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Abstract

The heritability of eating disorder (ED) symptoms increases dramatically across gonadarche in 

girls. Past studies suggest these developmental differences could be due to pubertal activation of 

estrogen, but findings have been limited to only one ED symptom (i.e., binge eating). The current 

study examined whether estrogen contributes to gonadarcheal differences in genetic influences on 

overall levels of ED symptoms as well as key cognitive symptoms (i.e., weight/shape concerns) 

that are present across all EDs and are early risk factors for eating pathology. Given that binge 

eating frequently co-occurs with all of these symptoms, analyses also examined whether estrogen 

effects exist for overall levels of ED symptoms and body weight/shape concerns after accounting 

for the known effects of estrogen on genetic risk for binge eating. Participants included 964 

female twins (ages 8–16) from the Michigan State University Twin Registry. Overall levels of 

ED symptoms were assessed with the Minnesota Eating Behavior Survey (MEBS) total score. 

Weight/shape concerns were assessed with a latent factor modeled using subscales from the MEBS 

and the Eating Disorder Examination Questionnaire. Estradiol levels were assessed with saliva 

samples. Twin moderation models were used to examine whether genetic influences on overall 

levels of ED symptoms and weight/shape concerns differed significantly across estradiol levels. 

Although initial models suggested modest differences in genetic influences on overall levels of ED 

symptoms across estradiol levels, these effects were eliminated when binge eating was accounted 

for in the models. In addition, weight/shape concerns did not show significant moderation of 

genetic influences by estradiol in models with or without binge eating. Taken together, results are 

significant in suggesting that individual differences in estradiol levels during gonadarche have a 

unique and specific impact on genetic risk for binge eating, while other etiologic factors must 

contribute to increased heritability of cognitive ED symptoms during this key developmental 

period in girls.

1. Introduction

Eating disorders (EDs), including anorexia nervosa (AN), bulimia nervosa (BN), and binge-

eating disorder (BED), are associated with substantial psychiatric (e.g., mood disorders, 
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anxiety) and medical (e.g., cardiac abnormalities) comorbidity and the highest mortality 

rates of all psychiatric disorders (e.g., Zerwas et al., 2015). Importantly, ED symptoms (i.e., 

weight/shape concerns, binge eating) are more prevalent than EDs and have been shown to 

be early risk factors for the development of full threshold EDs (see Jacobi, 2005). Given 

the prevalence and substantial morbidity associated with these symptoms (e.g., Mond et al., 

2013), more studies are needed to better understand their development.

Key epidemiological patterns in the prevalence and developmental emergence of ED 

symptoms provide important clues to etiology. ED symptoms tend to be more common 

in females than males (e.g., Culbert et al., 2013) and substantially increase in prevalence 

across adolescence, particularly during/after gonadarche in girls (Culbert et al. 2013; 

Klump, 2013). Interestingly, patterns of genetic influences on ED symptoms mimic these 

epidemiological features; the heritability of ED symptoms increases from ~0% in pre-early 

gonadarche (i.e., the stage of puberty in which gonadal hormones increase, leading to 

outward physical changes) to ≥50% in mid-post-gonadarche in girls (Culbert et al., 2009; 

Klump et al., 2007, 2012, 2017a). These gonadarcheal differences are present for a range of 

ED symptoms (i.e., total symptom scores, binge eating, weight/shape concerns) even after 

controlling for age and other potential confounds (e.g., body mass index (BMI), anxiety) 

(Klump et al., 2017a; O’Conner et al., 2020). Importantly, increases in genetic effects across 

gonadarche are found in girls but not boys (Culbert et al., 2017; Klump et al., 2012), 

highlighting the presence of female-specific processes.

One female-specific process that may contribute is the activation of estrogen during 

gonadarche in girls. Estrogen becomes activated in girls (but not boys) during gonadarche 

and increases linearly across this period (Wilson et al., 1998). Changes in estradiol levels 

are similar to the linear increases in genetic effects that are present for ED symptoms 

(Culbert et al., 2009; Klump et al., 2007; Klump et al., 2017b; O’Connor et al., 2020). 

Moreover, estrogen is a steroid hormone that directly regulates gene transcription in neural 

systems (e.g., serotonin, dopamine) that are disrupted in EDs (Ostlund et al., 2003) and 

could contribute to increased genetic influences on disordered eating during gonadarche.

To date, only one study has investigated estrogen effects on genetic influences for any 

ED symptom during gonadarche. Klump et al. (2018) found that the heritability of binge 

eating was significantly higher in girls with lower (69%) versus higher (2%) estradiol levels 

during gonadarche, even after controlling for age, BMI, and the physical changes of puberty 

(e.g., breast development, skin changes). Progesterone did not contribute to differences in 

genetic effects, most likely because progesterone activation occurs much later (i.e., after 

first ovulation; Wilson et al., 1998) than the increases in genetic effects observed during 

mid-gonadarche. At first glance, stronger genetic influences at lower estradiol levels seem to 

contradict increases in genetic effects across gonadarche. However, data show that estrogen 

is protective against binge eating in adulthood, such that lower estradiol levels are associated 

with increased phenotypic and genetic risk for binge eating in humans (Klump et al., 2013, 

2014). Findings from Klump et al. (2018) suggest that these protective effects may extend to 

gonadarche as well, such that increases in genetic effects on binge eating during gonadarche 

are driven by girls with lower estradiol levels. Lower estradiol levels may disrupt normative 
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genomic and developmental processes, leading to increased genetic risk for binge eating 

across the pubertal period.

