioma leads to the 

https://doi.org/10.2147/IJWH.S29154
https://doi.org/10.3390/ijms20153822
https://doi.org/10.1016/j.ejogrb.2017.08.014
https://doi.org/10.1016/j.ejogrb.2017.08.014
https://doi.org/10.1016/j.coemr.2020.04.005
https://doi.org/10.1016/j.coemr.2020.04.005
https://doi.org/10.1186/1476-069X-11-90
https://doi.org/10.1093/humrep/dew163
https://doi.org/10.1080/13697137.2017.1392501
https://doi.org/10.1080/13697137.2017.1392501
https://doi.org/10.1111/1471-0528.12627
https://doi.org/10.1051/rnd:19950204
https://doi.org/10.1016/j.fertnstert.2004.04.065
https://doi.org/10.1016/j.fertnstert.2004.04.065
https://doi.org/10.1155/2015/654046
https://doi.org/10.1095/biolreprod.113.117077
https://doi.org/10.1095/biolreprod.113.117077
https://doi.org/10.1002/rmb2.12285
https://doi.org/10.1016/j.yhbeh.2016.11.012
https://doi.org/10.1093/humrep/deh373
https://doi.org/10.1093/hropen/hoy016
https://doi.org/10.1016/j.fertnstert.2018.06.025
https://doi.org/10.1016/j.fertnstert.2018.06.025
https://doi.org/10.1111/j.1752-4571.2007.00006.x
https://doi.org/10.1093/humrep/deh419
https://doi.org/10.1016/j.fertnstert.2012.05.035
https://doi.org/10.1016/s0015-0282(02)02968-0
https://doi.org/10.1016/s0015-0282(02)02968-0
https://doi.org/10.1007/s10815-018-1383-2
https://doi.org/10.1007/s10815-018-1383-2


1712  |     DINSDALE AND CRESPI

apoptosis of granulosa cells. PLoS One, 9(12), e115618. https://doi.
org/10.1371/journ al.pone.0115618

Owens, L. A., Kristensen, S. G., Lerner, A., Christopoulos, G., Lavery, S., 
Hanyaloglu, A. C., Hardy, K., Yding Andersen, C., & Franks, S. (2019). 
Gene expression in granulosa cells from small antral follicles from 
women with or without polycystic ovaries. The Journal of Clinical 
Endocrinology & Metabolism, 104(12), 6182– 6192.

Palomba, S., Russo, T., Orio, F., Falbo, A., Manguso, F., Cascella, T., 
Tolino, A., Carmina, E., Colao, A., & Zullo, F. (2006). Uterine effects 
of metformin administration in anovulatory women with polycys-
tic ovary syndrome. Human Reproduction, 21, 457– 465. https://doi.
org/10.1093/humre p/dei351

Pandit, V. K., Setiya, M., Yadav, S., & Jehan, M. (2016). Digit ratio (2D:4D): 
A potential anatomical biomarker for predicting the risk of devel-
opment of polycystic ovarian syndrome. Journal of Dental & Medical 
Sciences, 15(8), 58– 64.

Panidis, D., Kokkinos, T., Vavilis, D., Rousso, D., Tantanassis, T., & 
Kalogeropoulos, A. (1993). SHBG- Serumspiegel bein Frauen mit 
Endometriose vor, während und nach Danazol- Langzeittherapie 
[SHBG serum level in women with endometriosis before, during and 
after long- term danazol therapy]. Geburtshilfe und Frauenheilkunde, 
53(2), 121– 124. https://doi.org/10.1055/s- 2007- 1023649

Pastor, C. L., Griffin- Korf, M. L., Aloi, J. A., Evans, W. S., & Marshall, J. C. 
(1998). Polycystic ovary syndrome: Evidence for reduced sensitivity 
of the gonadotropin- releasing hormone pulse generator to inhibition 
by estradiol and progesterone. The Journal of Clinical Endocrinology 
and Metabolism, 83(2), 582– 590. https://doi.org/10.1210/
jcem.83.2.4604

Patel, B. G., Rudnicki, M., Yu, J. I. E., Shu, Y., & Taylor, R. N. (2017). 
Progesterone resistance in endometriosis: Origins, consequences 
and interventions. Acta Obstetricia et Gynecologica Scandinavica, 96, 
623– 632. https://doi.org/10.1111/aogs.13156

Paul, S. N., Kato, B. S., Cherkas, L. F., Andrew, T., & Spector, T. D. (2006). 
Heritability of the second to fourth digit ratio (2D:4D): A twin study. 
Twin Research & Human Genetics, 9, 215– 219.

Pellicer, A., Valbuena, D., Bauset, C., Albert, C., Bonilla- Musoles, F., 
Remohı,́ J., & Simón, C. (1998). The follicular endocrine environment 
in stimulated cycles of women with endometriosis: Steroid levels 
and embryo quality. Fertility & Sterility, 69(6), 1135– 1141. https://doi.
org/10.1016/s0015 - 0282(98)00085 - 5

Perlman, S., Toledano, Y., Kivilevitch, Z., Halevy, N., Rubin, E., & Gilboa, Y. 
(2020). Foetal sonographic anogenital distance is longer in polycys-
tic ovary syndrome mothers. Journal of Clinical Medicine, 9(9), E2863. 
https://doi.org/10.3390/jcm90 92863

Peters, H. E., Laeven, C. H. C., Trimbos, C. J. M. A., van de Ven, P. M., 
Verhoeven, M. O., Schats, R., Mijatovic, V., & Lambalk, C. B. (2020). 
Anthropometric biomarkers for abnormal prenatal reproductive hor-
mone exposure in women with Mayer- Rokitansky- Küster- Hauser 
syndrome, polycystic ovary syndrome, and endometriosis. Fertility 
& Sterility, 114(6), 1– 8.

