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Few studies have assessed the association between endogenous steroid hormone levels and a subsequent
diagnosis of endometriosis. We prospectively evaluated premenopausal plasma sex hormone levels and the
risk of laparoscopically confirmed endometriosis in a nested case-control study within Nurses’ Health Study
II. Between blood collection (1996–1999) and 2009, we ascertained 446 women with incident endometriosis
and matched them to 878 controls through risk-set sampling. We conducted multivariable conditional logistic
regression accounting for matching and confounders to estimate relative risks (RRs) and 95% confidence intervals
(CIs). Women with greater early follicular-phase total or free estradiol levels had a nonlinear increased risk of
endometriosis (early follicular total estradiol: second quartile vs. first, RR = 2.23 (95% CI: 1.44, 3.47); third quartile,
RR = 1.83 (95% CI: 1.16, 2.88); fourth quartile, RR = 1.68 (95% CI: 1.05, 2.68); early follicular free estradiol:
second quartile vs. first, RR = 1.63 (95% CI: 1.05, 2.54); third quartile, RR = 2.02 (95% CI: 1.31, 3.12); fourth
quartile, RR = 1.04 (95% CI: 0.66, 1.65)). Free testosterone assessed in quartile categories was not associated
with endometriosis, although a threshold effect was observed, with a positive association among women in the top
2% of free testosterone levels. Levels of mid–luteal-phase total and free estradiol, follicular and luteal estrone, total
testosterone, progesterone, and sex hormone binding globulin were not associated with endometriosis risk. These
results support the role of sex steroids in endometriosis etiology, although the relationships suggest complex
threshold effects.

endometriosis; estradiol; progesterone; prospective studies; testosterone

Abbreviations: BMI, body mass index; CI, confidence interval; NHS II, Nurses’ Health Study II; RR, relative risk; SHBG, sex
hormone binding globulin.

Endometriosis is the presence of endometrial-like tissue
in locations outside the uterine cavity, and it affects 6%–
10% of reproductive-age women (1, 2). Common signs and
symptoms include chronic pelvic pain, dysmenorrhea, dys-
pareunia, and reduced fertility (1). One of the main theories
regarding endometriosis pathogenesis postulates that the dis-
ease originates from retrograde menstruation of endometrial
tissue into the peritoneal cavity that meets a milieu enhanced
for attachment to the peritoneum, invasion of the epithelium,
and proliferation (3). However, retrograde menstruation
occurs in 76%–90% of all women (4), while endometriosis
prevalence is much lower, suggesting that other factors are
necessary for endometriosis development (1).

Epidemiologic and biological evidence support the clas-
sification of endometriosis as a hormone-dependent disease
(5, 6). Endometriosis is prevalent among women of repro-
ductive age but is rarely diagnosed among premenarcheal
girls and postmenopausal women (6). Estrogen is the best-
defined mitogen for the growth and inflammatory processes
in endometriotic tissue, whereas aromatase inhibitors that
block estrogen formation lead to lesion regression (6, 7).
Progesterone inhibits the mitogenic action of estrogen and
enhances endometrium differentiation; however, resistance
to progesterone action in the presence of endometriosis
is frequently observed (7, 8). Moreover, progestin-based
treatments for endometriosis are variably effective (9). Less
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is known about the role of testosterone in endometriosis
pathogenesis. Hyperandrogenic states induce atrophy of the
endometrium, leading to the use of androgens in endometrio-
sis treatment (10). Additionally, recent hypotheses have
postulated that low testosterone levels in utero may be asso-
ciated with endometriosis development through changes in
the hypothalamic-pituitary-ovarian axis resulting in altered
endogenous sex hormone levels in adulthood (11).

Although steroid hormones affect endometriosis tissue
growth in experimental models (12, 13) and treatment
with exogenous hormones affects lesion volume and
endometriosis-related symptoms (14–16), no human data
directly relating prediagnosis systemic endogenous levels
to endometriosis risk have been reported. We conducted a
prospective nested case-control study within the Nurses’
Health Study II (NHS II) cohort to examine the associations
of premenopausal early follicular-phase and mid–luteal-
phase estrogen, testosterone, progesterone, and sex hormone
binding globulin (SHBG) levels with the risk of subsequent
laparoscopically confirmed endometriosis.

METHODS

Study population and data collection

NHS II is a prospective cohort study with 116,429 regis-
tered female nurses who were aged 25–42 years and resided
in 14 US states at enrollment in 1989. Participants completed
a detailed questionnaire at baseline, and they complete bien-
nial follow-up questionnaires regarding disease incidence
and a variety of biological, reproductive, environmental,
dietary, and behavioral factors. This research was approved
by the Institutional Review Board of Brigham and Women’s
Hospital and Harvard T.H. Chan School of Public Health
(Boston, Massachusetts).

