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Female reproductive disorders influence women’s physical and mental well-being, and the sustainability 
of the family. However, it is unclear whether lifestyle factors, including sedentary behaviors and physical 
activity, could impact them. Here, we performed sex-stratified genome-wide association studies of 5 
lifestyle factors in European participants from UK Biobank, including self-reported leisure screen time 
(LST), sedentary behaviors at work and during commuting, time spent in driving, and daily physical activity. 
We identified 18 novel sex-stratified variants associated with these exposures and showed that LST was 
more heritable in women (8.6%) than in men (6.9%). Mendelian randomization (MR) analyses using 
women-related instruments on 4 female reproductive outcomes demonstrated that per 1-h longer LST a 
day was robustly associated with elevated risks of menorrhagia (odds ratio [OR] = 1.31, 95% confidence 
interval [CI] = 1.10 to 1.55), endometriosis (OR = 1.34, 95% CI = 1.11 to 1.60), polycystic ovarian syndrome 
(OR = 3.05, 95% CI = 1.65 to 5.65), and ectopic pregnancy (OR = 1.35, 95% CI = 1.11 to 1.65), while little 
evidence was found for sedentary behaviors at work or during commuting. Mediation MR showed that 
the associations with these outcomes were independent from body mass index, except polycystic ovarian 
syndrome. Nonlinear MR suggested that LST ≥4 h/day was robustly associated with increased risks of 
endometriosis and menorrhagia. The findings were independently validated using additional genetic data 
from the European population and survey data from the National Health and Nutrition Examination Survey. 
In summary, a simple and actionable lifestyle modification, sitting less, is likely to have independently 
beneficial influences on multiple reproductive disorders.

Introduction

   Female reproductive health is a fundamental pillar of human 
well-being and societal sustainability [  1 ]. Menorrhagia represents 
the underlying reproductive dysfunction and causes disturbances 
of social life [  2 ], while endometriosis and polycystic ovary syn-
drome (PCOS) are the most prevalent conditions reducing the 
possibility of being pregnant [  3 –  6 ]. Ectopic pregnancy has an 
incidence of 11/1,000 pregnancies in the UK [  7 ], ends up with a 
termination of pregnancy, and can be a direct cause of maternal 
mortality [  8 ]. Prevention of these disorders through modifiable 
lifestyle risk factors has important clinical implications.

   Sedentary behavior and physical activity are 2 main lifestyle 
factors. Sedentary time was observed to be higher in men than 

in women [  9 ,  10 ]. Physical activity also shows a consistent sex 
difference globally, with men being more physically active than 
women [  11 ]. Measurements of sedentary behaviors usually 
include leisure screen time (LST), sedentary behavior at work 
(SDW) and during commuting (SDC), and time spent in driv-
ing (TSD). A previous sex-stratified meta-analysis of genome-
wide association study (GWAS) of sedentary behaviors and 
physical activity neither reported the signals they identified by 
sex nor conducted post-GWAS comparisons between sexes 
[  12 ]. Thus, it remains unclear whether genetic effects on sed-
entary behaviors are different between women and men.

   Associations of sedentary behaviors and physical activity with 
female reproductive complications are not equally investi-
gated. A recent systematic review included 4 sedentary-related 
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observational studies (number of participants ranging from 84 to 
796), among which unfavorable associations of sedentary behav-
iors with PCOS were shown in 2 studies, while null associations 
were found in the other 2 studies [  13 ]. However, these studies are 
susceptible to residual confounding from factors such as socio-
economic status and other lifestyle variables [  14 ], leading to incon-
clusive results. Regarding physical activity, randomized controlled 
trials demonstrated that regular exercise improves menstrual 
regularity and fertility in women with PCOS [  15 ,  16 ]. However, 
evidence for other reproductive health outcomes was limited.

   Mendelian randomization (MR) provides an approach to 
assess the causal effects of sedentary behaviors and physical 
activity on female reproductive disorders, ideally by using 
female-related genetic variants as instruments. MR is less sus-
ceptible to confounding than conventional observational stud-
ies, because genetic variants are randomly allocated at meiosis 
and rarely be influenced by sociodemographic or other lifestyle 
factors [  17 ]. In a 2-sample MR, the variant–exposure and vari-
ant–outcome associations can come from independent studies 
within the same underlying population [  18 ]. Recent MR studies 
took advantages of the availability of GWAS data, and found a 
null association of LST with PCOS but inconsistent associations 
with endometriosis [  19 ,  20 ]. However, these studies made a 
strong and potentially implausible assumption that the variant–
LST associations were the same in men and women, which is 
unclear in reality. Therefore, it is still unknown whether the sex-
specific variants for LST affect these reproductive disorders.

   The aim of our study is to (a) explore the sex difference in 
genetic effects, heritability, and genetic correlations of 4 sed-
entary behaviors (LST, SDW, SDC, and TSD) and daily physical 
activity (DPA); (b) study the associations of these 5 lifestyle 
factors with 4 reproductive disorders in women, including 
menorrhagia, endometriosis, PCOS, and ectopic pregnancy; 
(c) investigate whether these associations were mediated by 
body mass index (BMI); and (d) inform the identification of 
LST threshold on improving reproductive health (see Fig.  1 ). 
We followed STROBE-MR (Strengthening the Reporting of 
Observational Studies in Epidemiology Using Mendelian Ran
domization) guidelines to report this study [  21 ].           

Results

Characteristics of UK Biobank participants
   A total of 502,154 individuals were obtained from the UK 
Biobank (UKB). Among them, 39,755 were excluded due to non-
European descent or failure to pass genetic quality control. A 
total of 462,399 individuals of European ancestry were included 
in this study. Among them, men showed a higher average value 
of LST compared to women (averagely 3.67 h/day for women 
and 4.10 h/day for men) and a higher average value of DPA com-
pared to women (7.64 h/day for women and 8.98 h/day for men).   