Piltonen, T. T., Chen, J. C., Khatun, M., Kangasniemi, M., Liakka, A., 
Spitzer, T., Tran, N., Huddleston, H., Irwin, J. C., & Giudice, L. C. 
(2015). Endometrial stromal fibroblasts from women with polycystic 
ovary syndrome have impaired progesterone- mediated decidualiza-
tion, aberrant cytokine profiles and promote enhanced immune cell 
migration in vitro. Human Reproduction, 30, 1203– 1215. https://doi.
org/10.1093/humre p/dev055

Plant, T. M. (2015). 60 years of neuroendocrinology: the hypothalamo- 
pituitary- gonadal axis. The Journal of Endocrinology, 226(2), T41– T54. 
https://doi.org/10.1530/JOE- 15- 0113

Plein, L. M., & Rittner, H. L. (2018). Opioids and the immune system –  
Friend or foe. British Journal of Pharmacology, 175(14), 2717– 2725. 
https://doi.org/10.1111/bph.13750

Pokoradi, A. J., Iversen, L., & Hannaford, P. C. (2011). Factors associated 
with age of onset and type of menopause in a cohort of UK women. 

American Journal of Obstetrics & Gynecology, 205(1), 34.e1. https://
doi.org/10.1016/j.ajog.2011.02.059

Poli- Neto, O. B., Oliveira, A. M. Z., Salata, M. C., Cesar Rosa- e- Silva, J., 
Machado, D. R. L., Candido- dos- Reis, F. J., & Nogueira, A. A. (2019). 
Strength exercise has different effects on pressure pain thresholds 
in women with endometriosis- related symptoms and healthy con-
trols: A quasi- experimental study. Pain Medicine, 21(10), 2280– 2287. 
https://doi.org/10.1093/pm/pnz310

Prasad, S., Gupta, T., & Divya, A. (2013). Correlation of the day 3 FSH/
LH ratio and LH concentration in predicting IVF outcome. Journal of 
Reproduction & Infertility, 14(1), 23– 28.

Qian, W., Zhu, T., Tang, B., Yu, S., Hu, H., Sun, W., Pan, R., Wang, J., Wang, 
D., Yang, L., & Mao, C. (2014). Decreased circulating levels of oxy-
tocin in obesity and newly diagnosed type 2 diabetic patients. The 
Journal of Clinical Endocrinology & Metabolism, 99(12), 4683– 4689. 
https://doi.org/10.1210/jc.2014- 2206

Rahmioglu, N., Nyholt, D. R., Morris, A. P., Missmer, S. A., Montgomery, 
G. W., & Zondervan, K. T. (2014). Genetic variants underlying risk 
of endometriosis: Insights from meta- analysis of eight genome- wide 
association and replication datasets. Human Reproduction Update, 
20(5), 702– 716. https://doi.org/10.1093/humup d/dmu015

Rajkovic, A., Pangas, S. A., & Matzuk, M. M. (2006). Follicular develop-
ment: Mouse, sheep, and human models. In J. D. Neill (Ed.), Knobil 
& Neill's physiology of reproduction (3rd ed., pp. 383– 424). Elsevier. 
https://doi.org/10.1016/B978- 01251 5400- 0/50015 - 4

Rawson, J. M. (1991). Prevalence of endometriosis in asymptomatic 
women. Journal of Reproductive Medicine, 36, 513– 515.

Reis, F. M., Luisi, S., Abra, S., Rezende, C. P., Rocha, A. L. L., Vigano, P., 
Florio, P., & Petraglia, F. (2012). Diagnostic value of serum activin A 
and follistatin levels in women with peritoneal, ovarian and deep in-
filtrating endometriosis. Human Reproduction Update, 27, 1445– 1450. 
https://doi.org/10.1093/humre p/des055

Rhees, R. W., Kirk, B. A., Sephton, S., & Lephart, E. D. (1997). Effects of 
prenatal testosterone on sexual behavior, reproductive morphology 
and LH secretion in the female rat. Developmental Neuroscience, 19, 
430– 437.

Rines, J. P., & vom Saal, F. S. (1984). Fetal effects on sexual behavior 
and aggression in young and old female mice treated with estrogen 
and testosterone. Hormones & Behavior, 18(2), 117– 129. https://doi.
org/10.1016/0018- 506X(84)90037 - 0

Robinson, J. (2006). Prenatal programming of the female reproductive 
neuroendocrine system by androgens. Reproduction, 132, 539– 547.

Rodríguez- Tárrega, E., Monzo, A. M., Quiroga, R., Polo- Sánchez, P., 
Fernández- Colom, P., Monterde- Estrada, M., Novella- Maestre, E., & 
Pellicer, A. (2020). Effect of GnRH agonist before IVF on outcomes 
in infertile endometriosis patients: A randomized controlled trial. 
Reproductive BioMedicine Online, 41(4), 653– 662.