Establishment of the nested blood cohort has been de-
scribed previously (17). In brief, blood samples were col-
lected between 1996 and 1999 from 29,611 NHS II cohort
members who were aged 32–54 years at blood collection.
Premenopausal women who had not taken hormones and
had not been pregnant or breastfed within the past 6 months
(n = 18,521) provided timed blood samples on day 3–5 of
their menstrual cycle (early follicular phase) and 7–9 days
before the anticipated start of their next cycle (mid–luteal
phase). All other women (n = 11,090) provided a single
untimed (random) blood sample and may have been using
hormones at the time of their blood draw. Samples were
shipped with an ice pack via overnight courier to our labora-
tory, where they were processed and have been stored in con-
tinuously monitored liquid nitrogen freezers since collec-
tion. Quality control testing has confirmed a lack of degrada-
tion across time for plasma sex steroid hormone levels (18).

Participants completed a blood-draw questionnaire that
recorded the date and time of blood collection and informa-
tion on current weight, parity, smoking status, alcohol and
medication use, hours since last food intake, recent changes
in menstrual cycle characteristics, and the first day of the
menstrual cycle in which the blood samples were drawn.
Each woman returned a postcard to indicate the first day
of her next menstrual cycle following blood collection. We

included only the timed blood samples for measurement of
estradiol and estrone, levels of which vary through the men-
strual cycle; we restricted the data to luteal-phase samples
for progesterone, because it is mainly produced during the
luteal phase; and we included both luteal and untimed sam-
ples for testosterone and SHBG, because cyclical variations
in testosterone and SHBG levels are minimal (19).

Case ascertainment and analytical definition

In 1993, participants were first asked whether they had
ever had physician-diagnosed endometriosis. If the answer
was yes, they reported when the diagnosis had occurred
and whether it had been confirmed by laparoscopy. These
questions were asked in each subsequent questionnaire.
Endometriosis cases were restricted to women who reported
laparoscopic confirmation of their diagnosis. As previously
reported, medical record case validation for self-reported
laparoscopically confirmed endometriosis within this cohort
is 97% (20, 21). Among the 29,611 women with blood sam-
ples, 525 were diagnosed with laparoscopically confirmed
endometriosis at least 1 year after blood draw through 2009
and had plasma samples assayed for endogenous hormones.
We excluded women who were not successfully matched
to controls due to matching criteria (n = 17), did not have
a valid measurement for any hormone (n = 2), or were
postmenopausal or had an unknown menopausal status at
blood draw (n = 60). The final analytical data set included
446 endometriosis cases.

Control selection

Women with prior cancer (except nonmelanoma skin can-
cer), women who had had a hysterectomy in any cycle before
or during the cycle in which a case was diagnosed, or women
who did not have a sufficient plasma volume (≤1.8 mL) were
not eligible to serve as controls. For each incident case of
laparoscopically confirmed endometriosis, up to 2 controls
(n = 878) were randomly selected from the risk set who were
of the same race/ethnicity (White, Asian, African-American,
Hispanic, other) and age (±1 year) and had the same infer-
tility history (ever/never) and menopausal status at diagnosis
(premenopausal/postmenopausal/unknown). Cases and con-
trols were also matched on the month (±1 month) and time
of day (±2 hours) of blood draw and fasting status (<2, 2–4,
5–7, 8–11, or >12 hours of fasting) at blood draw.

Assessment of exposure

Estradiol, estrone, and testosterone levels were assayed
at Mayo Medical Laboratories (Rochester, Minnesota) by
liquid chromatography–tandem mass spectrometry (Ther-
moFisher Scientific (Franklin, Massachusetts) and Applied
Biosystems/MDS Sciex (Foster City, California)). Proges-
terone and SHBG levels were assayed at the laboratory
of Dr. Nader Rifai (Boston Children’s Hospital, Boston,
Massachusetts) using a competitive electrochemilumines-
cence immunoassay on the Roche E Modular system (Roche
Diagnostics, Indianapolis, Indiana). The hormone levels
of cases and controls ascertained during the 1999–2005
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questionnaire cycles (first selection) were measured in 2007,
and the hormone levels of cases and controls in the 2007–
2009 questionnaire cycles (second selection) were measured
in 2009 in the same laboratories using the same methods.
The overall intraassay coefficients of variation were 10% or
less for each of the hormones in the 2 batches. To account for
potential laboratory drift over time, we adjusted all hormone
levels for batch using the methods described by Rosner
et al. (22).

Free estradiol and free testosterone levels were calculated
using the methods of Sodergard et al. (23). When calculating
follicular free estradiol values, concentrations of SHBG
or testosterone from luteal samples were used if follicular
concentrations were missing. A high correlation between
follicular free estradiol levels calculated using either timed
follicular SHBG and testosterone or luteal SHBG and testos-
terone was observed in a subset of the NHS II blood cohort
(correlation = 0.97; n = 603) (24).