Sex-stratified genetic associations of sedentary 
behaviors and physical activity
   We conducted sex-stratified GWASs of LST, SDW, SDC, TSD, 
and DPA in UKB participants of European ancestry (N = 462,399) 
(Table  S1 ) by using REGENIE version 4.1 [  22 ]. The linkage dis-
equilibrium score regression (LDSC) [  23 ] intercepts showed 
almost no evidence to support genomic inflation for these 
GWASs. For LST, the sex-stratified GWAS identified 1,364 female 
and 387 male genetic variants reaching genome-wide association 
signals of 5 × 10−8. We identified 31 and 9 independent genetic 

variants associated with LST in women and men using GCTA-
COJO [  24 ], respectively (Table  S2 ). These genetic signals were 
located in 40 genomic regions. The top hits for both women 
(rs6482188) and men (rs12251016) were inside the MLLT10 
region (Fig.  2 ). For the 40 top variants, 34 of them have been 
reported previously in Europeans. Five female loci (C1orf94, 
BARHL2, NXPH2, RP11-586E1.1, and ARID5B) and one male 
locus (COL28A1) were novel association signals (Table  S2 ). 
Among the top association signals, 8 of them were likely to be 
functional in an epigenetic regulation point of view (RegulomeDB 
rank = 1; Table  S2 ).        

   For the other 4 behavior phenotypes, 15 variants achieved 
the conventional genome-wide significance threshold (2 for 
SDW, 1 for SDC, 4 for TSD, and 8 for DPA), 12 of which were 
novel genetic signals that were not reported previously (Fig.  2  
and Table  S3 ). For 15 variants associated with the other 4 
behavior phenotypes, one of them was likely to be functional 
(RegulomeDB rank = 1; Table  S3 ).

   We further estimated genome-wide SNP-heritability (H 2) 
for the 5 exposures using LDSC. LST showed higher heritability 
in women (H 2 = 8.6%, SE = 0.004) than in men (H 2 = 6.9%, 
SE = 0.004), while the heritability of the other 4 lifestyle traits 
was higher in men than in women. The pairwise Z score test 
suggested that the heritability was statistically different bet ween 
women and men for LST (Z = 3.07, P value = 0.002), SDW (Z = 
−2.71, P value = 0.007), and TSD (Z = −3.76, P value < 0.001) 
(Table  S4 ).

   Sex-stratified genetic correlations among the 5 traits exhib-
ited moderate to strong correlations (Fig.  3 A and Table  S5 ). In 
general, women tended to have lower genetic correlations among 
these exposures compared to men. LST showed positive genetic 
correlations with SDC and TSD, and negative genetic correla-
tions with DPA and SDW, with consistent patterns between 
sexes. In addition, SDC and TSD showed high genetic correla-
tions between each other, suggesting a shared genetic basis 
between them.        

   Given the relatively high heritability of LST and the good 
number of robust LST-associated variants, we further estimated 
Spearman’s correlation between female- and male-related genetic 
signals for LST. The 31 female-specific signals (Spearman's cor-
relation [ρ] = 0.81, P < 0.001) and the 9 male-specific signals 
(ρ = 0.80, P = 0.014) both showed strong correlations between 
genders (Fig.  3 B and C). Estimates for the effect sizes of sex-
specific variants were stronger in the corresponding genders, 
which means it is necessary to use the sex-stratified genetic vari-
ants for the following female-specific MR analyses.   

Effects of female-specific exposures on female 
reproductive disorders
   The variant-specific F-statistics for female-related LST instru-
ments ranged from 29.96 to 57.00, suggesting sufficient instru-
ment strength (Table  S2 ). Given the genetic similarity between 
SDC and TSD and the limited number of instruments for TSD, 
we used SDC to represent both traits. SDW, SDC, and DPA all 
showed sufficient instrument strength (F-statistic >10) after 
including variants associated with these traits at P < 1 × 10−5 
(Table  S6 A to C).

   After performing MR with 4 reproductive disorders as the 
primary outcome (Table  S7 ), we observed that per hour longer 
LST increased risks of menorrhagia, endometriosis, PCOS, 
and ectopic pregnancy by 31%, 34%, 205%, and 35%, respec-
tively (odds ratio [OR] of menorrhagia per hour increase of 
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Fig. 1. Design of the study. Abbreviations: GWAS, genome-wide association studies; LST, leisure screen time; BMI, body mass index. Created in BioRender.
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LST = 1.305, 95% confidence interval [CI] = 1.097 to 1.552; 
OR of endometriosis = 1.335, 95% CI = 1.111 to 1.604; OR of 
PCOS = 3.049, 95% CI = 1.647 to 5.646; OR of ectopic preg-
nancy = 1.353, 95% CI = 1.111 to 1.648) using MR-inverse 
variance weighted (IVW) method. These results passed the 
stringent Bonferroni correction. Other MR sensitivity meth-
ods, including MR-robust adjusted profile score (RAPS) [  25 ], 
MR-ROBUST [  26 ], and debiased IVW [  27 ] showed consistent 
effect estimates with the MR-IVW method (Fig.  4 A and Table 
 S8 ), which enhanced the reliability of our findings.        

   Using weak instruments, SDW was marginally associated 
with a lower risk of ectopic pregnancy and a higher risk of endo-
metriosis, but no evidence was found for other outcomes (Table 
 S9 ). These observed associations, however, were not robust to 
the adjustment for multiple comparisons. We observed no evi-
dence for the associations of SDC or DPA with all 4 reproduc-
tive outcomes (Table  S9 ). Sensitivity analyses using other MR 
methods showed largely consistent results.   