Roland, A. V., & Moenter, S. M. (2014). Reproductive neuroendocrine 
dysfunction in polycystic ovary syndrome: Insight from animal 
models. Frontiers in Neuroendocrinology, 35(4), 494– 511. https://doi.
org/10.1016/j.yfrne.2014.04.002

Roland, A. V., Nunemaker, C. S., Keller, S. R., & Moenter, S. M. (2010). 
Prenatal androgen exposure programs metabolic dysfunction in fe-
male mice. Journal of Endocrinology, 207(2), 213– 223.

Romanski, P. A., Brady, P. C., Farland, L. V., Thomas, A. M., & Hornstein, 
M. D. (2019). The effect of endometriosis on the antiMüllerian hor-
mone level in the infertile population. Journal of Assisted Reproduction 
& Genetics, 36, 1179– 1184. https://doi.org/10.1007/s1081 5- 019- 
01450 - 9

Rombauts, L., Donoghue, J., Cann, L., Jones, R. L., & Healy, D. L. (2006). 
Activin- A secretion is increased in the eutopic endometrium from 
women with endometriosis. Australian and New Zealand Journal of 
Obstetrics and Gynaecology, 46(2), 148– 153.

Rönnberg, L., Kauppila, A., & Rajaniemi, H. (1984). Luteinizing- hormone 
receptor disorder in endometriosis. Fertility & Sterility, 42(1), 64– 68.

https://doi.org/10.1371/journal.pone.0115618
https://doi.org/10.1371/journal.pone.0115618
https://doi.org/10.1093/humrep/dei351
https://doi.org/10.1093/humrep/dei351
https://doi.org/10.1055/s-2007-1023649
https://doi.org/10.1210/jcem.83.2.4604
https://doi.org/10.1210/jcem.83.2.4604
https://doi.org/10.1111/aogs.13156
https://doi.org/10.1016/s0015-0282(98)00085-5
https://doi.org/10.1016/s0015-0282(98)00085-5
https://doi.org/10.3390/jcm9092863
https://doi.org/10.1093/humrep/dev055
https://doi.org/10.1093/humrep/dev055
https://doi.org/10.1530/JOE-15-0113
https://doi.org/10.1111/bph.13750
https://doi.org/10.1016/j.ajog.2011.02.059
https://doi.org/10.1016/j.ajog.2011.02.059
https://doi.org/10.1093/pm/pnz310
https://doi.org/10.1210/jc.2014-2206
https://doi.org/10.1093/humupd/dmu015
https://doi.org/10.1016/B978-012515400-0/50015-4
https://doi.org/10.1093/humrep/des055
https://doi.org/10.1016/0018-506X(84)90037-0
https://doi.org/10.1016/0018-506X(84)90037-0
https://doi.org/10.1016/j.yfrne.2014.04.002
https://doi.org/10.1016/j.yfrne.2014.04.002
https://doi.org/10.1007/s10815-019-01450-9
https://doi.org/10.1007/s10815-019-01450-9


     |  1713DINSDALE AND CRESPI

Rosenfield, R. L., & Ehrmann, D. A. (2016). The pathogenesis of polycystic 
ovary syndrome (PCOS): The hypothesis of PCOS as functional ovar-
ian hyperandrogenism revisited. Endocrine Reviews, 37(5), 467– 520.

Rotterdam ESHRE/ASRM- Sponsored PCOS Consensus Workshop 
Group. (2004). Revised 2003 consensus on diagnostic criteria and 
long- term health risks related to polycystic ovary syndrome (PCOS). 
Human Reproduction, 19(1), 41– 47.

Roy, R., Kundu, R., Sengupta, M., & Som, P. (2018). Association be-
tween digit length ratio (2D:4D) and polycystic ovarian syndrome 
(PCOS)— A study among eastern Indian population. Journal of the 
Anatomical Society of India, 67, S14– S19. https://doi.org/10.1016/j.
jasi.2017.12.006

Russell, W. (1899). Aberrant portions of the Müllerian duct found in an 
ovary. Ovarian cysts of Müllerian origin. Bulletin of the Johns Hopkins 
Hospital, 10, 8.

Ryan, B. C., & Vandenbergh, J. G. (2002). Intrauterine position effects. 
Neuroscience & Biobehavioral Reviews, 26(6), 665– 678. https://doi.
org/10.1016/S0149 - 7634(02)00038 - 6

Sadrzadeh, S., Klip, W. A. J., Broekmans, F. J. M., Schats, R., Willemsen, 
W. N. P., Burger, C. W., Van Leeuwen, F. E., & Lambalk, C. B. (2003). 
Birth weight and age at menarche in patients with polycystic ovary 
syndrome or diminished ovarian reserve, in a retrospective cohort. 
Human Reproduction, 18, 2225– 2230. https://doi.org/10.1093/
humre p/deg409

Sahmay, S., Aydin, Y., Oncul, M., & Senturk, L. M. (2014). Diagnosis of 
polycystic ovary syndrome: AMH in combination with clinical symp-
toms. Journal of Assisted Reproduction & Genetics, 31(2), 213– 220. 
https://doi.org/10.1007/s1081 5- 013- 0149- 0

Sam, S. (2007). Obesity and polycystic ovary syndrome. Obesity 
Management, 3(2), 69– 73. https://doi.org/10.1089/obe.2007.0019

Sampson, J. A. (1927). Metastatic or embolic endometriosis, due to the 
menstrual dissemination of endometrial tissue into the venous circu-
lation. American Journal of Pathology, 3(2), 93– 110.43.