An earlier study was conducted to assess the reproducibil-
ity of sex hormone levels within each woman over a period of
3 years (25). Intraclass correlation coefficients for hormones
ranged from 0.29 (progesterone) to 0.83 (follicular and luteal
SHBG), indicating that a single hormone measurement pro-
vides a reasonable representation of hormone levels over at
least 3 years.

Statistical analysis

Quartile cutpoints for hormone levels were defined using
plasma levels of the controls and were determined separately
for the follicular and luteal phases for estrogens.

Conditional logistic regression models accounting for
matching were used to estimate relative risks (RRs) and
95% confidence intervals (CIs). We further adjusted for
endometriosis risk factors, including birth weight, age
at menarche, body mass index (BMI; weight (kg)/height
(m)2) at age 18 years and at blood draw, number of
pregnancies greater than 6 months in duration, total duration
of breastfeeding, time since last birth, age at first birth,
smoking history, oral contraceptive use, alcohol consump-
tion, Alternative Healthy Eating Index score (tertiles),
physical activity, menstrual cycle length at ages 18–22 years,
adult menstrual cycle length, menstrual cycle pattern at
ages 18–22 years, and adult menstrual cycle pattern. We
additionally considered adjusting for SHBG, testosterone,
and progesterone levels in models with follicular total and
free estradiol and estrone, luteal total and free estradiol and
estrone, total testosterone, and free testosterone (adjusted for
SHBG only); however, these adjustments had no substantial
impact on the RRs and were not included in the final
models (data not shown). Tests for trend were conducted by
modeling the quartile median concentrations and calculating
the Wald statistic. We used restricted cubic splines with
multivariable conditional logistic regression to nonparamet-
rically examine possible nonlinear relationships between
levels of each hormone and the RR of endometriosis,
deleting data points with hormone levels greater than or
equal to the 99th percentile. Spline variables created using
21 knots were chosen through stepwise selection, with the
P value for entry and retention set at less than 0.05. We used

the likelihood ratio test to evaluate nonlinearity, comparing
the model with only the linear term to the model with the
linear and cubic spline terms.

We conducted several sensitivity analyses, including ex-
clusion of women with anovulatory menstrual cycles, de-
fined by progesterone levels less than 4 ng/mL, to evaluate
heterogeneity by anovulation. We restricted analyses of fol-
licular total and free estradiol to women with follicular
estradiol levels below 80 pg/mL, since women with follicu-
lar estradiol levels greater than or equal to 80 pg/mL may be
in perimenopause. Because the delay between symptom
onset and endometriosis diagnosis is 7 years, on average,
we excluded endometriosis cases diagnosed within 2, 4, or
6 years after blood collection to address the possibility that
undiagnosed endometriosis cases at the time of blood draw
might have affected the hormone levels. We examined
whether the associations between hormones and endometrio-
sis risk varied by age at blood draw (<40 years vs. ≥40
years), age at endometriosis diagnosis (<45 years vs. ≥45
years), BMI at age 18 years (<20 vs. ≥20), BMI at blood
draw (<25 vs. ≥25), infertility history at endometriosis
diagnosis (ever vs. never), and parity (parous vs. nulliparous)
and smoking history (ever vs. never) reported in 1995.
Because we observed that results utilizing unconditional
logistic regression adjusting for matching factors (see Web
Table 1, available at https://doi.org/10.1093/aje/kwac219)
were similar to those for conditional logistic regression, we
used unconditional logistic regression adjusting for match-
ing factors in stratified analyses. We tested the statistical sig-
nificance of the interactions via the likelihood ratio test. All
analyses were performed using SAS 9.4 (SAS Institute, Inc.,
Cary, North Carolina). All P values presented are 2-sided.

RESULTS

Study population characteristics

From the 1996–1999 blood draw through the 2009
questionnaire cycle, we ascertained 446 incident laparo-
scopically confirmed endometriosis cases and 878 matched
controls. Age-standardized characteristics were compared
between cases and controls (Table 1). The mean age at blood
collection was 41 years for cases (range, 32–52 years) and
41 years for controls (range, 32–51 years). The median time
between blood collection and endometriosis diagnosis was
5 years (interquartile range, 4–8 years; data not shown).
The majority of the study population was White. Overall,
cases had an earlier age at menarche, were more likely to
be nulliparous, had a shorter breastfeeding duration among
parous women, were less likely to smoke, and consumed
less alcohol compared with controls. Median levels of
total and free estradiol, estrone, total and free testosterone,
progesterone, and SHBG were in the expected ranges for
premenopausal women and were similar between cases and
controls (Table 2).

