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Abstract
Background Observational studies have suggested that sedentary behaviors and sleep status are associated with 
frailty. However, it remains unclear whether these associations are causal.

Methods Using summary statistics from genome-wide association studies, we evaluated the causal effect of 
modifiable risk factors, including leisure sedentary behaviors and sleep status on the frailty index (FI) using two-
sample univariable and multivariable Mendelian randomization (MR) analyses. Genetic correlations were tested 
between the correlated traits.

Results We identified potential causal associations between the time spent watching television (β = 0.26, 95% 
confidence interval [CI]: 0.21–0.31, P = 3.98e-25), sleep duration (β = -0.18, 95%CI: -0.26, -0.10; P = 6.04e-06), and 
daytime napping (β = 0.29, 95%CI: 0.18–0.41, P = 2.68e-07) and the FI based on the inverse-variance-weighted method. 
The estimates were consistent across robust and multivariate MR analyses. Linkage disequilibrium score regression 
detected a genetic correlation between the time spent watching television (Rg = 0.43, P = 6.46e-48), sleep duration 
(Rg = -0.20, P = 5.29e-10), and daytime napping (Rg = 0.25, P = 3.34e-21) and the FI.

Conclusions Genetic predispositions to time spent watching television and daytime napping were positively 
associated with the FI, while sleep duration was negatively associated with the FI. Our findings offer key insights into 
factors influencing biological aging and suggest areas for interventions to promote healthy aging and slow down the 
aging process.
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Background
Frailty is a complex clinical condition that is intricately 
linked to the aging process and is accompanied by a 
decline in physiological function across multiple organ 
systems, with increased susceptibility to stressors [1, 2]. 
As the global population ages, the prevalence of frailty 
increases proportionately [3]. Beyond its role as a note-
worthy predictor of mortality among older individuals, 
frailty is implicated in a spectrum of adverse health out-
comes, including falls, delirium, and disability [4–6]. In 
recent years, frailty has garnered considerable attention 
as a public health concern and tremendous global health 
challenge.

The roles of sedentary behavior and sleep status in 
the etiology of frailty have been extensively investigated 
[7–10]. However, owing to limitations in the quality 
of available evidence, as well as the presence of poten-
tial reverse causality and residual confounding factors, 
observational studies have been unable to establish 
causal associations. To address this issue, randomized 
controlled trials (RCTs) have been conducted to elucidate 
cause-and-effect relationships [11]. Nonetheless, RCTs 
are often resource-intensive in terms of finances and 
manpower, and certain interventions may not be feasible 
or approved for assessment. In this context, Mendelian 
randomization (MR) is effective for estimating the causal 
effects of exposures on outcomes [12, 13]. By employ-
ing genetic variants that are robustly associated with the 
exposure of interest as instrumental variables (IVs) ran-
domly assigned at conception, MR studies mitigate the 
confounding and reverse causality biases that are inher-
ent in conventional observational studies [14, 15].

We conducted univariable and multivariable MR anal-
yses to examine potential independent causal effects 
of leisure sedentary behaviors and sleep status on the 
frailty index (FI). Linkage disequilibrium score (LDSC) 
regression was used to investigate the genetic correlation 
between these causal traits.

Methods
Data source of exposure
Watching television, computer usage, and driving were 
identified as three distinct categories of sedentary behav-
iors [16]. To ascertain the extent of sedentary time, the 
participants were asked a set of three questions during 
their initial visit. These inquiries encompassed the fol-
lowing: “On a typical day, how many hours do you spend 
watching television?,” “In a typical day, how many hours 
do you spend using the computer? (Do not include using 
a computer at work),” and “On a typical day, how many 
hours do you spend driving?.” The daily duration of these 
sedentary behaviors served as a measure of exposure 
assessment. The study population comprised 408,815 
individuals of European ancestry enrolled from the UK 

Biobank. The participants had an average age of 57.4 
(± 8.0) years, and females constituted 54.3% of the cohort. 
Mean daily reported leisure television watching was 2.8 h 
(± 1.5), leisure computer use was 1.0 h (± 1.2) and driving 
was 0.9 h (± 1.0).