Sánchez- Ferrer, M. L., Jiménez- Velázquez, R., Mendiola, J., Prieto- 
Sánchez, M. T., Cánovas- López, L., Carmona- Barnosi, A., Corbalán- 
Biyang, S., Hernández- Peñalver, A. I., Adoamnei, E., Nieto, A., & 
Torres- Cantero, A. M. (2019). Accuracy of anogenital distance and 
anti- Müllerian hormone in the diagnosis of endometriosis without 
surgery. International Journal of Gynaecology & Obstetrics, 144, 90– 
96. https://doi.org/10.1002/ijgo.12691

Sánchez- Ferrer, M. L., Mendiola, J., Hernández- Peñalver, A. I., Corbalán- 
Biyang, S., Carmona- Barnosi, A., Prieto- Sánchez, M. T., Nieto, A., & 
Torres- Cantero, A. M. (2017). Presence of polycystic ovary syndrome 
is associated with longer anogenital distance in adult Mediterranean 
women. Human Reproduction Update, 32, 2315– 2323. https://doi.
org/10.1093/humre p/dex274

Sánchez- Ferrer, M. L., Mendiola, J., Jiménez- Velázquez, R., Cánovas- 
López, L., Corbalán- Biyang, S., Hernández- Peñalver, A. I., Carmona- 
Barnosi, A., Maldonado- Cárceles, A. B., Prieto- Sánchez, M. T., 
Machado- Linde, F., & Nieto, A. (2017). Investigation of anogenital dis-
tance as a diagnostic tool in endometriosis. Reproductive BioMedicine 
Online, 34(4), 375– 382. https://doi.org/10.1016/j.rbmo.2017.01.002

Sasson, I. E., & Taylor, H. S. (2008). Stem cells and the pathogenesis of 
endometriosis. Annals of the New York Academy of Sciences, 1127(1), 
106– 115.

Seachrist, D. D., & Keri, R. A. (2019). The activin social Network: activin, in-
hibin, and follistatin in breast development and cancer. Endocrinology, 
160(5), 1097– 1110. https://doi.org/10.1210/en.2019- 00015

Segner, H., Kemenade, B. M. L. V., & Chadzinska, M. (2017). The immuno-
modulatory role of the hypothalamus- pituitary- gonad axis: Proximate 
mechanism for reproduction- immune trade offs? Developmental & 
Comparative Immunology, 66, 43– 60.

Seyhan, A., Ata, B., & Uncu, G. (2015). The impact of endometriosis and 
its treatment on ovarian reserve. Seminars in Reproductive Medicine, 
33(6), 422– 428. https://doi.org/10.1055/s- 0035- 1567820

Shah, D. K. (2013). Diminished ovarian reserve and endometriosis: in-
sult upon injury. Seminars in Reproductive Medicine, 31(2), 144– 149. 
https://doi.org/10.1055/s- 0032- 1333479

Sharpe- Timms, K. L. (2001). Endometrial anomalies in women with endo-
metriosis. Annals of the New York Academy of Sciences, 943, 131– 147. 
https://doi.org/10.1111/j.1749- 6632.2001.tb037 97.x

Shebl, O., Ebner, T., Sommergruber, M., Sir, A., & Tews, G. (2009). Anti 
mullerian hormone serum levels in women with endometriosis: A 
case- control study. Gynecological Endocrinology, 25(11), 713– 716. 
https://doi.org/10.3109/09513 59090 3159615

Shrim, A., Elizur, S. E., Seidman, D. S., Rabinovici, J., Wiser, A., & Dor, J. 
(2006). Elevated day 3 FSH/LH ratio due to low LH concentrations 
predicts reduced ovarian response. Reproductive BioMedicine Online, 
12(4), 418– 422. https://doi.org/10.1016/s1472 - 6483(10)61993 - 1

Simsir, C., Pekcan, M. K., Aksoy, R. T., Ecemis, T., Coskun, B., Kilic, S. H., & 
Tokmak, A. (2019). The ratio of anterior anogenital distance to poste-
rior anogenital distance: A novel- biomarker for polycystic ovary syn-
drome. Journal of the Chinese Medical Association, 82(10), 782– 786.

Singh, D., & Singh, D. (2011). Shape and significance of feminine beauty: 
An evolutionary perspective. Sex Roles, 64(9), 723– 731.

Siristatidis, C., Trivella, M., Chrelias, C., Sioulas, V. D., Vrachnis, N., & 
Kassanos, D. (2012). A short narrative review of the feasibility of 
adopting mild ovarian stimulation for IVF as the current standard of 
care. Archives of Gynecology & Obstetrics, 286(2), 505– 510. https://
doi.org/10.1007/s0040 4- 012- 2347- x

Skorupskaite, K., George, J. T., & Anderson, R. A. (2014). The kisspeptin- 
GnRH pathway in human reproductive health and disease. Human 
Reproduction Update, 20(4), 485– 500. https://doi.org/10.1093/
humup d/dmu009

Slutske, W. S., Bascom, E. N., Meier, M. H., Medland, S. E., & Martin, N. G. 
(2011). Sensation seeking in females from opposite-  versus same- sex 
twin pairs: Hormone transfer or sibling imitation? Behavior Genetics, 
41(4), 533– 542. https://doi.org/10.1007/s1051 9- 010- 9416- 3

Soares, S. R., Martínez- Varea, A., Hidalgo- Mora, J. J., & Pellicer, A. (2012). 
Pharmacologic therapies in endometriosis: A systematic review. 
Fertility & Sterility, 98(3), 529– 555. https://doi.org/10.1016/j.fertn 
stert.2012.07.1120

Somigliana, E., Vigano, P., & Vignali, M. (1999). Endometriosis and unex-
plained recurrent spontaneous abortion: Pathological states result-
ing from aberrant modulation of natural killer cell function? Human 
Reproduction Update, 5(1), 40– 51.