Nonetheless, there is a complete lack of data on estrogen effects for other ED symptoms 

that exhibit increases in genetic effects during gonadarche and substantially contribute to the 

development of clinical EDs. For example, body weight and shape concerns are common 

symptoms across all ED diagnoses and are some of the strongest early predictors of the later 

development of clinical eating pathology (see Jacobi, 2005). Likewise, omnibus measures 

of ED symptoms (e.g., the total score on the Minnesota Eating Behavior Survey [MEBS]) 

have strong links to a range of clinical EDs (von Ranson et al., 2005) and are routinely 

used as screening instruments in the field (Maguen et al., 2018). Both body weight/shape 

concerns and these omnibus measures show increases in heritability across gonadarche in 

girls (Culbert et al., 2009; Klump et al., 2012; O’Connor et al., 2020) but have never been 

examined for estrogen effects during this key developmental period.

An important consideration in the examination of estrogen effects on body weight/shape 

concerns and overall measures of ED symptoms will be accounting for overlap with binge 

eating. Binge eating and shape/weight concerns typically co-occur (Jacobi, 2005), and 

omnibus ED symptom measures often include binge eating as a symptom domain (e.g., the 

MEBS total score). Given the strong effects of estrogen on binge eating across development 

(Klump et al., 2017b), analyses should control for binge eating to ensure estrogen effects 

are unique to weight/shape concerns and other ED symptoms. Past studies have shown 

unique effects of gonadarche on genetic influences on weight/shape concerns and total ED 

symptoms even when controlling for binge eating (O’Connor et al., 2020). Thus, it is likely 

that estrogen effects will remain after controlling for binge eating, but direct tests of this 

hypothesis are needed.

Given the above, this study aimed to examine the effects of estrogen on genetic 

influences on weight/shape concerns and total ED symptoms during gonadarche in a large, 

population-based sample of female twins (ages 8–16). We examined these effects with and 

without controls for binge eating to identify the unique effects of estrogen on other ED 

symptoms. We focused our primary analyses on estrogen rather than progesterone given that 

progesterone activation occurs late in gonadarcheal development (e.g., after first ovulation 

and observed increases in genetic effects on weight/shape concerns and total ED symptom 

scores), but we also include supplementary models of progesterone. We hypothesized that 

there would be stronger genetic effects on weight/shape concerns and total ED symptoms 

at lower versus higher estradiol levels that would remain even after controlling for levels of 

binge eating.

2. Methods

2.1 Participants

The sample consisted of 964 (MZ = 464 (48%); DZ = 500 (52%)) female twins ages 8 

to 16 (M = 11.75, SD = 2.03) who participated in the Twin Study of Mood, Behavior, 
and Hormones during Puberty (TSMBH; Klump et al., 2018) from within the population-

based Michigan State University Twin Registry (MSUTR; for details, see Burt & Klump 
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(2019)). This is the same sample used in the study of the moderating effect of estradiol 

on genetic influences on binge eating (Klump et al., 2018). The MSUTR recruits twins 

using birth records in collaboration with the Michigan Department of Health and Human 

Services. TSMBH response rates (~65%) were on par or better than response rates for other 

large-scale twin registries (Baker et al., 2002; Hay et al., 2002). MSUTR and TSMBH (see 

Table 1) twins are representative of the recruitment region in terms of race, ethnicity, and 

socioeconomic status (Burt & Klump, 2019).

Because TSMBH focused on hormone regulation during gonadarche, twins were required 

to meet the following inclusion/exclusion criteria: 1) no hormonal contraceptive use within 

the past 3 months; 2) no psychotropic or steroid medications within the past 4 weeks; 3) 

no pregnancy or lactation within the past 6 months; and 4) no history of genetic/medical 

conditions known to influence hormone functioning or appetite/weight. Despite these 

criteria, the TSMBH twins are representative of the recruitment region in terms of race/

ethnicity, and they do not differ on measures of disordered eating (e.g., body dissatisfaction, 

weight concerns) from other MSUTR female twins in the same age range (Cohen’s d 

= 0.02–0.14, all p’s >.05). The study was approved by the Michigan State University 

Institutional Review Board (protocol #01–052M) and informed consent was obtained from 

participants’ parents along with assent from participants.

2.2 Measures

2.2.1 Zygosity Determination.—Zygosity was determined using a well-validated 

physical similarity questionnaire that is over 95% accurate when compared to genotyping 

(Lykken et al., 1990; Peeters et al., 1998). The twins’ mother and trained research assistants 

independently completed the questionnaire for all twins. Any rater discrepancies were 

resolved using questionnaire responses, review of photographs of the twins by the principal 

investigator (KLK), and twin concordance across several single nucleotide polymorphisms.