Endogenous hormones and endometriosis risk

After adjustment for demographic, anthropometric, repro-
ductive, dietary, and behavioral risk factors, women in the

Am J Epidemiol. 2023;192(4):573–586

https://doi.org/10.1093/aje/kwac219


576 Shafrir et al.

Table 1. Age-Standardized Characteristics of Endometriosis Case Subjects and Matched Control Subjects in Nurses’ Health
Study II, 1996–2009a–c

Participant Characteristic
Cases (n = 446) Controls (n = 878)

Mean (SD) % Mean (SD) %

Age, yearsd 41.1 (4.1) 41.4 (4.0)

White race/ethnicity 97 97

BMIe at age 18 years 21.2 (3.3) 21.2 (3.2)

BMI at blood collection 25.9 (5.9) 25.5 (6.0)

History of infertility 26 27

Ever use of OCs 82 85

Current use of OCsf 4 2

Age at menarche, years

<12 25 20

12 34 32

>12 42 48

No. of pregnancies >6 months long

0 (nulliparous) 27 20

1–2 51 51

≥3 22 29

Duration of breastfeeding, monthsg

0 (none) or <1 16 12

1–11 32 32

12–23 32 28

≥24 20 27

Never smoker 72 67

AHEI 2010 scoreh 48.9 (10.5) 48.8 (10.8)

Alcohol intake, g/day 3.0 (5.3) 3.8 (7.4)

Physical activity, MET-hours/weeki 18.8 (21.0) 17.9 (21.0)

Abbreviations: AHEI, Alternative Health Eating Index; BMI, body mass index; MET, metabolic equivalent of task; OC, oral
contraceptive; SD, standard deviation.

a Values are standardized to the age distribution of the study population.
b Women with laparoscopically confirmed cases of endometriosis were matched 1:2 with controls of comparable age,

race/ethnicity, infertility history, and menopausal status at diagnosis, as well as month, time of day, and fasting status at blood
draw.

c Some participants were missing information on BMI at age 18 years (4 cases, 7 controls), BMI at blood draw (10 cases, 19
controls), AHEI 2010 score (45 cases, 80 controls), alcohol intake (45 cases, 80 controls), physical activity (4 cases, 16 controls),
ever use of OCs (2 cases, 1 control), current use of OCs (3 cases, 1 control), age at menarche (2 cases, 4 controls), number of
pregnancies (5 cases, 3 controls), or breastfeeding duration among parous women (1 case, 7 controls).

d Value is not age-adjusted.
e Weight (kg)/height (m)2.
f Current OC users were among women with untimed blood samples. Per eligibility criteria, participants who provided follicular

and luteal samples for the measurement of estradiol and estrone levels had not used hormones within the 6 months preceding
blood sample collection.

g Among parous women.
h The AHEI 2010 measures adherence to a diet pattern based on foods and nutrients most predictive of disease risk in the

literature.
i Metabolic equivalents from recreational and leisure-time activities.

second–fourth quartiles of early follicular total estradiol
levels (vs. the first quartile) had higher risk of a subsequent
endometriosis diagnosis (second quartile, RR = 2.23 (95%
CI: 1.44, 3.47); third quartile, RR = 1.83 (95% CI: 1.16,

2.88); fourth quartile, RR = 1.68 (95% CI: 1.05, 2.68); P
for linear trend = 0.26) (Table 3). Women in the second and
third quartiles, but not the fourth quartile, of early follicular
free estradiol (vs. the first quartile) also had a greater risk of
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Table 2. Endogenous Steroid Hormone Levels for Endometriosis Case Subjects and Matched Control Subjects
in Nurses’ Health Study II, 1996–2009a

Hormone

Cases (n = 446) Controls (n = 878)

Median 10th–90th
Percentile Range

Median 10th–90th
Percentile Range

Estradiol, pg/mL

Follicular 40.7 22.5–81.5 40.4 18.2–88.8

Luteal 131.7 80.5–229.5 133.5 70.4–247.2

Free estradiol, pg/mL

Follicular 0.50 0.27–0.89 0.49 0.24–1.02

Luteal 1.57 0.91–2.74 1.63 0.90–2.87

Estrone, pg/mL

Follicular 39.8 24.8–64.4 38.1 23.9–65.5

Luteal 88.4 51.6–152.2 84.8 50.5–155.0

Testosterone, ng/dL 24.1 14.5–40.4 24.9 15.4–38.6

Free testosterone, ng/dL 0.19 0.09–0.34 0.19 0.10–0.36

Progesterone, ng/mL 13.1 2.25–22.9 13.5 1.38–26.2

SHBG, nmol/L 68.7 32.8–125.2 68.5 33.4–126.0

Abbreviation: SHBG, sex hormone binding globulin.
a Some participants were missing information on follicular estradiol (99 cases, 215 controls), luteal estradiol

(69 cases, 137 controls), follicular free estradiol (102 cases, 222 controls), luteal free estradiol (69 cases, 138
controls), follicular estrone (99 cases, 211 controls), luteal estrone (68 cases, 137 controls), testosterone (5 cases,
11 controls), free testosterone (21 cases, 45 controls), progesterone (64 cases, 45 controls), or SHBG (19 cases,
126 controls).

endometriosis (second quartile, RR = 1.63 (95% CI: 1.05,
2.54); third quartile, RR = 2.02 (95% CI: 1.31, 3.12); fourth
quartile, RR = 1.04 (95% CI: 0.66, 1.65); P for trend = 0.74).
Levels of mid-luteal total and free estradiol, follicular and
luteal estrone, total and free testosterone, progesterone, and
SHBG were not associated with endometriosis risk in mul-
tivariable models (Tables 3 and 4).