Sowers, M. F., Beebe, J. L., McConnell, D., Randolph, J., & Jannausch, 
M. (2001). Testosterone concentrations in women aged 25– 50 years: 
Associations with lifestyle, body composition, and ovarian sta-
tus. American Journal of Epidemiology, 153(3), 256– 264. https://doi.
org/10.1093/aje/153.3.256

Sprouse- Blum, A. S., Smith, G., Sugai, D., & Parsa, F. D. (2010). 
Understanding endorphins and their importance in pain manage-
ment. Hawaii Medical Journal, 69(3), 70– 71.

Stewart, M. K., Mattiske, D. M., & Andrew, J. P. (2018). In utero exposure 
to both high-  and low- dose diethylstilbestrol disrupts mouse genital 
tubercle development. Biology of Reproduction, 99(6), 1184– 1193. 
https://doi.org/10.1093/biolr e/ioy142

Stilley, J. A. W., Birt, J. A., & Sharpe- Timms, K. L. (2012). Cellular and 
molecular basis for endometriosis- associated infertility. Cell 
Tissue Research, 349(3), 849– 862. https://doi.org/10.1007/s0044 
1- 011- 1309- 0

Stone, J., Folkerd, E., Doody, D., Schroen, C., Treloar, S. A., Giles, G. G., 
Pike, M. C., English, D. R., Southey, M. C., Hopper, J. L., & Dowsett, 
M. (2009). Familial correlations in postmenopausal serum concentra-
tions of sex steroid hormones and other mitogens: A twins and sisters 
study. Journal of Clinical Endocrinology & Metabolism, 94, 4793– 4800.

Straub, R. H. (2014). Interaction of the endocrine system with inflamma-
tion: A function of energy and volume regulation. Arthritis Research 
& Therapy, 16, 203.

https://doi.org/10.1016/j.jasi.2017.12.006
https://doi.org/10.1016/j.jasi.2017.12.006
https://doi.org/10.1016/S0149-7634(02)00038-6
https://doi.org/10.1016/S0149-7634(02)00038-6
https://doi.org/10.1093/humrep/deg409
https://doi.org/10.1093/humrep/deg409
https://doi.org/10.1007/s10815-013-0149-0
https://doi.org/10.1089/obe.2007.0019
https://doi.org/10.1002/ijgo.12691
https://doi.org/10.1093/humrep/dex274
https://doi.org/10.1093/humrep/dex274
https://doi.org/10.1016/j.rbmo.2017.01.002
https://doi.org/10.1210/en.2019-00015
https://doi.org/10.1055/s-0035-1567820
https://doi.org/10.1055/s-0032-1333479
https://doi.org/10.1111/j.1749-6632.2001.tb03797.x
https://doi.org/10.3109/09513590903159615
https://doi.org/10.1016/s1472-6483(10)61993-1
https://doi.org/10.1007/s00404-012-2347-x
https://doi.org/10.1007/s00404-012-2347-x
https://doi.org/10.1093/humupd/dmu009
https://doi.org/10.1093/humupd/dmu009
https://doi.org/10.1007/s10519-010-9416-3
https://doi.org/10.1016/j.fertnstert.2012.07.1120
https://doi.org/10.1016/j.fertnstert.2012.07.1120
https://doi.org/10.1093/aje/153.3.256
https://doi.org/10.1093/aje/153.3.256
https://doi.org/10.1093/biolre/ioy142
https://doi.org/10.1007/s00441-011-1309-0
https://doi.org/10.1007/s00441-011-1309-0


1714  |     DINSDALE AND CRESPI

Sun, B., Wang, F., Sun, J., Yu, W., & Sun, Y. (2014). Basal serum testos-
terone levels correlate with ovarian response but do not predict 
pregnancy outcome in non- PCOS women undergoing IVF. Journal 
of Assisted Reproduction & Genetics, 31(7), 829– 835. https://doi.
org/10.1007/s1081 5- 014- 0246- 8

Sunkara, S. K., Pundir, J., & Khalaf, Y. (2011). Effect of androgen sup-
plementation or modulation on ovarian stimulation outcome in poor 
responders: A meta- analysis. Reproductive BioMedicine Online, 22(6), 
545– 555. https://doi.org/10.1016/j.rbmo.2011.01.015

Tabachnik, M., Sheiner, E., & Wainstock, T. (2020). The association be-
tween second to fourth digit ratio, reproductive and general health 
among women: Findings from an Israeli pregnancy cohort. Science 
Reports, 10(1), 1– 7.

Takahashi, K., Nagata, H., & Kitao, M. (1989). Clinical usefulness of de-
termination of estradiol level in the menstrual blood for patients 
with endometriosis. Nihon Sanka Fujinka Gakkai Zasshi, 41(11), 
1849– 1850.