2.2.2 Overall Levels of ED Symptoms.—The total score from the MEBS1 (von 

Ranson et al., 2005) was used to assess overall levels of disordered eating in the areas 

of body dissatisfaction (6 items; dissatisfaction with body size and/or shape), weight 

preoccupation (8 items; preoccupation with body weight and dieting), compensatory 

behaviors (6 items; use of, or thoughts of using, self-induced vomiting or other inappropriate 

compensatory behaviors to control weight) and binge eating (7 items; thinking about or 

engaging in binge eating, secretive eating, and/or preoccupation with food). The MEBS is a 

30-item, true/false questionnaire that is appropriate for use in children as young as 8 years 

old (e.g., Luo et al., 2016; von Ranson et al., 2005). The MEBS total score shows strong 

internal consistency in preadolescents and adolescents in past work (alpha = .86–.89; von 

Ranson et al., 2005) as well as the current study (alpha = .87). Females diagnosed with 

clinical EDs also score significantly higher on the MEBS total score as compared to controls 

1The Minnesota Eating Behavior Survey (MEBS; previously known as the Minnesota Eating Disorder Inventory) was adapted and 
reproduced by special permission of Psychological Assessment Resources, Inc., 16204 North Florida Avenue, Lutz, FL 33549, from 
the Eating Disorder Inventory (collectively, EDI and EDI-2) by Garner, Olmstead, and Polivy (1983) by the Psychological Assessment 
Resources, Inc. Further reproduction of the MEBS is prohibited without prior permission from Psychological Assessment Resources, 
Inc.
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(von Ranson et al., 2005). Finally, this score shows good stability (r = 0.61) across a 3-year 

test-retest period (von Ranson et al., 2005).

2.2.3 Weight/Shape Concerns.—We assessed weight/shape concerns using the MEBS 

body dissatisfaction and weight preoccupation subscales described above, as well as the 

weight concerns (5 items assessing fears of weight gain and impact of weight on self-

evaluation) and shape concerns (8 items assessing body dissatisfaction and impact of 

body shape on self-evaluation) subscales of the Eating Disorder Examination Questionnaire 

(EDE-Q; Fairburn and Beglin, 1994). EDE-Q items are rated from 0 (no days/not at all) to 

6 (every day/markedly) for the past 28 days. These subscales from the MEBS and EDE-Q 

show good internal consistency in past work with preadolescent and adolescent samples 

(αs = .78 − .95; Goossens & Braet, 2010; Van Durme et al., 2015; von Ranson et al., 2005) as 

well as in the current sample (αs = .77 − .91). The EDE-Q weight/shape concerns subscales 

show good convergent validity with interview measures of weight/shape concerns (e.g., the 

Eating Disorders Examination interview; Van Durme et al., 2015) and the MEBS weight 

preoccupation and body dissatisfaction subscales successfully discriminate between girls 

with and without diagnosed EDs (ds = .67–1.46; von Ranson et al., 2005).

The four MEBS and EDE-Q weight/shape concerns scales are highly conceptually related 

and were strongly correlated in our sample (rs = .57–.90), suggesting they measure a 

single underlying construct. Therefore, we modeled weight/shape concerns as a latent 

factor with these four scales as indicators. An advantage of this approach is that a latent 

factor is theoretically a more accurate measure of the underlying weight/shape concerns 

construct than any single observed indicator because it is error-free. All indicators were log 

transformed prior to factor analysis due to positive skew. We first confirmed that the four 

scales formed a single factor using exploratory factor analysis (EFA). EFA with orthogonal 

varimax rotation suggested that all four indicators loaded onto a single latent factor (see 

Figure 2). Specifically, the first factor extracted through EFA had an eigenvalue of 2.79, 

while the second factor had an eigenvalue of less than .001. Confirmatory factor analysis 

also indicated excellent fit for a single latent factor model (CFI = .995, TLI = .984, SRMR 

= .014). Standardized factor scores estimated using full information maximum likelihood 

(which makes use of all available data) were extracted from the CFA for the data analyses 

described below.

Binge eating.: Epidemiological research has found very low rates of threshold EDs 

characterized by binge eating (i.e., BN, BED) in population-based samples in childhood/

early adolescence (Nagl et al., 2016; Tanofsky-Kraff et al., 2020) and this was also true 

in the current sample (i.e., only 2 participants with BN or BED; 0.2%). Binge eating 

symptoms were therefore measured continuously rather than categorically (i.e., the degree to 

which participants had any symptoms related to binge eating pathology rather than whether 

they had threshold BED) using the 7-item MEBS binge eating scale. Notably, this is the 

same measure of binge eating used in our earlier study examining effects of estrogen on 

genetic influences on binge eating during gonadarche in this sample (Klump et al., 2018), 

facilitating direct comparison with those results.