Mediation effects of LST on female reproductive 
outcomes through BMI
   To further explore whether BMI acts as a mediator in the MR 
effects of LST on the female reproductive outcomes, we per-
formed a 2-step mediation MR analysis. In the first step, longer 

LST increased BMI levels (Table  S10 ). In the second step, increas-
ing BMI reduced endometriosis risk and increased PCOS risk. 
No effect was observed for BMI against either menorrhagia 
or ectopic pregnancy. Multivariable Mendelian randomiza-
tion (MVMR) analysis suggested an independent effect of LST 
on increased risk of menorrhagia, endometriosis, and ectopic 
pregnancy after adjusting for the BMI effect. The positive 
effect of LST on PCOS in the univariable MR was attenuated 
to the null after adjusting for BMI (Fig.  4 B and Table  S11 ). 
Sensitivity analyses using MVMR-Egger, Robust MV-IVW, 
and MV-weighted median [  28 –  30 ] showed largely consistent 
results.   

Nonlinear associations between LST and female 
reproductive outcomes in UKB
   Given the physical and psychological impacts of the 4 repro-
ductive disorders, we aimed to identify a sedentary time thresh-
old, below which the likelihood of developing these reproductive 
disorders was low. We employed a doubly ranked model for 
the nonlinear MR (NLMR) approach [  31 ,  32 ] and found non-
linear effects of LST on both menorrhagia and endometriosis, 
particularly at 4 h/day, with some overlaps of 95% CIs with 
other time thresholds (Fig.  5 ). In terms of PCOS and ectopic 
pregnancy, our NLMR results had very wide 95% CIs in each 
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stratum (Fig.  5 ), suggesting limited numbers of cases and thus 
insufficient statistical power for these 2 outcomes.        

   We used age and hair color as negative control outcomes for 
our NLMR analyses. These variables were chosen because they 
are unlikely to be causally related to LST. Our results showed 
no evidence to support the effect of LST on age or hair color in 

any stratum (Table  S12 ), enhancing the credibility of our NLMR 
results for reproductive outcomes.   

Falsify Mendelian randomization assumptions
   We report findings according to the STROBE-MR guidelines 
(Table  S13 ). To ensure the validity of our MR findings between 

β = 0.81, P < 0.001

Genetic associations of LST in women

G
en
et
ic 
as
so
ci
at
io
ns
 o
f L

ST
 in

 m
en

β = 0.8, P = 0.014

Genetic associations of LST in men

G
en
et
ic
 a
ss
oc
ia
tio

ns
 o
f L

ST
 in

 w
om

en

A

B C
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female LST and the tested reproductive health disorders, we 
tested the following core MR assumptions:

   For relevance assumption, we evaluated the strength of the 
instruments by checking the F-statistics. The F-statistics for all 
exposures were greater than 19.49 (Table  S2  and  S6 A to  C ), 
indicating that the instruments are strongly associated with the 
exposure. MR-ROBUST, MR-RAPS, and dIVW methods were 
employed in addition to MR-IVW, which were designed to deal 
with weak instrument bias. We observed similar MR estimates 
among these methods, which again suggested that weak instru-
ment bias is unlikely to be a key issue for our study.

   For exchangeability assumption, the exposure and outcome 
data were both from European ancestry, although some outcome 
data were from Finnish ancestry, which have minor departure 
of population structure compared to the rest of the European 
population. By checking the allele frequency differences between 
our exposure and outcome data, we observed no major differ-
ences (absolute difference of effect allele frequency between 

exposure and outcome data <0.1). This implies that population 
stratification is less likely to be an issue for our findings.

   For exclusion restriction, we assessed the potential horizontal 
pleiotropy using MR-Egger regression. The intercept term from 
MR-Egger regression was not statistically different from zero 
(P ≥ 0.05). We employed the MR-PRESSO method to identify 
outlying genetic instruments and recalculated the causal effect 
estimates after excluding these outliers. Using Cochran’s Q, we 
found the existence of heterogeneous effects of LST on menor-
rhagia and endometriosis and across instruments. In addition, 
it is well-known that sex hormones influence many female repro-
ductive health outcomes, which may create potential pleiotropic 
pathways linking LST with reproductive outcomes. To minimize 
such possibility of pleiotropy, we included both LST and 5 sex 
hormones as exposures in a set of multivariable MR models. This 
analysis showed that (a) LST was not associated with any of these 
sex hormones (Table  S10 ), and (b) LST showed independent 
effects on the reproductive outcomes, after adjusting for the effect 
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Fig. 4. Mendelian randomization estimates of leisure screen time on reproductive health disorders and the effects adjusted for body mass index. (A) Mendelian randomization 
estimates of leisure screen time on reproductive health disorders. (B) Mediation analysis estimates of leisure screen time adjusted by body mass index on reproductive 
disorders. Abbreviation: MR-IVW, Mendelian randomization-inverse variance weighted; MR-RAPS, Mendelian randomization-robust adjusted profile score; dIVW, debiased 
inverse-variance weighted.
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of the sex hormones (Table  S14 A to E). Therefore, sex hormones 
are very unlikely to be pleiotropic factors in this study. To evalu-
ate whether individual variant disproportionately influenced the 
results, we conducted a leave-one-out sensitivity analysis. We 
found a stable effect across iterations, indicating that no single 
SNP was driving the association (Fig.  S1 ).

   To verify the directionality of the causal effects, we con-
ducted the Steiger filtering test for instruments [  33 ]. All of them 
passed this test, as no discrepancies were observed between the 
exposure and outcome associations (Steiger filtering = False, 
﻿P > 0.05). This implies that the direction of effect is likely to 
influence the exposure first, and then influence the outcome as 
a causal consequence.   