We acquired genetic instruments for sleep duration 
through a genome-wide association study (GWAS) con-
ducted using the UK Biobank dataset [17]. Within the 
UK Biobank, the sleep duration assessment involved a 
specific inquiry: “How many hours of sleep do you get 
during every twenty-four hours (including naps)?” The 
results were scaled to per-hour increases in sleep dura-
tion. The study encompassed a cohort of 446,118 individ-
uals with European ancestry, characterized by a mean age 
of 57.3 (± 8.0) years. Notably, women constituted 54.1% 
of the participant group. The analysis revealed mean self-
reported habitual sleep duration was 7.2  h (± 1.1) per 
24 h.

Genetic variants associated with snoring were obtained 
from the UK Biobank population [18]. During the assess-
ment, participants were asked the following question: 
“Does your partner or a close relative or friend complain 
about your snoring?” Response options included “Yes,” 
“No,” “Don’t know,” or “Prefer not to answer.” Individu-
als who responded with “Don’t know” or “Prefer not to 
answer” were excluded from the dataset. Snoring data 
were available in 359,916 unrelated individuals of Euro-
pean descent after quality control. The prevalence of 
snoring in this sample was 37.3%.

Daytime napping is an uncontrollable sleep pattern. 
We acquired genetic variants associated with daytime 
napping from an extensive UK Biobank dataset compris-
ing 452,633 participants [19]. During the assessment, 
the participants were asked, “Do you take a nap during 
the day?” Among the UK Biobank population, 38.2% 
and 5.3% of the respondents answered “sometimes” and 
“always,” respectively. Moreover, the average ages of the 
two groups were 58.5 (± 7.8) years and 60.2 (± 7.4) years, 
with females comprising 50.0% and 33.9% of each respec-
tive group.

Data source of outcome
We identified genetic variants associated with the FI 
using a GWAS meta-analysis. The GWAS included 
164,610 participants from the UK Biobank and 10,616 
from TwinGene [20]. The UK Biobank participants 
consisted of individuals of European descent, aged 60 
to 70 years at baseline (mean 64.1, SD 2.8). The cohort 
included 84,819 females, accounting for 51.3% of the 
total participants. The TwinGene participants, a sepa-
rate cohort comprising 10,616 individuals, were Swed-
ish nationals aged 41 to 87 years (mean 58.3, SD 7.9), 
with 5,577 females (52.5%). The Rockwood FI, which is 
based on the deficit accumulation model, served as the 
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outcome measure for frailty. Compliance with deficits 
was categorized using a score of 0 or 1 (with 0 indicating 
no deficit). The FI for each individual was calculated as 
the number of deficits divided by 49. A higher FI value 
indicates a greater degree of frailty. Our findings revealed 
that the mean proportions of deficits were 0.129 ± 0.075 
and 0.121 ± 0.080, in UK Biobank and TwinGene partici-
pants, respectively.

The baseline characteristics of participants included in 
these above GWAS studies were presented in Additional 
file 2: Table S1.

Selection criteria for instrumental variables
To ensure the validity of each instrumental variable 
(IV), three key assumptions must be met: (1) relevance 
assumption: robust association between the instru-
ment and the exposure; (2) independence assumption: 
the genetic variant is not linked to confounding factors 
influencing the exposure-outcome relationship [21]; and 
(3) exclusion restriction assumption: instruments solely 
impact the outcome through the exposure variable [22]. 
To fulfill the first assumption of MR, we identified single 
nucleotide polymorphisms (SNPs) that achieved genome-
wide significance (P < 5 × 10− 8). From this SNP set, we 
exclusively retained independent instruments with the 
most significant P-values, considering pairwise linkage 
disequilibrium (LD) and removing SNPs with r2 ≥ 0.001. 
We further evaluated the first assumption by computing 
the F-statistic [23]. Subsequently, we excluded SNPs with 
an F-statistic < 10 to avoid weak IV biases. Genetic vari-
ants from diverse studies were combined regarding their 
effects and palindromic SNPs were excluded. Proxy SNPs 
(r2 > 0.8) were used for instruments absent from the out-
come dataset. The MR-Steiger filtering was also used to 
removes SNPs failing to explain significantly more vari-
ance in the exposure than in the outcome. To mitigate the 
bias arising from horizontal pleiotropy, we performed the 
Mendelian Randomization Pleiotropy RESidual Sum and 
Outlier (MR-PRESSO) outlier test, calculated the P value 
for each SNP, and excluded outlier SNPs [24]. The lead 
SNPs for the genetic instruments of exposure were pre-
sented in Additional file 2: Tables S2–S7.