Rolan et al. Page 5

Psychoneuroendocrinology. Author manuscript; available in PMC 2024 February 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The MEBS binge eating scale shows adequate internal consistency in past studies (alpha = 

.65–.69; von Ranson et al., 2005) and our current sample (alpha = .69). The binge eating 

scale exhibits good criterion-related validity, as women with bulimia nervosa (BN) score 

significantly higher on the scale than controls (von Ranson et al., 2005). In the current 

sample, twins who self-reported one or more episodes of objective binge eating on the 

EDE-Q scored significantly higher on the MEBS binge eating scale than controls (t(992) = 

15.67, p < .001; d = 1.02).

2.2.4 Hormone Levels.—Salivary samples were used to obtain estradiol levels. Saliva 

samples represent a less invasive collection method than other measures (e.g., venipuncture, 

blood spots), particularly for younger participants who, in our population-based lab studies, 

are much less likely to agree to blood draws. Previous research has also shown that saliva 

samples are associated with higher compliance rates and, in some cases, more robust 

hormone-ED associations than blood-spot sampling (Edler et al., 2007). Estradiol values 

from matched serum and saliva samples show a linear relationship for females (r = .80; 

Shirtcliff et al., 2000). Notably, this relationship is the same for the Salimetrics assays used 

in the current study (serum-saliva r = .80 – see Salimetrics, 2022).

Following previously reported procedures (Klump et al., 2018), twins were asked to refrain 

from eating or drinking for four hours prior to providing a saliva sample and to refrain from 

smoking, brushing their teeth, or chewing gum for 30 minutes prior to saliva collection. The 

twins were then instructed to passively drool through a straw into a cryovial until ≥4 ml was 

produced. All saliva collections occurred between 2:00 pm and 5:00 pm. We chose to collect 

during these times because afternoon-early evening diurnal variations in ovarian hormones 

during gonadarche tend to be minimal (Angold et al., 1999; Grumbach & Styne, 1998), and 

most families were available for assessments during this time.

All saliva samples were processed in duplicate by Salimetrics, LLC (State College, PA) 

using enzyme immunoassay kits designed specifically for analyzing ovarian hormones in 

saliva. These are the same assays used in our prior study examining moderation of genetic 

influences on binge eating by estrogen during gonadarche (Klump et al., 2018). These 

assays show excellent intra- and inter-assay coefficients of variation (estradiol = 7.1% and 

7.5%), as well as assay sensitivity (measured by interpolating the mean optical density 

minus 2 SDs of 10–20 replicates at the 0-pg/ml level; estradiol = 0.10 pg/ml) and method 

accuracy (determined by spike recovery and linearity; estradiol = 104.2% and 99.4%). 

Importantly, all twins in the current study had estradiol levels that fell above the minimum 

detection limits for the assays.

2.2.5 Covariates.—We controlled for age, BMI, and the physical changes of puberty in 

analyses. This approach is consistent with past work (e.g., Klump et al., 2019; O’Connor et 

al., 2020) and ensures that differences in genetic effects are due to estradiol rather than other 

factors that change during gonadarche.

BMI (weight in kg/height in m2) was calculated using height and weight measured in-person 

with a wall-mounted ruler and digital scale, respectively. Raw and sex and age-adjusted BMI 

scores were nearly identical in the current sample (r > .99), with minimal mean differences 
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(mean difference = .038, SD = .03). We therefore used raw BMI values in current analyses 

to remain consistent with our prior paper examining differences in genetic influences on 

binge eating across estradiol levels during puberty (Klump et al, 2018). This allowed us to 

more directly compare effects in the current study with prior results regarding binge eating. 

Our approach is also consistent with prior developmental twin studies (Culbert et al., 2009; 

Culbert, Burt, Sisk, & Klump, 2013; Klump et al., 2012, 2003; Klump, Burt, et al., 2007; 

Klump, Burt, McGue, Iacono, & Wade, 2010; Klump, Holly, Iacono, McGue, & Willson, 

2000; Klump, Keel, et al., 2010).

The physical changes of puberty were measured with twin self-report on the Pubertal 

Development Scale (PDS; Petersen et al., 1988). The PDS assesses growth spurts, skin 

changes, body hair growth, and breast development on a 4-point scale from (1) development 

has not yet begun to (4) development seems complete. Menarche status on the PDS is 

assessed with a yes (coded 4)/no (coded 1) question about whether an individual has had 

their first period as an indicator of pubertal stage, and no additional questions are asked 

about missed/skipped periods after they have started menstruating. Although we did not 

have a direct measure of missed periods, twins were unlikely to have secondary amenorrhea 

due to a medical condition because we excluded twins with medical or genetic conditions 

likely to influence hormone functioning (e.g., Turner syndrome, polycystic ovary syndrome). 

Maternal reports on the PDS were used for a subset of twins (n = 16; 1% of sample) 

who were missing self-reported PDS scores. Consistent with past studies (Culbert et al., 

2009; Klump et al., 2018; O’Connor et al., 2020), PDS items were averaged to create a 

total score for analyses. Previous studies of the PDS have supported its reliability (median 

alpha = .77; Petersen et al., 1988) and validity, including high correlations with clinician 

ratings of pubertal development (85–100% agreement within one stage; Schmitz et al., 

2004). Self-report measures of pubertal status such as the PDS are also more acceptable 

to adolescents and their families than physician examinations in research with non-clinical 

samples, facilitating higher participation rates (Walker et al., 2020).