External validation
   We have conducted 2 sets of validation analyses using indepen-
dent datasets from multiple resources.

   First, we conducted an independent validation using a recent 
GWAS meta-analysis study of reproductive health disorders as 
outcomes. This study combined 2 cohorts—the Estonian Biobank 
and the FinnGen study, with up to 293,618 women participants 

involved [  34 ]. Using the external datasets, we observed consistent 
associations between LST and female reproductive disorders, 
including menorrhagia (OR = 1.147, 95% CI: 1.037 to 1.268), 
endometriosis (OR = 1.197, 95% CI: 1.007 to 1.424), and PCOS 
(OR = 1.415, 95% CI: 1.085 to 1.845), while ectopic pregnancy 
showed a trend of elevated risk with 95% CI overlapping with 
the null (OR = 1.251, 95% CI: 0.992 to 1.578, P = 0.058; see Table 
 S15  and Fig.  6 A).        

   Second, we conducted an observational association analysis 
using data from the United States National Health and Nutrition 
Examination Survey (NHANES) (Table  S16 ). In the fully adjusted 
model, per 1-h longer sedentary time was associated with a 5.4% 
increased risk of high steroid hormone (OR = 1.054, 95% CI = 
1.013 to 1.096; Table  S17  and Fig.  6 B), in which high steroid 
hormone is a marker for the clinical diagnosis of PCOS [  35 ]. In 
the other 3 sequential models, we observed the consistent finding 
that longer sedentary time was also associated with a higher risk 
of high steroid hormone (Table  S17  and Fig.  6 B).

   The consistency of the MR validation analyses and cross-
sectional analyses in the general population confirms the reli-
ability of the core findings derived from our main analysis.   

Nonlinear MR: LST vs. PCOS Nonlinear MR: LST vs. Ectopic pregnancy  

Nonlinear MR: LST vs. Menorrhagia Nonlinear MR: LST vs. Endometriosis 

Fig. 5. Nonlinear Mendelian randomization of leisure screen time and reproductive disorders. Abbreviations: LST, leisure screen time; PCOS, polycystic ovarian syndrome.
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Investigation of potential mechanisms
   Using MELODI-presto [  36 ], we found obesity, gestational dia-
betes, hypertensive disease, vitamin D deficiency, and inflam-
masomes as potential intermediate traits linking LST to PCOS, 
as well as hypertensive disease as a potential intermediate trait 
linking LST to ectopic pregnancy (Table  S18 ).    

Discussion
   Our study estimated the sex-stratified genetic effects of sedentary 
behaviors and physical activity, and identified 18 novel variants 
associated with these behaviors. We found that LST is more heri-
table in women than in men, and per 1-h longer LST in women 
increased their risks of menorrhagia, endometriosis, PCOS, and 
ectopic pregnancy by 31%, 34%, 205%, and 35%, respectively. All 

associations were independent from BMI, emphasizing the key 
value of intervention on LST to prevent these outcomes, except 
for PCOS that was mainly mediated through BMI. Collectively, 
we underlined the importance of considering sedentary behaviors 
to prevent reproductive disorders and proposed LST <4 h/day as 
a potential intervention target for reproductive health.

   Some of our results were generally consistent with previous 
evidence. Two previous GWASs have identified a set of genetic 
signals associated with sedentary behaviors and physical activ-
ity [ 12 ,  37 ]. One large-scale GWAS meta-analysis of LST has 
identified 91 genetic signals [ 12 ], among which 34 signals were 
overlapped with the sex-stratified genetic signals found in the 
current study. Our study reported 38 female-related variants 
of sedentary behaviors and physical activity in comparison with 
only 17 male-related variants.
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Fig. 6. External validation of leisure screen time on reproductive health disorders. (A) Mendelian randomization estimates of leisure screen time on external datasets of 
reproductive health disorders. (B) Association between LST and high steroid hormone level of NHANES data. Abbreviation: MR-IVW, Mendelian randomization-inverse variance 
weighted; MR-RAPS, Mendelian randomization-robust adjusted profile score; dIVW, debiased inverse-variance weighted.
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   Our unfavorable association of long LST with PCOS was 
partly consistent with previous evidence. A cross-sectional 
study of women aged 22 to 27 years (796 cases and 7,051 con-
trols) found that ≥8 h/day sitting time was associated with a 
higher risk of PCOS, particularly in overweight and obese 
women [  38 ]. Previous MR studies showed a null association of 
LST with PCOS [ 19 , 20 ], which is inconsistent with our find-
ings. However, there are fundamental issues in their MR analy-
ses, which would be expected to bias the estimates. First, their 
instruments for LST were identified in a sex-combined GWAS, 
assuming women and men have similar genetic effects. In our 
study, we found that LST is more heritable in women (8.6%) 
than in men (6.9%), suggesting that the sex-combined approach 
could be less convincing. Second, their GWAS of PCOS were 
obtained from FinnGen R5 (642 cases, 118,228 controls, preva-
lence = 5.15%) released in 2021, even though new versions with 
more PCOS cases were available. Their prevalence of PCOS 
was twice lower than that in the general population (10% to 
13%) [  39 ], suggesting a potential nondifferential misclassifica-
tion that would bias the MR results [  40 ]. Our study overcame 
these issues by using female-related instruments of LST and 
recently conducted GWAS meta-analysis of PCOS with a preva-
lence of 8.90% [  41 ]. In addition, our mediation MR results 
suggested the role of BMI in the causal pathway from LST to 
PCOS. This aligns with the evidence that PCOS was massively 
influenced by body weight [  42 ,  43 ]. Future studies focusing on 
the effect of LST on the subtypes of PCOS among normal-
weight individuals could further inform clinical practice.