Takeuchi, A., Koga, K., Satake, E., Makabe, T., Taguchi, A., Miyashita, M., 
Takamura, M., Harada, M., Hirata, T., Hirota, Y., & Yoshino, O. (2019). 
Endometriosis triggers excessive activation of primordial follicles via 
PI3K- PTEN- Akt- Foxo3 pathway. The Journal of Clinical Endocrinology 
& Metabolism, 104(11), 5547– 5554. https://doi.org/10.1210/
jc.2019- 00281

Tang, R., Ding, X., & Zhu, J. (2019). Kisspeptin and polycystic ovary syn-
drome. Frontiers in Endocrinology, 10, 298. https://doi.org/10.3389/
fendo.2019.00298

Tehrani, F. R., Solaymani- Dodaran, M., Hedayati, M., & Azizi, F. (2010). 
Is polycystic ovary syndrome an exception for reproductive aging? 
Human Reproduction, 25(7), 1775– 1781. https://doi.org/10.1093/
humre p/deq088

Thankamony, A., Pasterski, V., Ong, K. K., Acerini, C. L., & Hughes, 
I. A. (2016). Anogenital distance as a marker of androgen expo-
sure in humans. Andrology, 4, 616– 625. https://doi.org/10.1111/
andr.12156

Timologou, A., Zafrakas, M., Grimbizis, G., Miliaras, D., Kotronis, K., 
Stamatopoulos, P., & Tarlatzis, B. C. (2016). Immunohistochemical 
expression pattern of metastasis suppressors KAI1 and KISS1 in en-
dometriosis and normal endometrium. European Journal of Obstetrics 
& Gynecology and Reproductive Biology, 199, 110– 115.

Tissot, M., Lecointre, L., Faller, E., Afors, K., Akladios, C., & Audebert, 
A. (2017). Clinical presentation of endometriosis identified at inter-
val laparoscopic tubal sterilization: Prospective series of 465 cases. 
Journal of Gynecology Obstetrics & Human Reproduction, 46, 647– 650.

Torres- Reverón, A., Palermo, K., Hernández- López, A., Hernández, S., 
Cruz, M. L., Thompson, K. J., Flores, I., & Appleyard, C. B. (2016). 
Endometriosis is associated with a shift in MU opioid and NMDA 
receptor expression in the brain periaqueductal gray. Reproduction 
Science, (9), 1158– 1167. https://doi.org/10.1177/19337 19116 
630410

Tsigkou, A., Luisi, S., De Leo, V., Patton, L., Gambineri, A., Reis, F. M., 
Pasquali, R., & Petraglia, F. (2008). High serum concentration of total 
inhibin in PCOS. Fertility & Sterility, 90(5), 1859– 1863.

Tummon, I., Gavrilova- Jordan, L., Allemand, M. C., & Session, D. (2005). 
Polycystic ovaries and ovarian hyperstimulation syndrome: A sys-
tematic review. Acta Obstetricia et Gynecologica Scandinavica, 84(7), 
611– 616. https://doi.org/10.1111/j.0001- 6349.2005.00788.x

Tummon, I. S., Maclin, V. M., Radwanska, E., Binor, Z., & Dmowski, W. P. 
(1988). Occult ovulatory dysfunction in women with minimal endo-
metriosis or unexplained infertility. Fertility & Sterility, 50(5), 716– 720.

Tyndall, V., Broyde, M., Sharpe, R., Welsh, M., Drake, A. J., & McNeilly, A. 
S. (2012). Effect of androgen treatment during foetal and/or neonatal 
life on ovarian function in prepubertal and adult rats. Reproduction, 
143(1), 21– 33. https://doi.org/10.1530/REP- 11- 0239

Van Anders, S. M., & Hampson, E. (2005). Waist- to- hip ratio is positively 
associated with bioavailable testosterone but negatively associated 

with sexual desire in healthy premenopausal women. Psychosomatic 
Medicine, 67(2), 246– 250.

Vandenbergh, J. G., & Huggett, C. L. (1995). The anogenital distance 
index, a predictor of the intrauterine position effects on reproduc-
tion in female house mice. Laboratory Animal Science, 45(5), 567– 573.

Vaughan Williams, C. A., Oak, M. K., & Elstein, M. (1986). Cyclical gonad-
otrophin and progesterone secretion in women with mini- mal endo-
metriosis. Clinical Reproduction & Fertility, 4, 259– 268.

Venners, S. A., Liu, X., Perry, M. J., Korrick, S. A., Li, Z., Yang, F., Yang, J., 
Lasley, B. L., Xu, X., & Wang, X. (2006). Urinary estrogen and pro-
gesterone metabolite concentrations in menstrual cycles of fertile 
women with non- conception, early pregnancy loss or clinical preg-
nancy. Human Reproduction, 21(9), 2272– 2280.