2.3 Statistical Analyses

2.3.1 Data preparation.—Missing scores on the MEBS total score, MEBS subscales, 

and EDE-Q subscales were prorated when ≤10% of the items were missing and coded 

missing if >10% of items were missing. Both the MEBS total score and the weight/shape 

concerns factor score were standardized prior to analyses. We conducted all analyses with 

age, BMI, and PDS scores regressed out of each twin’s MEBS total score and the weight/

shape concerns factor score. Notably, these were the same variables partialed out in prior 

analyses of estrogen effects on genetic influences on binge eating (Klump et al., 2018).

To determine whether binge eating accounted for any observed estrogen effects, we also 

conducted models controlling for binge eating scores. Specifically, we re-calculated the 

MEBS total score without the 7 binge eating items and included this modified total score 

in analyses. For the weight/shape concerns factor score, we regressed MEBS binge eating 

scores out of the factor score and included the standardized residuals in twin analyses. These 

approaches for controlling for binge eating are identical to those used in our previous work 

examining differences in genetic effects across gonadarche (see O’Connor et al., 2020).
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2.3.2 Twin moderation models.—We used extended, univariate twin moderation 

models (van der Sluis et al., 2012) to examine differences in additive genetic (A; total 

effects summed across genes), shared environmental (C; common environmental factors 

that are shared by siblings raised in the same family and contribute to their behavioral 

similarity), and nonshared environmental (E; factors that are unique to siblings raised in 

the same family and contribute to behavioral differences, including measurement error) 

influences on disordered eating across estradiol levels (see Figure 1). These models 

estimate: 1) path coefficients (i.e., a, c, e) assessing genetic/environmental influences at 

the lowest level of estradiol; 2) linear moderators(βxM, βyM, βzM) assessing linear increases/

decreases in etiologic influences across estradiol levels; and 3) quadratic moderators (βx2M2, 

βy2M2, βz2M2) assessing non-linear increases/decreases in genetic/environmental influences 

across estradiol levels. We first fit the “full” model that included all parameters. We then 

compared the fit of this model to nested submodels that differentially constrained linear 

and quadratic moderators to 0. We initially focused on submodels that are commonly tested 

in twin moderation analyses (i.e., models that constrained all moderators to 0, models that 

constrained the quadratic moderators only to 0) as well as those that directly tested our 

theory of genetic moderation (i.e., models that constrained the genetic moderators to 0). 

Because of the large number of submodels that could potentially be fit, we used parameter 

estimates from the full model to identify additional submodels for analysis. This approach 

allowed us to test relevant submodels without unduly increasing the number of tests.

We used continuous estradiol values in all analyses. Prior to model-fitting, minimum 

estradiol levels were “floored” to 0. Models were then fit to the raw data. Best-fitting models 

were those that minimized Akaike’s information criterion (AIC), Bayesian information 

criterion (BIC), and sample-size adjusted BIC (SBIC) and had a non-significant difference 

in minus twice the log-likelihood (−2lnL) from the full model. Unstandardized parameter 

estimates from the full and best-fitting models are reported in figures, as they more 

accurately depict absolute differences in etiologic effects than standardized estimates that 

represent differences as proportions of the total variance.

In addition to our primary models, we conducted some initial, supplementary models to 

ensure that our approach to model-fitting was appropriate. First, an important assumption 

in twin moderation models is that the moderator (i.e., estradiol) is genetically independent 

of the dependent variable (i.e., overall levels of ED symptoms, weight/shape concerns). If 

there is not independence, then genetic mediation (i.e., gene-environment correlations or 

rGE) may be present, such that the same genes that influence hormone levels also influence 

ED symptoms. These types of rGE are troublesome in the context of twin moderation 

models, as rGE could conceivably “masquerade” as hormone moderation effects. To test this 

possibility, we first fit “gene × environment (GxE) in the presence of rGE” models (Purcell, 

2002) to examine whether the genetic covariance between estradiol and our ED measures 

could be constrained to zero. The genetic covariance with estradiol could be constrained 

to zero without worsening model fit for both total ED symptoms (χ2Δ(3) = 1.520, p = 

.678; χ2Δ(3) = 1.402, p = .705; with and without BE items, respectively) and weight/shape 

concerns (χ2Δ(3) = .910, p = .823; χ2Δ(3) = .900, p = .825; with and without BE items, 
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respectively), ruling out the possibility of rGE. We therefore focused our analyses on the 

twin moderation models without rGE described above.

Second, we confirmed that progesterone did not significantly moderate genetic effects 

on disordered eating using the same model-fitting approach as Klump et al. (2018). We 

dichotomized estradiol and progesterone levels and used two moderator models to examine 

whether estradiol alone, progesterone alone, or estradiol × progesterone interactions 

moderated genetic effects. Importantly, the best-fitting model for the MEBS total score 

constrained all progesterone moderators (including the estradiol × progesterone interaction) 

to 0 (i.e., comparison with full model: χ2Δ(6) = 5.79, p = .450), but retained the estradiol 

moderators (see a description of these models in Figure S1 in Supplemental Material). 