   Our unfavorable association of long LST with menorrhagia 
was, to some extent, consistent with a previous questionnaire-
based study in South Asia, which reported that sedentary 
behavior was associated with increased risks of menstrual dis-
orders [  44 ]. Our MR findings were directionally consistent with 
a previous cohort study of 495 Americans, which found a mod-
estly harmful effect of longer sitting time on endometriosis 
[  45 ]. Meanwhile, one of the above-mentioned MR studies also 
suggested a harmful effect of longer LST on this outcome [ 19 ]. 
However, compared with this previous MR study, we provided 
more precise estimates by using female-related instruments and 
GWAS of endometriosis with more cases. In addition, our MR 
estimates for the effects of LST on menorrhagia, endometriosis, 
and ectopic pregnancy were all independent from BMI, high-
lighting the clinical value of LST as an intervention target for 
improvement of reproductive health.

   To enhance the robustness of our core findings, we per-
formed external validation using independent genetic data 
from European populations and a population representative 
survey of US adults. We replicated the main MR findings that 
LST showed robust associations with menorrhagia, endome-
triosis, and PCOS in external datasets [ 34 ], with effect sizes 
matching those observed in the main analysis. In the observa-
tional analysis, we also observed a robust association between 
sedentary time and high steroid hormone, implying a consis-
tent association with PCOS. Ectopic pregnancy showed a trend 
toward increased risk with longer sedentary time. This cross-
cohort consistency minimizes the possibility of our findings 
being driven by cohort-specific biases.

   The text-mining analysis provides important clues for reveal-
ing pathways through which sedentary behavior affects PCOS 
and ectopic pregnancy. The identification of obesity, gestational 
diabetes, hypertensive disease, vitamin D deficiency, and inflam-
masomes as potential intermediate traits suggests that these 

factors may play a crucial role, highlighting the metabolic and 
immune influences in the prevention and management of repro-
ductive health disorders. Future studies could investigate the 
specific mechanisms underlying these intermediate traits and 
assess the efficacy of interventions aiming at reducing sedentary 
behavior to improve reproductive health outcomes.

   Our genetic findings identify key loci associated with sex-
specific sedentary behavior, which further influence female 
reproductive disorders, offering actionable insights for targeted 
interventions [  46 ]. At the population level, these genetic mark-
ers can help prioritize high-risk subgroups for tailored public 
health initiatives [  47 ]. For example, workplace wellness pro-
grams can be designed for women of reproductive age with 
genetic predispositions to sedentary lifestyles. Such targeted 
efforts optimize the effectiveness of strategies aimed at promot-
ing female reproductive health.

   Our findings have important clinical implications. In com-
mon practice, women can be actively encouraged to reduce 
sedentary behavior by strategies such as using standing desks 
[  48 ], taking regular standing or walking breaks [  49 ], and using 
health-monitoring reminders [  50 ] to decrease sedentary time. 
These daily-life activities may improve women’s reproductive 
health and may also help alleviate symptoms such as dysmenor-
rhea. Since LST can be easily modified, a decreased LST could 
potentially reduce risks of reproductive disorders among tens 
of thousands of women, considering the prevalence of these 
disorders. However, we acknowledge that our study is just the 
very first step toward personalized intervention. Our findings 
need to be further validated in clinical trials before prioritizing 
them in clinical practice.

   There are several limitations. First, our exposures may suffer 
from measurement errors. We relied on self-reported question-
naires to measure sedentary behaviors and physical activity. 
Sedentary-time-related measurements mainly included specific 
behaviors, e.g., watching television, using a computer/screen, 
or driving. However, there are many other sedentary behaviors 
in daily life, e.g., sitting while using a phone, which were not 
captured by our exposure assessment. This exclusion was pri-
marily driven by the technological limitation of UKB baseline 
data collection period (2006 to 2010). The number of smart-
phone users in the UK was very low in the total population at 
that time, where mobile devices were primarily used for basic 
communication functions rather than prolonged screen-based 
activities, and thus contributed minimally to overall sedentary 
time. Nevertheless, this methodological constraint represents 
an important limitation in interpreting our findings in the 
modern context. Second, SDW, SDC, and DPA have a limited 
number of cases and, therefore, did not have enough power to 
identify sufficient number of instruments achieving genome-
wide significance. Thus, we applied a less stringent threshold 
of 1 × 10−5 to select instruments. We estimated the instrument 
strength and found that the instruments of these traits were 
over 10, which implies that our instruments are less likely to 
suffer from weak instrument bias [ 18 ,  51 ]. Third, because ecto-
pic pregnancy could hardly be captured by cohorts of young 
women, we were unable to find literature that reported the 
associations between sedentary behaviors and ectopic preg-
nancy. In addition, we conducted analyses using a whole set of 
MR sensitivity methods that were designed to be robust against 
weak instruments [ 25 – 27 ]. These methods provided similar 
results to MR-IVW, which further validated the reliability of 
our findings. In addition, we were not able to directly test the 
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relevance of genetic instruments for sedentary behaviors (i.e., 
MR relevance assumption) in women of reproductive age. 
However, 2 studies demonstrated that sedentary time is stable 
during young age [  52 ] and the postmenopausal period [  53 ]. A 
previous study indicated that women tend to maintain stable 
patterns of sedentary behavior before or during pregnancy and 
after childbirth [  54 ] and another population representative 
survey showed that US adults tend to have similar sedentary 
time among different age strata from 20 to over 65 years old 
[  55 ]. These papers further support our assumption that seden-
tary habits may be stable for women during their reproductive 
age. The current World Health Organization guidelines recom-
mend the general adult population to limit sedentary time, 
but with limited evidence to suggest a threshold [  56 ]. A meta-
analysis of 62 studies collecting self-reported sitting time data 
showed that adults worldwide sit 4.7 h/day on average [  57 ]. 
Our study provides evidence to support the reduction of LST 
to 4 h/day (less than the current daily average) to prevent men-
orrhagia and endometriosis. Finally, our study was mainly 
conducted using data from European ancestry. Therefore, the 
generalizability across ancestries needs to be tested in future 
studies.