Vercellini, P., Sacerdote, P., Panerai, A. E., Manfredi, B., Bocciolone, 
L., & Crosignani, G. (1992). Mononuclear cell beta- endorphin con-
centration in women with and without endometriosis. Obstetrics & 
Gynecology, 79(5), 743– 746.

vom Saal, F. S. (1976). Prenatal exposure to androgen influences intraspecific 
aggression in male and female mice (Unpublished Ph.D. thesis). Rutgers 
University.

vom Saal, F. S. (1981). Variation in phenotype due to random intrauter-
ine positioning of male and female fetuses in rodents. Reproduction, 
62(2), 633– 650.

vom Saal, F. S. (1989). The production of and sensitivity to cues that delay 
puberty and prolong subsequent oestrous cycles in female mice are 
influenced by prior intrauterine position. Journal of Reproduction & 
Fertility, 86, 457– 471.

vom Saal, F. S., & Bronson, F. H. (1978). In utero proximity of female 
mouse fetuses to males: Effect on reproductive performance during 
later life. Biology of Reproduction, 19, 842– 853.

vom Saal, F. S., & Bronson, F. H. (1980a). Sexual characteristics of adult 
female mice are correlated with their blood testosterone levels 
during prenatal development. Science, 208, 597– 599.

vom Saal, F. S., & Bronson, F. H. (1980b). Variation in length of the estrous 
cycle in mice due to former intrauterine proximity to male foetuses. 
Biology of Reproduction, 22, 777– 780.

vom Saal, F. S., Quadagno, D. M., Even, M. D., Keisler, L. W., Keisler, D. H., 
& Khan, S. (1990). Paradoxical effects of maternal stress on fetal ste-
roids and postnatal reproductive traits in female mice from different 
intrauterine positions. Biology of Reproduction, 43, 751– 761. https://
doi.org/10.1095/biolr eprod 43.5.751

Walters, K. A., Gilchrist, R. B., Ledger, W. L., Teede, H. J., Handelsman, D. 
J., & Campbell, R. E. (2018). New perspectives on the pathogenesis of 
PCOS: Neuroendocrine origins. Trends in Endocrinology & Metabolism, 
29(12), 841– 852.

Wang, F. F., Wu, Y., Zhu, Y. H., Ding, T., Batterham, R. L., Qu, F., & 
Hardiman, P. J. (2018). Pharmacologic therapy to induce weight 
loss in women who have obesity/overweight with polycystic ovary 
syndrome: A systematic review and network meta- analysis. Obesity 
Reviews, 19(10), 1424– 1445. https://doi.org/10.1111/obr.12720

Weeden, J., & Sabini, J. (2005). Physical attractiveness and health in 
Western societies: A review. Psychological Bulletin, 131(5), 635– 653. 
https://doi.org/10.1037/0033- 2909.131.5.635

Wei, M., Cheng, Y., Bu, H., Zhao, Y., & Zhao, W. (2016). Length of men-
strual cycle and risk of endometriosis: A meta- analysis of 11 case- 
control studies. Medicine, 95(9), e2922. https://doi.org/10.1097/
MD.00000 00000 002922

Welt, C. K., & Carmina, E. (2013). Lifecycle of polycystic ovary syn-
drome (PCOS): From in utero to menopause. The Journal of Clinical 
Endocrinology & Metabolism, 98(12), 4629– 4638. https://doi.
org/10.1210/jc.2013- 2375

West- Eberhard, M. J. (2019). Nutrition, the visceral immune system, 
and the evolutionary origins of pathogenic obesity. Proceedings of 
the National Academy of Sciences USA, 116(3), 723– 731. https://doi.
org/10.1073/pnas.18090 46116

https://doi.org/10.1007/s10815-014-0246-8
https://doi.org/10.1007/s10815-014-0246-8
https://doi.org/10.1016/j.rbmo.2011.01.015
https://doi.org/10.1210/jc.2019-00281
https://doi.org/10.1210/jc.2019-00281
https://doi.org/10.3389/fendo.2019.00298
https://doi.org/10.3389/fendo.2019.00298
https://doi.org/10.1093/humrep/deq088
https://doi.org/10.1093/humrep/deq088
https://doi.org/10.1111/andr.12156
https://doi.org/10.1111/andr.12156
https://doi.org/10.1177/1933719116630410
https://doi.org/10.1177/1933719116630410
https://doi.org/10.1111/j.0001-6349.2005.00788.x
https://doi.org/10.1530/REP-11-0239
https://doi.org/10.1095/biolreprod43.5.751
https://doi.org/10.1095/biolreprod43.5.751
https://doi.org/10.1111/obr.12720
https://doi.org/10.1037/0033-2909.131.5.635
https://doi.org/10.1097/MD.0000000000002922
https://doi.org/10.1097/MD.0000000000002922
https://doi.org/10.1210/jc.2013-2375
https://doi.org/10.1210/jc.2013-2375
https://doi.org/10.1073/pnas.1809046116
https://doi.org/10.1073/pnas.1809046116


     |  1715DINSDALE AND CRESPI

Wiesenfeld- Hallin, Z. (2005). Sex differences in pain perception. 
Gender Medicine, 2(3), 137– 145. https://doi.org/10.1016/s1550 
- 8579(05)80042 - 7

Williams, K., McKinnell, C., Saunders, P. T., Walker, M., Fisher, J. S., 
Turner, K. J., Atanassova, N., & Sharpe, M. (2001). Neonatal expo-
sure to potent and environmental oestrogens and abnormalities of 
the male reproductive system in the rat: Evidence for importance of 
the androgen- oestrogen balance and assessment of the relevance to 
man. Human Reproduction Update, 7(3), 236– 247.

Wu, Y., Zhong, G., Chen, S., Zheng, C., Liao, D., & Xie, M. (2017). 
Polycystic ovary syndrome is associated with anogenital distance, 
a marker of prenatal androgen exposure. Human Reproduction, 
32(4), 937– 943.