The best-fitting model for the weight/shape factor score also constrained the progesterone 

moderator and the estradiol × progesterone interaction to 0 (i.e., comparison with full model: 

χ2Δ(9) = 7.17, p = .620). These results support our focus on estradiol in primary analyses.

Finally, to ensure that our inclusion of all twins in analyses regardless of menarche status 

did not unduly influence results, we conducted model-fitting in only those twins who were 

pre-menarcheal (65.5%). Hormone values are more variable in post-menarcheal twins and 

dependent upon menstrual cycle phase. Model-fitting results in this subsample were nearly 

identical to results in the full sample for both the MEBS total score and the weight/shape 

factor score (see Figure S2 in Supplemental Material). Thus, we focused our findings on the 

full twin models that included both pre- and post-menarcheal twins.

3. Results

3.1 Descriptive Statistics and Phenotypic Correlations

Descriptive statistics are presented in Table 1. The MEBS total score and the four weight/

shape concerns subscales showed ample variability, with means and standard deviations 

that are in line with past studies of adolescent girls (Culbert et al., 2009; Goossens & 

Braet, 2010). Additionally, 3.8% of our participants scored above the MEBS total score 

clinical cutoff (i.e., total score ≥ 15.55; von Ranson et al., 2005). In line with past work 

in binge eating (Klump et al., 2018), correlations were small between estradiol levels 

and the MEBS total score and our weight/shape concerns factor score (r = .10; p = .002 

for both measures). Importantly, a small phenotypic correlation between an outcome and 

putative moderator does not preclude etiologic moderation; in fact, it is often an indicator 

of significant moderation (Hayes, 2018). Indeed, estradiol levels were previously found 

to be only modestly correlated with binge eating (r = .01; p =.662) despite significantly 

moderating genetic influences on binge eating during gonadarche (Klump et al., 2018).

3.2 Twin Moderation Models.

3.2.1 Overall ED Symptoms.—The full model for the MEBS total score with binge 

eating items included suggested some differences in genetic influences across estradiol 

levels (see Figure 3), with greater genetic influences at lower estradiol levels. By contrast, 

shared environmental effects appeared stronger at higher versus lower estradiol levels. 

Nonshared environmental influences showed a more complex and non-linear pattern of 
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differences, with lower nonshared environmental influences at both lower and higher 

estradiol. Model fit comparisons (see Table 2) showed that the model constraining all 

genetic, shared environmental, and nonshared environmental moderators to 0 provided a 

poor fit to the data (i.e., significant chi-square change and the highest AIC and SBIC values), 

suggesting significant moderation. Of the remaining submodels, the model that constrained 

the C quadratic moderator to zero was best fitting, as this model had a non-significant 

change in chi-square and the lowest AIC and SBIC values. Unstandardized parameter 

estimates (see Figure 3) from this model were strikingly similar to those from the full model 

and showed greater genetic effects at lower versus higher estradiol levels.

However, results from the models with the revised MEBS total score without binge eating 

items clearly indicated that differences in genetic effects were due to binge eating. Findings 

from the full and best-fitting models (see Table 2) showed much more attenuated differences 

in genetic influences across estradiol levels after removing binge eating items. In the full 

model, there appeared to be somewhat stronger genetic influences at higher versus lower 
estradiol levels, an effect that is opposite to that described above and for binge eating 

(see Klump et al., 2018) where genetic influences were stronger at lower estradiol levels. 

However, the best-fitting model indicated that these modest differences were not statistically 

significant. Indeed, the best-fitting model constrained the additive genetic moderation effects 

(and quadratic shared environmental moderation effects) to zero, suggesting that once binge 

eating items were removed from the MEBS total score, there were no significant differences 

in genetic influences on overall ED symptoms by estradiol levels.

3.2.2 Weight/Shape Concerns.—The full model for the original weight/shape 

concerns factor score (without controlling for binge eating) suggested differences in genetic 

influences across estradiol levels that were once again in the opposite direction from those 

for binge eating and the original MEBS total score (see Figure 3). The full model showed 

stronger genetic influences at higher versus lower estradiol levels, although the nature of 

the differences was non-linear (see Figure 3). By contrast, both shared and nonshared 

environmental effects appeared to show minimal differences across estradiol levels. Despite 

indications of differences in genetic effects, model fit comparisons (see Table 2) showed 

that the model constraining all genetic, shared environmental, and nonshared environmental 

moderators to 0 provided the best fit to the data (i.e., non-significant chi-square change and 

the lowest AIC, BIC, and SBIC values), suggesting no significant moderation by estradiol 

levels. Results controlling for binge eating were very similar, with the no moderation 

model again providing the best fit to the data despite some indication that there could be 

greater genetic influences at higher, rather than lower, estradiol levels in the full model. 