Restricted cubic splines showed similar curvilinear
relationships between follicular total and free estradiol and
endometriosis risk as quartile-based regression models (P
for nonlinearity: for follicular total estradiol, P = 0.002;
for follicular free estradiol, P < 0.001) (Figure 1). As
follicular total and free estradiol levels increased, the RR
of endometriosis initially increased and then decreased
as estradiol levels further increased. The wide confidence
interval at the tail of the graphs was due to sparse data at high
concentrations (Figure 1). Although free testosterone levels
were not associated with endometriosis risk in the quartile
analyses, restricted cubic splines showed a curvilinear rela-
tionship between free testosterone and endometriosis risk
(for free testosterone, P for nonlinearity = 0.003) (Figure 2).
The RR for free testosterone levels and endometriosis
remained null except for the RR at the highest levels of
free testosterone when risk of endometriosis increased.

Ovulatory menstrual cycles

When we excluded women with anovulatory menstrual
cycles, that is, those with mid-luteal progesterone levels less

than 4 ng/mL, the associations for follicular total and free
estradiol were attenuated (follicular total estradiol: second
quartile, RR = 1.56 (95% CI: 0.94, 2.58); third quartile,
RR = 1.25 (95% CI: 0.75, 2.09); fourth quartile, RR =
1.09 (95% CI: 0.63, 1.90) (P for trend = 0.26); follicu-
lar free estradiol: second quartile, RR = 1.36 (95% CI:
0.82, 2.25); third quartile, RR = 1.64 (95% CI: 1.00, 2.69);
fourth quartile, RR = 0.70 (95% CI: 0.40, 1.21) (P for
trend = 0.74); Web Table 2). However, higher progesterone
levels were inversely associated with endometriosis risk
after the exclusion of anovulatory menstrual cycles (second
quartile, RR = 0.48 (95% CI: 0.27, 0.86); third quartile,
RR = 0.61 (95% CI: 0.34, 1.10); fourth quartile, RR = 0.44
(95% CI: 0.24, 0.82); P for trend = 0.31).

Stratification

While most of the tests for heterogeneity were nonsignif-
icant, notable differences were observed for the association
of luteal total and free estradiol with endometriosis risk by
subgroup. A decreasing trend across quartiles of luteal total
estradiol was observed among women with a BMI less than
20 at age 18 years (second quartile, RR = 1.62 (95% CI: 0.89,
2.95); third quartile, RR = 1.03 (95% CI: 0.57, 1.88); fourth
quartile, RR = 0.67 (95% CI: 0.36, 1.26); P for trend = 0.05);
however, no trend was observed among women with a
BMI greater than or equal to 20 (P for trend = 0.52; P for
heterogeneity = 0.06; Table 5). Similar heterogeneity was
observed for luteal free estradiol stratified by BMI at age
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Table 4. Relative Risk of Laparoscopically Confirmed Endometriosis by Quartile of Testosterone, Free Testosterone, and Sex Hormone Binding
Globulin Levels in Nurses’ Health Study II, 1996–2009a

Quartile Quartile
Cutpoints

No. of
Cases

No. of
Controls

Base Modelb Multivariate Modelc

RR 95% CI RR 95% CI

Testosterone Level, ng/dL

1 <18.4 109 212 1.00 Referent 1.00 Referent

2 18.5–24.9 144 225 1.25 0.91, 1.70 1.31 0.94, 1.83

3 25.0–31.9 91 214 0.83 0.59, 1.17 0.85 0.59, 1.23

4 ≥32.0 97 216 0.85 0.61, 1.20 0.89 0.61, 1.29

P for trendd 0.09 0.18

Free Testosterone Level, ng/dL

1 <0.131 106 208 1.00 Referent 1.00 Referent

2 0.132–0.185 106 208 1.00 0.72, 1.40 0.99 0.69, 1.41

3 0.186–0.265 108 209 1.01 0.73, 1.40 1.04 0.72, 1.52

4 ≥0.266 105 208 0.99 0.70, 1.39 0.94 0.63, 1.41

P for trend 0.95 0.77

Sex Hormone Binding Globulin Level, nmol/L

1 <47.1 110 209 1.00 Referent 1.00 Referent

2 47.2–68.3 103 209 0.95 0.68, 1.32 1.07 0.74, 1.56

3 68.4–94.1 113 211 1.03 0.75, 1.42 1.15 0.78, 1.69

4 ≥94.2 101 209 0.91 0.66, 1.27 1.05 0.69, 1.59

P for trend 0.67 0.86

Abbreviations: CI, confidence interval; MET, metabolic equivalent of task; RR, relative risk.
a Some participants were missing information on testosterone (5 cases, 11 controls), free testosterone (21 cases, 45 controls), and sex

hormone binding globulin (19 cases, 126 controls).
b RRs and 95% CIs were estimated by conditional logistic regression conditioned on the matching factors, including age, race/ethnicity,

infertility history, and menopausal status at diagnosis, as well as month, time of day, and fasting status at blood draw.
c The multivariate model further adjusted for birth weight (not full-term, <5.5, 5.5–6.9, 7.0–8.4, or ≥8.5 pounds (not full-term, <2.5, 2.5–3.0,