Xavier, P., Beires, J., Barros, H., & Martinez- de- Oliveira, J. (2005). 
Subendometrial and intraendometrial blood flow during the men-
strual cycle in patients with endometriosis. Fertility & Sterility, 84(1), 
52– 59. https://doi.org/10.1016/j.fertn stert.2005.01.114

Xiao, S., Li, Y., Long, L., Luo, C., & Mai, Q. (2016). Basal serum testosterone 
levels correlate with ovarian reserve and ovarian response in cycling 
women undergoing in vitro fertilization. Gynecological Endocrinology, 
32(1), 51– 54. https://doi.org/10.3109/09513 590.2015.1076784

Yasui, T., Hayashi, K., Mizunuma, H., Kubota, T., Aso, T., Matsumura, Y., 
Lee, J. S., & Suzuki, S. (2011). Association of endometriosis- related 
infertility with age at menopause. Maturitas, 69(3), 279– 283. https://
doi.org/10.1016/j.matur itas.2011.04.009

Yasui, T., Hayashi, K., Nagai, K., Mizunuma, H., Kubota, T., Lee, J. S., 
& Suzuki, S. (2015). Risk profiles for endometriosis in Japanese 
women: Results from a repeated survey of self- reports. Journal of 
Epidemiology, 25(3), 194– 203. https://doi.org/10.2188/jea.JE201 
40124

Yi, K. W., Shin, J. H., Park, M. S., Kim, T., Kim, S. H., & Hur, J. Y. (2009). 
Association of body mass index with severity of endometriosis in 
Korean women. International Journal of Gynaecology & Obstetrics, 
105(1), 39– 42. https://doi.org/10.1016/j.ijgo.2008.11.001

Yoo, J. H., Cha, S. H., Park, C. W., Kim, J. Y., Yang, K. M., Song, I. O., Koong, 
M. K., Kang, I. S., & Kim, H. O. (2011). Serum anti- Müllerian hormone 
is a better predictor of ovarian response than FSH and age in IVF 

patients with endometriosis. Clinical and Experimental Reproductive 
Medicine, 38, 222– 227.

Younas, K., Quintela, M., Thomas, S., Garcia- Parra, J., Blake, L., 
Whiteland, H., Bunkheila, A., Francis, L. W., Margarit, L., Gonzalez, 
D., & Conlan, R. S. (2019). Delayed endometrial decidualisation in 
polycystic ovary syndrome; the role of AR- MAGEA11. Journal of 
Molecular Medicine, 97, 1315– 1327. https://doi.org/10.1007/s0010 
9- 019- 01809 - 6

Yuan, G., Qian, W., Pan, R., Jia, J., Jiang, D., Yang, Q., Wang, S., Liu, Y., Yu, 
S., Hu, H., & Sun, W. (2016). Reduced circulating oxytocin and high- 
molecular- weight adiponectin are risk factors for metabolic syn-
drome. Endocrine Journal, 63(7), 655– 662. https://doi.org/10.1507/
endoc rj.EJ16- 0078

Zaadstra, B. M., Seidell, J. C., Van Noord, P., te Velde, E. R., Habbema, 
J. D., Vrieswijk, B., & Karbaat, J. (1993). Fat and female fecundity: 
Prospective study of effect of body fat distribution on conception 
rates. British Medical Journal, 306, 484– 487.

Zehr, J. L., Gans, S. E., & McClintock, M. K. (2001). Variation in repro-
ductive traits is associated with short anogenital distance in fe-
male rats. Developmental Psychobiology, 38(4), 229– 238. https://doi.
org/10.1002/dev.1017

Zhao, Y., Zhao, Y., Wang, C., Liang, Z., & Liu, X. (2019). Diagnostic value 
of anti- Müllerian hormone as a biomarker for polycystic ovary 
syndrome: A meta- analysis update. Endocrine Practice, 25(10), 
1056– 1066.

Zheng, Z., & Cohn, M. J. (2011). Developmental basis of sexually di-
morphic digit ratios. Proceedings of the National Academy of Sciences 
USA, 108(39), 16289– 16294. https://doi.org/10.1073/pnas.11083 
12108

How to cite this article: Dinsdale NL, Crespi BJ. Endometriosis 
and polycystic ovary syndrome are diametric disorders. Evol 
Appl. 2021;14:1693– 1715. https://doi.org/10.1111/eva.13244

https://doi.org/10.1016/s1550-8579(05)80042-7
https://doi.org/10.1016/s1550-8579(05)80042-7
https://doi.org/10.1016/j.fertnstert.2005.01.114
https://doi.org/10.3109/09513590.2015.1076784
https://doi.org/10.1016/j.maturitas.2011.04.009
https://doi.org/10.1016/j.maturitas.2011.04.009
https://doi.org/10.2188/jea.JE20140124
https://doi.org/10.2188/jea.JE20140124
https://doi.org/10.1016/j.ijgo.2008.11.001
https://doi.org/10.1007/s00109-019-01809-6
https://doi.org/10.1007/s00109-019-01809-6
https://doi.org/10.1507/endocrj.EJ16-0078
https://doi.org/10.1507/endocrj.EJ16-0078
https://doi.org/10.1002/dev.1017
https://doi.org/10.1002/dev.1017
https://doi.org/10.1073/pnas.1108312108
https://doi.org/10.1073/pnas.1108312108
https://doi.org/10.1111/eva.13244