In aggregate, these findings suggest that estrogen has minimal effects on genetic and 

environmental influences on weight/shape concerns, and that factors other than estrogen 

likely contribute to developmental differences in weight/shape concerns during gonadarche 

in girls.

4. Discussion

This was the first large-scale study of estrogen effects on genetic risk for overall ED 

symptoms and weight/shape concerns that are significant risk factors for later development 
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of clinical EDs. Although estradiol levels significantly moderated genetic influences on 

overall ED symptoms, these effects were no longer significant after controlling for binge 

eating. Further, there were no significant moderation effects of estradiol levels on a latent 

score of weight/shape concerns, with or without controls for binge eating. These results 

substantially extend our understanding of developmental differences in genetic influences 

during gonadarche for ED symptoms by highlighting a specific role for estrogen in 

developmental differences in genetic risk for binge eating that is not present for other key 

symptoms. In other words, estrogen may not be the mechanism underlying gonadarcheal 

shifts in genetic influences on aspects of ED risk other than binge eating, including core 

cognitive symptoms such as weight/shape concerns.

Lack of genetic moderation on ED symptoms beyond binge eating was unexpected, 

particularly given prior data suggesting increases in genetic influences on overall ED 

symptoms (e.g., Klump et al., 2007) and weight/shape concerns (O’Connor et al., 2020) 

across gonadarche. However, our findings align with previous research in adults suggesting 

that ovarian hormone changes across the menstrual cycle have a greater impact on binge 

eating and emotional eating (i.e., eating in response to negative emotions) (Klump et 

al., 2013, 2014) than cognitive symptoms such as weight preoccupation (Hildebrandt et 

al., 2015). Animal research has shown that ovarian hormones have a strong impact on 

food intake (Butera, 2010) and binge eating (Klump et al., 2020), as well as mechanisms 

underlying binge eating (i.e., reward processing; Ma et al., 2020). Indeed, in earlier studies 

(Klump et al., 2018), we hypothesized that the moderating effects of estrogen on binge 

eating could be due to its impact on the development of brain reward pathways (e.g., 

dopamine; Barth et al., 2015; Ma et al., 2020) that are involved in palatable food intake. 

Our findings are consistent with these hypotheses and suggest that estrogen may specifically 

impact the development and organization of brain reward pathways or basic physiological 

processes implicated in binge eating (e.g., satiety and food intake) but not other ED 

symptoms. These findings provide insight into the types of mechanisms that are important to 

investigate in future studies of binge eating risk during puberty.

The lack of estrogen moderation for the other ED symptoms (e.g., weight/shape concerns) 

highlights the need to identify non-hormonal factors that contribute to increasing genetic 

influences across gonadarche in girls. Puberty is a critical period for increased attention 

to social consequences and peer relations (e.g., Nelson et al., 2005), and these social/

cognitive changes are undergirded by neurobiological development in brain regions such 

as the prefrontal cortex that are critical for social awareness and metacognition (thinking 

about the self, including self-esteem and self-image) (e.g., Delevich et al., 2021; Parrish 

et al., 2018; Somerville et al., 2013). While hormones play a role in the maturation of 

the prefrontal cortex and social evaluation during adolescence, other biological processes 

(e.g., neuronal myelination, increased innervation from other brain regions) are also key 

(Caballero et al., 2016; Nelson et al., 2005) and are genetically-based (van Soelen et 

al., 2012). Developmental effects of genes not under direct hormonal regulation may 

contribute to increased genetic influences on cognitive ED symptoms (e.g., weight/shape 

concerns) during gonadarche. It may also be that the increasingly complex social demands 

of adolescence “uncover” latent genetically-based differences in neural regions relevant for 

self-concept and social evaluation that were less impactful at earlier stages in development 
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through genotype x environment interactions. In other words, genetic individual differences 

that impact social evaluation and metacognition may not be fully expressed phenotypically 

until an individual encounters increasingly complex and nuanced social demands during 

puberty/adolescence. Additional research investigating other genetic and neurobiological 

processes during puberty is needed to identify potentially separable mechanisms underlying 

risk for binge eating and weight/shape concerns during adolescence.

Though additional work is required before these findings can directly inform prevention 

or intervention, our results suggest risk factors for binge eating and other disordered 

eating symptoms may diverge somewhat during puberty, potentially indicating the need 

for symptom-specific prevention/intervention efforts to target partially distinct underlying 

mechanisms. In particular, activities or behaviors that lead to low estradiol levels in females 

with underlying genetic risk during puberty (e.g., intense physical activity and/or insufficient 

caloric intake; Dipla et al., 2021) could potentially be more impactful for binge eating than 

other disordered eating symptoms.