3.1–3.8, or ≥3.9 kg)), age at menarche (<12, 12, or >12 years), body mass index (weight (kg)/height (m)2) at age 18 years (<18.5, 18.5–22.4,
22.5–24.9, or ≥25.0) and at the time of blood collection (<22.5, 22.5–24.9, 25.0–29.9, or ≥30.0), number of pregnancies more than 6 months
in duration (0, 1–2, or >2 births), total duration of breastfeeding (nulliparous, 0 or <1, 1–11, 12–23, or ≥24 months), time since last birth (<2,
2–3, 4–5, or ≥6 years), age at first birth (<25, 25–29, 30–34, or ≥35 years), smoking history (never, past, or current smoker), oral contraceptive
use (ever or never), alcohol consumption (0, 0–5, or >5 g/day), diet score tertile, physical activity (<3, 3–8, 9–17, or ≥18 MET-hours/week),
menstrual cycle length at ages 18–22 years (<26, 26–31, 32–39, or ≥40 days), adult menstrual cycle length (<26, 26–31, or ≥32 days), and
menstrual cycle pattern (very regular, regular, or irregular) at ages 18–22 years and in adulthood.

d P values were calculated via a Wald test of a score variable that contained median values of tertiles.

18 years (P for heterogeneity = 0.05). Heterogeneity was
also observed for free testosterone by BMI at age 18 years,
with a suggestion of increased risk of endometriosis among
participants with BMI less than 20 at age 18 years but no
clear association for BMI greater than or equal to 20 (P for
heterogeneity = 0.03). Among women aged 40 years or more
at blood draw, associations with endometriosis risk were
stronger for follicular total estradiol compared with women
aged less than 40 years (P for heterogeneity = 0.07). For
luteal free estradiol, heterogeneity was noted for infertility
history; however, no discernible patterns were observed
across the subgroups (P for heterogeneity = 0.03). We
observed heterogeneity for total follicular estrone and
smoking status, with the risk of endometriosis being stronger
among ever smokers than among never smokers (P for

heterogeneity = 0.03), and for luteal total estradiol, with risk
of endometriosis being stronger among parous women than
among nulliparous women (P for heterogeneity = 0.01; Web
Table 3). Results for BMI at blood draw were similar to those
for BMI at age 18 years, with the exception of heterogeneity
for progesterone, with a decreased risk of endometriosis
with increasing levels of progesterone for BMI less than 25
at blood draw (P for trend = 0.02) and no clear association
for BMI greater than or equal to 25 (P for trend = 0.09; P
for heterogeneity = 0.002; Web Table 3).

Sensitivity analyses

When restricting the analysis to women with follicular
estradiol levels less than 80 pg/mL, the associations for

Am J Epidemiol. 2023;192(4):573–586
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Figure 1. Restricted cubic splines for the relationship of follicular total (A) and free (B) estradiol levels with the risk of laparoscopically confirmed
endometriosis (multivariable conditional logistic regression) in Nurses’ Health Study II, 1996–2009. The solid line shows the relative risk of
laparoscopically confirmed endometriosis when comparing higher total and free estradiol levels with the minimal levels. Dashed-and-dotted
lines show 95% confidence intervals.

follicular total and free estradiol became slightly stronger
and associations for the remaining steroid hormones
remained largely unchanged (Web Table 4). When excluding
endometriosis cases diagnosed within 2, 4, or 6 years after
the blood draw, the associations for follicular total and free
estradiol remained essentially unchanged (Web Table 5).
However, higher progesterone levels were associated with
decreased endometriosis risk when excluding endometriosis
cases diagnosed within 4 and 6 years after the blood
draw (top vs. bottom quartile: for the 4-year exclusion,
RR = 0.43 (95% CI: 0.25, 0.74), P for trend = 0.01; for
the 6-year exclusion, RR = 0.38 (95% CI: 0.18, 0.82), P for
trend = 0.02).

DISCUSSION

To our knowledge, this is the first study to have prospec-
tively investigated the association between circulating
hormone levels and subsequent risk of an endometriosis
diagnosis at least 1 year after blood collection. We observed
that higher plasma levels of total and free estradiol in
the early follicular phase of the menstrual cycle were
associated with increased risk of endometriosis. Higher
mid-luteal plasma progesterone levels were associated with
decreased endometriosis risk among women whose samples
were collected during an ovulatory cycle. A curvilinear

relationship with free testosterone was observed, with
endometriosis risk being increased among women with the
highest free testosterone levels, who comprised approxi-
mately 2% of our study population.