   In conclusion, we provide evidence that women showed 
higher heritability of LST than men. LST showed effects on 
menorrhagia, endometriosis and PCOS , and tended to show 
an effect on ectopic pregnancy. We further prioritized 4 h/day 
of LST as a threshold to prevent endometriosis and menor-
rhagia, which may inform development of future clinical guide-
lines of reproductive health.   

Materials and Methods

Participants of UKB
   Our study used individual participant data from UKB. In total, 
503,325 adults (~54% women) were recruited into UKB. The 
collected data encompassed comprehensive metrics including 
participants’ health profiles, lifestyle patterns, and standardized 
biometric measurements. Genotyping, pre-imputation quality 
control, and imputation procedures were described in detail 
elsewhere [  58 ] and are briefly summarized here. Blood samples 
were collected at UKB baseline, and genotyped on 2 arrays: the 
first ~50,000 samples were genotyped on the UK BiLEVE array 
and the remaining ~450,000 samples were genotyped on the 
UKB Axiom array. Genotype data were imputed against 2 refer-
ences panels: the Haplotype Reference Consortium panel and 
the UK10K + 1000 Genomes panel. We used the imputed data 
released by UKB in March 2018 and applied in-house post-
imputation quality control.

   The initial analytical dataset included 502,154 participants. 
Individual-level exclusions were applied with (a) a sex discor-
dance between genetically inferred sex (data-field 22001) and 
self-reported sex (data-field 31); (b) putative sex chromosome 
aneuploidy (data-field 22019); (c) outlier heterozygosity or miss-
ing call rates (data-field 22027); (d) a sample-level genotype miss-
ing call rate > 0.02; or (e) withdrawal of consent from the UKB. 
Subsequently, to define a genetically homogeneous sample, indi-
viduals of European ancestry were identified using k-means 
clustering on the first 4 genetic principal components, resulting 
in a final analytical sample of 462,399 individuals assigned to the 
European cluster [  59 ].

   Variant-level quality control was then implemented via a 
2-stage process. In the first stage, variants were required to have 

a minor allele frequency (MAF) > 0.001, Hardy–Weinberg 
equilibrium P value > 1 × 10−6, and variant call missing rate < 
0.02. In the second stage, additional filtering of variants was 
performed based on imputation quality (INFO score) stratified 
by MAF: INFO > 0.3 for SNPs with MAF > 0.03; INFO > 0.6 
for 0.01 < MAF ≤ 0.03; INFO > 0.8 for 0.005 < MAF ≤ 0.01; 
and INFO > 0.9 for 0.001 < MAF ≤ 0.005.   

Definition of the sedentary behaviors and physical 
activity measures
   Our traits of sedentary behaviors and physical activity were 
operationalized based on UKB’s standardized assessment pro-
tocols, combining objective accelerometer measurements and 
validated self-reported questionnaires [  60 ]. We defined LST 
using self-reported information at recruitment via 2 questions: 
(a) “In a typical DAY, how many hours do you spend watching 
TV” (data-field 1070) and (b) “In a typical DAY, how many 
hours do you spend using the computer” (data-field 1080). We 
derived the LST value by adding the responses to the 2 ques-
tions together. We defined SDW using self-reported informa-
tion at recruitment via the question: “Does your work involve 
walking or standing for most of the time?” (data-field 806). We 
defined SDC using self-reported information at recruitment 
via the question: “What types of transport do you use to get to 
and from work? (You can select more than one answer)” (data-
field 6143). We defined TSD using self-reported information 
at recruitment via the question: “In a typical DAY, how many 
hours do you spend driving?” (data-field 1090).

   We defined DPA using Total Metabolic Equivalent Task 
Scores: minutes per week for all activities including walking 
and moderate and vigorous activities (data-field 22040). Given 
that the distribution of DPA did not follow a normal distribu-
tion, we took the natural logarithm of DPA values for subse-
quent analyses.

   All responses of “do not know” or “prefer not to answer” in 
the previous questions were coded as missing and thus system-
atically excluded from the analysis. The detailed information 
of these phenotypes is listed in Table  S1 .   

Reproductive health outcomes
   To ensure the reliability of our findings, we obtained genetic 
associations with menorrhagia and PCOS from large-scale 
GWAS meta-analyses of European ancestry and those with 
endometriosis and ectopic pregnancy from FinnGen (the latest 
version R12). Large GWAS meta-analyses of menorrhagia [  61 ] 
(31,309 cases and 318,510 controls) and PCOS [ 41 ] (10,074 
cases and 103,164 controls) defined these outcomes by har-
monizing self-report data and electronic health records from 
multiple individual GWAS (Table  S7 ). In FinnGen [  62 ], endo-
metriosis was defined based on ICD-10 codes N80.8 and 
includes 20,190 cases and 130,160 controls (finngen_R12_N14_
ENDOMETRIOSIS). Ectopic pregnancy was defined based on 
ICD-10 codes O00.1 and includes 7,586 cases and 199,279 con-
trols (finngen_R12_O15_PREG_ECTOP).