Univariable Mendelian randomization
We employed the inverse-variance-weighted (IVW) 
approach as the primary method for estimating causal 
effects, which allows calculation of the combined effect 
of all SNPs. Additionally, to ensure reliability and stability 
of the results, sensitivity analyses were conducted using 
MR-Egger [25], weighted median [26], and MR-PRESSO 
[24]. Heterogeneity in the main IVW and MR-Egger esti-
mates was assessed by quantifying Cochran’s Q statis-
tic, where P > 0.1 indicated the absence of heterogeneity 
among the instrumental variables, enabling the disregard 

of its influence on causal effect estimation [27]. For cases 
in which heterogeneity was detected, the IVW (multipli-
cative random-effects) approach was used to calculate 
the effect size. The Egger model intercept was used for 
statistical assessment of pleiotropy, with a deviation of 0, 
suggesting the presence of directional pleiotropy [28].

Multivariable Mendelian randomization
To validate the second core assumption of MR, which 
entails assessing the absence of associations between the 
IVs and confounders, we conducted a thorough search 
of the PhenoScanner database [29]. This search aimed to 
identify any previously reported significant associations 
(P < 5 × 10− 8) between the instrument SNPs and potential 
confounding factors. Notably, the PhenoScanner search 
identified associations between the instruments and 
traits related to obesity, alcohol consumption, and smok-
ing. Consequently, we specifically selected SNPs associ-
ated with body mass index (BMI) [30], drinks per week 
[31], and cigarettes per day [31] from the publicly avail-
able GWAS summary statistics to conduct multivariable 
MR (MVMR) analyses to account for indirect pathways 
that may introduce correlated pleiotropy. Causal effects 
were estimated using the MVMR-IVW and MVMR-
Egger methods. Heterogeneity among the selected 
genetic variants was assessed using Cochran’s Q statistic, 
and MVMR-Egger was employed to identify potential 
directional pleiotropy.

LDSC regression analysis
LDSC regression analysis is dependable and effective 
for detecting the shared genetic frameworks of intricate 
human characteristics [32]. It enables the estimation of 
disease heritability and the examination of genetic corre-
lations using GWAS summary data. In the present study, 
we used GWAS summary data on the identified causal 
traits to assess their genetic associations. The LD refer-
ence panel, obtained from 1000 Genomes and developed 
by the researchers (source: https://github.com/bulik/
ldsc), consisted of the European LD scores utilized in our 
analysis.

This study followed the Strengthening the Reporting 
of Observational Studies in Epidemiology Using Men-
delian Randomization (STROBE-MR) statement [33] 
(Additional file 1). All MR analyses were conducted using 
“TwoSampleMR,” “MRPRESSO,” “MendelianRandomiza-
tion,” and “MVMR” in R software (version 4.0.2; the R 
Foundation for Statistical Computing, Vienna, Austria).

Results
Associations between leisure sedentary behaviors, sleep 
status and the FI
After ensuring quality control, we selected 138 SNPs 
related to watching television, 442 SNPs related to 

https://github.com/bulik/ldsc
https://github.com/bulik/ldsc
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computer usage, 44 SNPs related driving, 62 SNPs 
related to sleep duration, 332 SNPs related to snoring, 
and 93 SNPs related to daytime napping as IVs. The MR 
study found that the genetic predisposition to spend 
time watching television (β = 0.26, 95% confidence inter-
val [CI]:0.21–0.31, P = 3.98e-25) and daytime napping 
(β = 0.29, 95%CI: 0.18–0.41, P = 2.68e-07) were posi-
tively associated with the FI based on the IVW method, 
while the sleep duration (β = -0.18, 95%CI: -0.26, -0.10; 
P = 6.04e-06) was negatively associated with the FI 
(Table  1; Fig.  1). All MR results were robust in several 
sensitivity analyses (Table 1). There was no obvious het-
erogeneity for the genetic variants of time spent on driv-
ing (all P-values for Cochran’s Q > 0.1), whereas genetic 
instrumental variables of other exposures exhibited per-
sistent heterogeneity (Additional file 2: Table S8). All 
P-values for the intercepts of MR-Egger tests were > 0.05 
(Additional file 2: Table S9).