Strong circumstantial evidence indicates that the develop-
ment and progression of endometriosis depend on estrogen
(5, 6). Endometriosis-related pelvic pain improves when
estrogen production is reduced via bilateral oophorectomy
or gonadotropin-releasing hormone agonist treatment (26,
27). We observed that higher plasma levels of follicular total
and free estradiol were associated with a greater risk of
endometriosis diagnosis, including a suggestion of a curvi-
linear relationship, which remained after exclusion of cases
diagnosed within 2, 4, and 6 years after blood draw. Most
previous case-control studies have found no difference in
follicular estradiol levels between endometriosis cases and
controls (28–30); however, in one study, Takahashi et al. (30)
observed higher estradiol levels in the menstrual effluent of
endometriosis cases compared with controls. Additionally,
in a small case-control study, Shan et al. (31) reported
higher follicular estradiol levels among endometriosis cases
compared with controls. The small sample sizes of these
studies (n < 75 cases) make the results difficult to interpret
with respect to random error. Additionally, hormone mea-
surements in these studies were performed after diagnosis
and thus may not reflect the pertinent earlier etiological

Am J Epidemiol. 2023;192(4):573–586
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Figure 2. Restricted cubic splines for the relationship between
free testosterone level and the risk of laparoscopically con-
firmed endometriosis (multivariable conditional logistic regression) in
Nurses’ Health Study II, 1996–2009. The solid line shows the relative
risk of laparoscopically confirmed endometriosis when comparing
higher free testosterone levels with the minimal levels. Dashed-and-
dotted lines show 95% confidence intervals.

window, and may have been influenced by endometriosis
treatments, often including exogenous hormone therapy.

Conversely, we observed no association of luteal total and
free estradiol and luteal estrone levels with endometriosis
risk, which is consistent with earlier case-control studies,
although the results may differ by revised American Society
for Reproductive Medicine endometriosis stage (29, 32,
33). Two studies in which more than 75% of participants
had stage I or II disease observed no difference in luteal
estradiol levels between endometriosis cases and controls
(29, 32). However, in one small case-control study, Donnez
et al. (33) reported lower estradiol levels for women with
stage III or IV endometriosis (n = 15) on cycle days 14–
19 as compared with a reference curve of normal ovulatory
women, but no difference in estradiol levels for women with
stage I (n = 26) or stage II (n = 17) endometriosis. The
retrospective nature of these case-control studies precludes
extrapolation of observations to etiology or causality, since
the endogenous hormone measurements reflect the active
disease state, which may be confounded by or a marker of
symptom treatment and thus unrelated to the pathophysiol-
ogy of endometriosis initiation or promotion.

Differences observed for follicular versus luteal estro-
gen levels and endometriosis risk may be explained by
differences in the correlation between peripheral and peri-

toneal cavity hormone levels throughout the menstrual cycle.
Among 158 women with regular menstrual cycles who
were not using hormones, Donnez et al. observed that peri-
toneal fluid and serum estradiol concentrations were similar
during the follicular phase but that peritoneal fluid levels
were higher than serum levels during the luteal phase (33).
This difference in estradiol levels in the luteal phase is
most likely due to the high estradiol level of follicular
fluid that empties into the peritoneal cavity during ovu-
lation. Thus, circulating follicular estradiol levels may be
more relevant to the underlying endometriosis pathogen-
esis than circulating luteal estradiol, for which peritoneal
fluid levels may be more relevant. Finally, it is possible
that the observed elevated estradiol levels in the follicular
phase resulted from endometriosis that was present but not
diagnosed at the time of blood collection. However, after
exclusion of cases diagnosed within 2, 4, and 6 years after
the blood draw, the associations between follicular estradiol
levels and endometriosis remained unchanged, suggesting
that undiagnosed endometriosis at blood draw was not influ-
encing the association between follicular estradiol levels and
endometriosis risk.

We observed that higher progesterone levels were asso-
ciated with a lower risk of endometriosis when excluding
anovulatory cycles. Because progesterone levels during
anovulatory cycles are negligible, they do not reflect
women’s longer-term progesterone exposure. Previous
case-control studies have noted lower progesterone peri-
toneal fluid levels among endometriosis cases compared
with controls, particularly for severe disease (32, 33).
Conversely, no differences have been observed between
endometriosis cases and controls for serum progesterone
levels (29, 32); however, small sample sizes may have
reduced those studies’ statistical power to detect modest
differences. Progesterone exerts antiestrogenic effects in
the endometrium, partly by inducing 17β-hydroxysteroid
dehydrogenase 2 that catalyzes the biologically potent
estradiol to less estrogenic estrone (34, 35). However,
endometriotic tissue fails to respond to progesterone because
of extremely low progesterone receptor levels in ectopic
endometrium (36, 37), which leads to diminished inactiva-
tion of estradiol (7). Additionally, we observed an inverse
association between progesterone and endometriosis risk
when excluding endometriosis cases diagnosed within 4 and
6 years after blood draw, suggesting that progesterone levels
may be important earlier in the etiology of endometriosis.
However, due to the large within-person variation (intraclass
correlation coefficient = 0.29) of progesterone measurement
over 3 years (25), it is difficult to draw conclusions on
associations between progesterone and endometriosis risk.