   As shown in Table  S7 , we defined menorrhagia, endome-
triosis, and ectopic pregnancy using the derived variables by 
UKB for NLMR analysis. These variables integrated informa-
tion from primary care, hospital inpatient data, the death reg-
istry, and participant self-report, to maximize the number of 
cases. PCOS was defined using ICD-10 code recorded in the 
hospital inpatient data (Table  S7 ).   
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Statistical analyses
Sex-stratified GWAS analyses
   Sex-stratified GWASs of sedentary behaviors and physical activ-
ity were conducted using individual-level data from UKB. The 
GWAS analysis was conducted using REGENIE version 4.1 [ 22 ], 
to account for population stratification and relatedness. We 
adjusted for age, biological sex, genotyping array, and the first 
10 principal components. These adjustments ensured that the 
results are robust, and minimized the impact of confounding 
factors, allowing for accurate estimation of sex-related genetic 
associations with each phenotype.

   We used the GCTA-COJO method [ 24 ] to identify conditional 
independent variants associated with the lifestyle factors. GCTA-
COJO was performed based on all variants, except variants with-
out rs-ID, with genome-wide association signals (P ≤ 5.0 × 10−8) 
for LST, and suggestive genome-wide association signals (P ≤ 
1 × 10−5) for the other 4 exposures since they did not have enough 
genome-wide association signals. We selected 10 Mb linkage dis-
equilibrium (LD) distance, and the independent signals were 
selected through a stepwise selection procedure (i.e., -cojo-slct).

   The LDSC method [ 23 ] was used to calculate the SNP-
heritability using the sex-specific GWAS summary statistics of 
each trait. The LD estimates from European ancestry samples 
in the 1000 Genomes projects were used as a reference. The 
genetic correlation with sedentary behaviors and physical activ-
ity were further estimated using bivariate LDSC [ 23 ]. The heri-
tability and genetic correlation analysis were conducted using 
R package ldscr 0.1.0. To estimate the correlations between 
female- and male-related genetic signals for LST, we conducted 
Spearman’s rank correlation analysis, a nonparametric statisti-
cal method using R package stats version 4.4.1.

   GWAS predominantly identifies genetic signals within non-
coding genomic regions, which collectively account for over 80% 
significant associations [  63 ]. To understand the regulatory prop-
erties of the independent genetic signals, we used RegulomeDB 
database v2 to annotate the LST genetic signals. For each locus, 
the top hit and its LD proxies (with LD r 2 > 0.8 in 1000 Genomes 
Project Europeans) were included in the annotation.   

Mendelian randomization analyses
Instrument selection
   We used a 3-step procedure to select instruments for LST: (a) 
we removed ambiguous and palindromic variants using the pre-
defined approach included in the harmonization step of the 
TwoSampleMR R package [  64 ] and MendelianRandomization 
R package [ 28 ]; (b) in order to assess the directionality of the 
causal effect between female LST and reproductive outcomes, 
we performed the Steiger filtering test [ 33 ]. This test evaluates 
whether the genetic instruments used for the exposure are more 
strongly associated with the exposure than with the outcome, 
ensuring that the causal direction is consistent with the assumed 
model; (c) F-statistics were calculated to assess the strength of 
instruments based on the association between the SNP and the 
exposure. Higher F-statistic values indicate stronger instru-
ments, and an F-statistic greater than 10 indicates that the 
instruments are sufficiently strong and less likely to suffer from 
weak instrument bias. For LST, we used a P value cutoff of 
5 × 10−8 to select instruments. For SDC, SDW, and DPA, due to 
relatively low statistical power, we applied a slightly relaxed 
﻿P value cutoff of 1 × 10−5 to select instruments. TSD showed 
insufficient instruments at 1 × 10−5. Given its genetic similarity 
to SDW, we used SDW as a proxy for TSD.   

Estimation of effects of 4 exposures on reproductive disorders
   We conducted 2-sample MR analyses of 4 female-related expo-
sures (instruments identified by the sex-stratified GWAS of LST, 
SDW, SDC, and DPA) on the 4 reproductive outcomes (menor-
rhagia, endometriosis, PCOS, and ectopic pregnancy) to detect 
the possible causal relationship. We harmonized GWAS summary 
data of each exposure and outcome through allele frequency 
alignment and strand orientation standardization. The MR-IVW 
method was used as the discovery approach. A set of sensitivity 
analyses methods, including MR-RAPS [ 25 ], MR-ROBUST [ 26 ], 
and dIVW [ 27 ], was applied. We used Bonferroni correction to 
adjust for multiple comparisons, and the P value threshold was 
0.0031 (i.e., 0.05/4 exposures/4 outcomes).

   As an external validation, we conducted an MR analysis of 
LST on the 4 reproductive health disorders. The outcome data 
were derived from a recent GWAS meta-analysis study of up 
to 293,618 women participants [ 34 ].   

Estimation of the mediation effect through BMI
   To further explore whether BMI acts as a mediator in the uni-
variable MR associations, we performed a 2-step mediation MR 
analysis. In the first step, we explored the association of LST with 
BMI, and the female-specific GWAS of BMI (N = 37) was 
obtained from the GIANT consortium [  65 ]. In the second step, 
we applied MVMR [  66 ] to estimate both the direct effect of 
LST on female reproductive outcomes and its indirect effect 
through BMI. The MVMR-IVW method was used as the dis-
covery approach. A set of sensitivity analysis methods, includ-
ing MVMR-Egger, Robust MV-IVW (using random-effects 
model and robust regression), and MV-Weighted Median, was 
applied [ 28 – 30 ].   