Multivariable MR analyses adjusting for confound-
ers provided similar results and also suggested a posi-
tively causal effect of time spent on watching television 
(β = 0.27, 95% CI: 0.20–0.35, P = 1.19e-12) and daytime 
napping (β = 0.23, 95%CI: 0.10–0.36, P = 4.89e-04) and 
negative causal effect of sleep duration (β = -0.18, 95%CI: 
-0.27, -0.09; P = 1.55e-04) on the FI (Table  3). All direc-
tions and the statistical significance of the IVW results in 
MVMR were consistent with those of the MVMR-Egger 
sensitivity analysis, suggesting a low risk of bias due to 
horizontal pleiotropy (Table  3; Additional file 2: Table 
S9). The MVMR heterogeneity test validated sustained 
heterogeneity across the selected genetic variants (Addi-
tional file 2: Table S10).

Table 1 Univariable MR results for the causal associations between leisure sedentary behaviors, sleep status and the FI
Exposure No of 

SNPs
F 
-statistics

IVW MR-Egger Weighted median MR-PRESSO
Beta (95%CI) P value Beta (95%CI) P value Beta (95%CI) P value Beta (95%CI) P value

Leisure seden-
tary behavior
Watching 
television

138 40.78 0.26 (0.21–0.31) 3.98e-25* 0.39 
(0.15–0.63)

1.96e-03* 0.23 
(0.17–0.29)

7.22e-13* 0.26 
(0.21–0.31)

6.45e-19*

Computer usage 42 38.97 0.01 
(-0.11–0.14)

0.82 -0.30 
(-1.09–0.49)

0.46 0.03 
(-0.10–0.16)

0.63 0.01 
(-0.11–0.14)

0.82

Driving 4 38.25 0.36 (0.03–0.70) 0.03 2.59 
(0.65–4.52)

0.12 0.21 
(-0.11–0.53)

0.20 0.36 
(0.03–0.70)

0.13

Sleep status
Sleep duration 62 47.86 -0.18 (-0.26 

– -0.10)
6.04e-06* 0.01 

(-0.29–0.30)
0.97 -0.19 

(-0.28– -0.10)
6.63e-05* -0.18 

(-0.26– -0.10)
2.85e-05*

Snoring 32 171.77 0.04 
(-0.01–0.08)

0.10 -0.13 
(-0.37–0.10)

0.27 0.03 
(-0.03–0.08)

0.35 0.04 
(-0.01–0.08)

0.11

Daytime 
napping

94 15.14 0.29 (0.18–0.41) 2.68e-07* 0.33 
(-0.09–0.75)

0.13 0.28 
(0.15–0.41)

1.80e-05* 0.29 
(0.18–0.41)

1.48e-06*

Abbreviation: FI frailty index; MR, Mendelian randomization; IVW, inverse-variance-weighted; MR-PRESSO, Mendelian Randomization Pleiotropy RESidual Sum and 
Outlier; CI, confidence interval
*P value < 0.05

Table 2 Summary of the GWAS data used in the MR analyses
Phenotype Sam-

ple 
size

Ancestry Consortium/
cohort

Year PMID

Exposure
Leisure 
sedentary 
behavior
Watching 
television

408,815 European UK Biobank 2020 32,317,632

Computer 
usage

408,815 European UK Biobank 2020 32,317,632

Driving 408,815 European UK Biobank 2020 32,317,632
Sleep 
status
Sleep 
duration

446,118 European UK Biobank 2019 30,846,698

Snoring 359,916 European UK Biobank 2019 30,804,565
Daytime 
napping

452,633 European UK Biobank 2019 33,568,662

Outcome
Frailty 
index

175,226 European UK Biobank 
and TwinGene

2021 34,431,594

Confound-
ers
BMI 681,275 European GIANT 2018 30,124,842
Alcohol 
consump-
tion

941,280 European GSCAN 2019 30,643,251

Smoking 
heaviness

377,334 European GSCAN 2019 30,643,251

Abbreviation: MR, Mendelian randomization; BMI, body mass index
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Genetic correlation between causal traits
We tested the positive genetic correlation between the 
time spent watching television (Rg = 0.43, P = 6.46e-48) 
and daytime napping (Rg = 0.25, P = 3.34e-21) and the FI. 
LDSC regression analysis revealed a negative genetic cor-
relation between sleep duration (Rg = -0.20, P = 5.29e-10) 
and the FI.

Discussion
This MR study investigated the potential causal rela-
tionships between the leisure sedentary behaviors, sleep 
status and the FI. We found that time spent watching 
television, sleep duration, and daytime napping were 
causally associated with the FI. Multiple sensitivity 
analyses confirmed the robustness of these causal rela-
tionships. MVMR analyses demonstrated independent 
causal effects of watching television, sleep duration, and 

daytime napping on the FI, after adjustments for other 
confounders. We observed a significant genetic correla-
tion between the time spent watching television, sleep 
duration, daytime napping, and the FI based on the 
LDSC regression.