Before closing, we should note some study limitations. Pubertal development was measured 

using youth self-report. Although discrepancies between self-reported PDS scores and 

pubertal stage based on Tanner staging are small (Schmitz et al., 2004) and self-report 

measures are more acceptable to adolescent participants (Walker et al., 2020), pubertal 

stage may have been misclassified in some cases. We also used self-report measures of ED 

symptoms and weight/shape concerns rather than interview-based measures of diagnoses 

and/or symptoms. Although questionnaire measures can overestimate rates of binge eating 

(Field et al., 2004), self-report questionnaires are comparable to interviews for other 

cognitive and behavioral ED symptoms (e.g., shape/weight concerns; Berg et al., 2011). Use 

of continuous measures was also consistent with participants’ developmental stage, as rates 

of threshold EDs characterized by binge eating are very low in childhood/early adolescence 

(Nagl et al., 2016; Tanofsky-Kraff et al., 2020). Prior research suggests activation of genetic 

influences on disordered eating may precede onset of threshold EDs because these genetic 

effects organize the developing nervous system to impact later risk (Schulz & Sisk, 2016; 

Klump et al., 2018). The organizational effects of hormones would therefore be most 

evident prior to the developmental period when threshold EDs typically emerge. Indeed, 

prior research in animal models has shown that ovarian hormones have the greatest impact 

on organizing risk for binge eating prior to emergence of marked individual differences in 

behavior (Klump et al., 2020). In other words, although few youth had threshold EDs at 

the time of analysis in the current study, the impact of hormones on genetic influences on 

dimensional symptoms may have important implications for development of more severe ED 

symptoms as youth move into later and post-puberty. The MEBS total score and subscales 

also show strong reliability/validity in youth/adolescents (Luo et al., 2016), which may 

not be true for categorical measures typically developed for adults (Tanofsky-Kraff et al., 

2020). Nevertheless, it is possible associations between estradiol and ED symptoms could be 

stronger in children/adolescents who already have clinically significant symptoms, and this 

is an important area to investigate in future research with clinical samples.

We focused exclusively on core ED symptoms and did not include measures of non-ED 

psychopathology that may be associated with weight/shape concerns and binge eating 
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(e.g., internalizing symptoms such as anxiety and depression; Ulfvebrand et al., 2015). 

However, research suggests associations between internalizing symptoms and disordered 

eating are weaker prior to mid-puberty (Vo et al., 2021) and that pubertal increases in 

genetic influences on disordered eating are observed even when controlling for internalizing 

symptoms (Klump et al., 2007).

As noted in Klump et al. (2018), there is less published literature on the reliability/validity 

of salivary hormone values, and normative data for girls in our age range and during puberty 

are lacking. More data on reliability/validity of salivary measures could confirm that our 

findings are not unduly influenced by measurement error, particularly at the lower levels of 

estradiol. It is important to note, however, that measurement error loads on the nonshared 

environment in twin models, and thus would result in increased nonshared environmental 

influences at lower estradiol levels (where, presumably, error of measurement would be 

greater). Because we did not see any increase in nonshared environmental influences at 

lower estradiol levels, it seems unlikely that measurement error unduly influenced our 

results, but additional replications using salivary and serum measures of estradiol are needed 

to confirm our findings.

Although our sample was population based and demographically representative of our 

recruitment region, the sample was predominately White and did not include a large 

proportion of girls from socioeconomically disadvantaged backgrounds. Results may 

not fully generalize to girls from other racial/ethnic backgrounds or girls experiencing 

financial stressors. Research has found that socioeconomic disadvantage is associated 

with earlier potentiation of genetic influences on overall ED symptoms in girls (Mikhail 

et al., 2021). Additional research is needed to determine whether estrogen differentially 

impacts genetic influences on ED symptoms in girls experiencing environmental stressors 

such as disadvantage or discrimination. Further, our data were cross-sectional rather than 

longitudinal in nature. We were therefore unable to follow the same sample of twins to 

examine the impact of changing estradiol levels over time. Additional longitudinal research 

is needed to confirm that findings replicate using within-person measures of changes in 

estradiol across gonadarche.
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Figure 1. Path Diagram for the Full Twin Moderation Model for One Twin Only.
A = additive genetic effects; c = shared environmental effects; e = nonshared environmental 

effects; M = moderator (i.e., estradiol levels); triangle = mean for MEBS total score or 

weight/shape concerns factor score; βM phenotypic regression coefficient; a, c, and e = paths 

or intercepts; βx, βY, βZ = linear moderators; βx2M2, βy2M2, βz2M2 = quadratic moderators.
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Figure 2. Weight/Shape Concerns Latent Factor Model.
EDE-Q = Eating Disorder Examination Questionnaire; MEBS = Minnesota Eating Behavior 

Survey. Standardized factor loadings are presented with 95% confidence intervals in 

parentheses.
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Figure 3. Unstandardized Parameter Estimates for Additive Genetic (a), Shared Environmental 
(c), and Nonshared Environmental (e) Effects from the Full and Best-Fitting Twin Moderation 
Models.
The best fitting models were the models that: 1) constrained the shared environmental 

quadratic moderator for the original MEBS total score; 2) constrained the shared 

environmental quadratic moderator and all genetic moderators for MEBS total score without 

binge eating; and 3) constrained all moderators (genetic, shared environmental, and non-

shared environmental) for the weight/shape factor score with and without binge eating. It 

is important to note that the estradiol values in the figures were floored to 0 for the twin 

models (see Methods), and that the raw estradiol values range from 0.15–4.61 pg/ml.
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