Endometriosis lesions express androgen receptors and
atrophy when exposed to androgens (10, 38). Danazol,
a modified testosterone, was the first drug approved
specifically for endometriosis treatment (39). The potential
mechanism of danazol is inhibition of ovarian steroido-
genesis, resulting in decreased secretion of estradiol and
increased androgen levels (40). Recently, evolutionary
biologists have postulated that low testosterone in utero, and
potentially throughout adulthood, may be associated with
a greater risk of endometriosis (11). Nonhuman primate

Am J Epidemiol. 2023;192(4):573–586
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studies have shown that exposure to androgens in utero
leads to higher levels of testosterone later in life (41, 42);
however, no human data exist for the relationship between
testosterone levels in utero and later in life. Few studies have
assessed the association between circulating testosterone
levels and endometriosis, and none have examined the
relationship between testosterone levels and subsequent risk
of endometriosis. Results from cross-sectional studies have
been mixed, with some studies finding lower serum testos-
terone levels among endometriosis patients compared with
controls (43, 44), one study finding no association (45, 46),
and one study finding higher free testosterone levels among
endometriosis patients compared with controls (46). How-
ever, none of these studies were prospective or accounted
for confounders, and all were restricted to endometriosis
patients who were currently experiencing infertility and
thus were not representative of the majority of women with
endometriosis (47). Contrary to the hypothesized protective
role of higher testosterone levels in endometriosis risk
(11), we observed in nonparametric restricted cubic spline
analyses that as free testosterone increased, the risk of
endometriosis increased. However, these results should be
interpreted with caution because the increase in endometrio-
sis risk was observed only above 0.57 ng/dL of free
testosterone, which comprised 2% of cases and controls with
testosterone measurements. The quartile analysis that mini-
mized the influence of but also detection of influential tails
was null, although there was a suggestion of an inverse trend.

This study had several limitations. The mean age at en-
dometriosis diagnosis within this study population was
approximately 5 years higher than the mean age at diagnosis
in the entire cohort through 2009 (46 years vs. 41 years)
and is attributable to the timing of NHS II blood collection.
Associations between the hormones and endometriosis risk
did not appear to be modified by age at endometriosis
diagnosis, suggesting that the associations may have
been similar if the study population were younger at
blood collection. Another limitation is that we lacked
information on revised American Society for Reproductive
Medicine stage for endometriosis and could not evaluate
whether associations varied by disease stage, although,
as we described previously (20), approximately 60% of
endometriosis cases within NHS II were categorized as stage
I or II at diagnostic laparoscopy. In addition, it is likely that a
proportion of our controls had asymptomatic disease or were
symptomatic but had not reached the point of diagnosis.
However, this nondifferential misclassification is likely to
have biased our estimated effect estimates toward the null.

Our study had many strengths. Blood samples were col-
lected on average 5 years prior to endometriosis diagnosis.
The prospective study design uniquely allows for evaluation
of the temporality of the association between hormone levels
and risk of endometriosis, or at least a window earlier in the
disease process than at or after the time of surgical diagnosis,
and is essential for etiological hypothesis-testing and causal
inference. The carefully timed collection of samples allowed
us to study both follicular- and luteal-phase estrogen levels.
All matched case-control plasma sets were shipped and
assayed blinded to case/control status. The large sample size
enabled the exploration and detection of important modifiers

for the hormones in relation to endometriosis risk. Finally,
infertility history at diagnosis was matched between cases
and controls, minimizing the possibility that our results are
explained by underlying conditions that caused infertility.

In conclusion, in this large prospective nested case-control
study, higher circulating levels of follicular total and free
estradiol and lower progesterone levels were prospectively
associated with an increased risk of laparoscopically con-
firmed endometriosis. More investigations are warranted
to evaluate and explain the observed curvilinear relation-
ship between follicular total and free estradiol and free
testosterone and endometriosis. Additionally, the influence
of higher estradiol levels and lower progesterone levels
leading to endometriosis development could be an interest-
ing hypothesis to test in nonhuman primates or autologous
rodent models to mimic long-term low-dose estrogen expo-
sure to see how this alters the establishment of endometrio-
sis. These results suggest that steroid hormones are involved
in endometriosis pathogenesis, as many believe; however,
their influence appears to be nonlinear and more complex
than suggested by experimental models or cross-sectional
studies of women well along on their endometriosis journey.
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