Population-based investigations have consistently 
demonstrated that sedentary behavior contributes to 
adverse health outcomes. A meta-analysis revealed that 
reduced sedentary duration is significantly associated 
with a decreased risk of premature mortality, particu-
larly among middle-aged and older adults, exhibiting a 
nonlinear dose-response pattern [34]. Considering the 
findings of our research and those from previous studies, 
reducing sedentary duration during leisure activities has 
potential benefits for mitigating the aging process.

Significant causal associations were observed between 
certain sleep status traits and the FI. Numerous studies 
have reported a relationship between sleep and aging. 
A study conducted in a Chinese population comprising 
23,847 individuals revealed that maintaining a compre-
hensive and healthy sleep pattern was positively linked to 
a reduced risk of worsening frailty and an increased like-
lihood of improving frailty [10]. Another cross-sectional 
study utilizing data from the National Health and Aging 
Trends Study, identified difficulty initiating sleep as an 
independent risk factor for frailty [35]. Furthermore, a 
meta-analysis involving 313,651 participants from 20 
cohort studies demonstrated that prolonged napping is 
associated with a higher risk of all-cause mortality [36]. 
After adjusting for relevant factors, we provide compel-
ling evidence supporting significant causal relationships 
between sleep duration and daytime napping with the FI.

Our research emphasizes the genetic link between 
television-viewing time, sleep duration, daytime napping, 
and the FI. One notable strength of our study is the use 
of genetic data from a large sample population, which 
enhanced the reliability of our findings and minimized 
the impact of confounding factors. Furthermore, the 
robustness of IVW estimates in this study was supported 
by multiple MR sensitivity analyses, each incorporating 

Table 3 Multivariable MR results for the causal association of 
watching television, sleep duration, and daytime napping with FI
Exposure Adjustment Method Beta 95%CI P value
Watching 
television

BMI, cigarettes 
per day, and 
drinks per 
week

MVMR-IVW 0.27 0.20–
0.35

1.19e-12*

MVMR-Egger 0.27 0.19–
0.34

2.44e-12*

Sleep 
duration

BMI, cigarettes 
per day, and 
drinks per 
week

MVMR-IVW -0.17 -0.27– 
-0.09

1.55e-04*

MVMR-Egger -0.17 -0.26– 
-0.08

2.17e-04*

Daytime 
napping

BMI, cigarettes 
per day, and 
drinks per 
week

MVMR-IVW 0.23 0.10–
0.36

4.89e-04*

MVMR-Egger 0.20 0.02–
0.38

0.03*

Abbreviation: FI, frailty index; MVMR, multivariable Mendelian randomization; 
IVW, inverse-variance weighted; CI, confidence interval; BMI, body mass index
*P value < 0.05

Fig. 1 Scatter plot of the causal effect of watching television (A), sleep duration (B), and daytime napping (C) on FI using different MR methods
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different assumptions regarding genetic pleiotropy. Nev-
ertheless, some limitations of this study should be 
acknowledged. First, our analysis assumed a linear asso-
ciation between risk factors and outcomes. Although the 
estimates reflect the presence and direction of the popu-
lation-averaged causal effect, quantitative interpretations 
may be misleading if the actual relationship is nonlinear 
[37]. Second, genetic associations were derived from data 
of European populations, and caution should be exer-
cised when generalizing these findings to other ethnic 
groups. Third, the MR analysis estimates were formulated 
to evaluate the causal impact of long-term exposure on 
outcomes and, therefore, may not always align precisely 
with clinical observations. Fourth, while we attempted to 
strictly adhere to the STROBE-MR guidelines, we were 
unable to provide all the recommended items because 
of the restricted information accessible from the utilized 
database.

Conclusion
In summary, we utilized MR techniques to provide valu-
able quantitative data on modifiable risk factors that 
causally influence the aging process. Understanding the 
causal effects of these risk factors on frailty holds con-
siderable promise for elucidating the underlying mecha-
nisms of the aging process and establishing potential 
strategies for preventing age-related diseases and pro-
moting healthy aging. Notably, significant effects were 
observed for the time spent watching television, sleep 
duration, and daytime napping. These findings provide 
crucial insights into the determinants of biological aging 
and highlight potential areas for intervention to promote 
healthy longevity and attenuate the rate of biological 
aging.
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