Estimation of nonlinear effects of LST on  
reproductive disorders
   We applied a doubly ranked model for the NLMR analysis 
[ 31 , 32 ] to investigate the causal relationship between LST and 
4 reproductive outcomes with univariate MR evidence. First, 
genetic risk score was calculated for each individual based on 
genetic variants associated with LST. The derived genetic risk 
score was combined with phenotype data (including LST and 
the associated reproductive outcomes) and incorporated into 
the analysis model. In all analyses, we controlled for potential 
confounders, including age, genotyping array, and the first 10 
principal components. To ensure the robustness and reliability 
of the results, we also used participants’ age and natural hair 
color (data-field 1747) as negative control outcomes to detect 
selection bias [  67 ], when estimating the nonlinear causal rela-
tionship between LST and reproductive outcomes. Briefly, we 
categorized natural hair color into 4 subgroups, i.e., black, dark 
brown, light brown/red, and blonde.   

Sensitivity analyses to falsify MR assumptions
   MR analysis relies on 3 key assumptions: relevance, exchange-
ability, and exclusion restriction [  68 ]. To ensure that the genetic 
instruments fit the relevance assumption, we used the F-statistic 
to evaluate the validity of the selected instruments, and an 
﻿F-statistic greater than 10 suggested sufficient strength (details in 
the “Instrument selection” section). For exchangeability assump-
tion, the exposure and outcome data were both from European 
ancestry. For outcome data from FinnGen [ 62 ], we checked the 
allele frequency differences between the exposure and outcome 
data. The absolute difference of effect allele frequency between 
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exposure and outcome data >0.1 was defined as the existence of 
minor departure of the population structure.

   For exclusion restriction, we assessed horizontal pleiotropy 
using the MR-Egger regression, which applies weighted linear 
regression with an unconstrained intercept [  69 ]. The intercept 
signifies the mean pleiotropic effect and illustrates the average 
direct impact of a variant on the outcome. To detect potential 
horizontal pleiotropy, we employed the MR-PRESSO method to 
identify outlying genetic instruments that may violate the assump-
tion of heterogeneity. Subsequently, causal effect estimates were 
recalculated after excluding these outliers. We also evaluated het-
erogeneity using Cochran’s Q test [  70 ] to identify outlier variants. 
To further evaluate whether individual SNPs disproportionately 
influenced the meaningful univariable MR results, we conducted 
a leave-one-out sensitivity analysis [ 64 ] by systematically exclud-
ing each SNP from MR-IVW and recalculating the causal esti-
mates. A stable effect across iterations indicated that no single 
SNP was driving the association. Given that sex hormones (i.e., 
luteinizing hormone, progesterone, estradiol, follicle-stimulating 
hormone, and testosterone) are known to be causally associated 
with our reproductive outcomes, we applied MVMR to investigate 
whether those sex hormones were in the potential horizontal 
pleiotropy pathway from LST to the outcomes [ 66 ]. We obtained 
GWAS of the sex hormones from the GWAS Catalog [ 61 ]. The 
MVMR-IVW method was used as a discovery approach, and 
a set of sensitivity analyses, including MVMR-Egger, Robust 
MV-IVW, and MV-Weighted Median, was applied [ 28 – 30 ].

   MR analyses were conducted using R packages TwoSampleMR 
[ 64 ] (version 0.6.6), MendelianRandomization [ 28 ] (version 
0.10.0), MR-PRESSO (version 1.0), and mr.raps (version 0.2) in R 
(version 4.4.1).   

Observational analysis using NHANES
   NHANES is a nationally representative cross-sectional survey 
conducted in the United States, encompassing data on demo-
graphics, laboratory tests, questionnaires, etc. We investigated 
the associations between sedentary behavior and high steroid 
hormone, which is one of the commonly used diagnostic cri-
teria for PCOS [ 35 ]. This analysis included 54,716 female par-
ticipants aged from 18 to 50, with data derived from NHANES 
2011 to 2020 cycles.

   Sedentary activity was assessed using the variable PAD680 
(minutes of sedentary activity) in NHANES, which captures 
total daily sitting time (excluding sleep) across contexts includ-
ing school, home, transportation, and leisure. High steroid 
hormone level was defined as with any 1 of the 3 following 
measurements that exceeded the women-specific thresholds: 
(a) total testosterone >47.94 ng/dl; (b) androstenedione >2.25 
ng/ml for participants <40 years or >1.9 ng/ml for participants 
≥40 years; or (c) free androgen index >7.64% [  71 ].

   Covariates incorporated in our analysis comprised age, race, 
obesity status, history of alcohol abuse, smoking status, educa-
tional level, and ever being pregnant. Complete information 
on covariate definitions and assessment processes is available 
in Table  S16 . The k-nearest neighbors algorithm was employed 
for the imputation of covariates using the R package VIM 6.2.6 
[  72 ]. To examine the association between sedentary time and 
the reproductive outcome, a series of weighted logistic regres-
sion models were constructed using the svyglm function in the 
R package survey to account for the complex sampling design 
of NHANES. The models were built in a stepwise adjustment 
manner: Model 1 was the unadjusted model; Model 2 was 

adjusted for age and race; Model 3 further adjusted for obesity 
status, smoking status, and history of alcohol abuse on the basis 
of Model 2; and Model 4, the fully adjusted model, additionally 
incorporated educational level and ever being pregnant into 
Model 3.   

Identification of intermediate traits through MELODI-presto
   To explore potential intermediate trait overlap between seden-
tary behavior and female reproductive health outcomes, we 
utilized the MELODI-presto tool [ 36 ] ( https://melodi-presto.
mrcieu.ac.uk/ ). It enables the identification of intermediate 
traits through literature mining. We constructed literature-
based semantic triples for sedentary behavior and 4 female 
reproductive outcomes, and assigned frequency scores to each 
triple to identify traits with potential mediating effects.      
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form once the manuscript is accepted for publication. The dataset 
supporting the individual-level data of this article is available 
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