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A B S T R A C T

Introduction and Objectives: Unhealthy sleep patterns have been associated with an increased risk of liver-

related events, including the development of advanced liver disease. While prior studies linked sleep pat-

terns to cirrhosis and mortality, the relationship between sleep behaviors and overall liver-related events

(LRE) remains underexplored. This study examines the association between healthy sleep patterns (HSP) and

the incidence of LRE, including cirrhosis and liver cancer.

Patients and Methods: This prospective cohort study included 356,501 European participants from the UK

Biobank. A healthy sleep pattern was assessed using five key parameters: sleep duration, chronotype, insom-

nia, daytime sleepiness, and snoring. Associations between the healthy sleep score (HSS) and the risk of LRE,

cirrhosis, and liver cancer were evaluated using Cox proportional hazards models.

Results: Over a median follow-up of 12.8 years, 2441 incident liver-related events (LRE), 2197 cirrhosis cases,

and 661 liver cancer cases were documented. After multivariable adjustment, a healthy sleep score (HSS) of 5

was significantly associated with a 44% reduction in LRE risk (HR=0.56; 95% CI: 0.46−0.70), a 46% reduction in

cirrhosis risk (HR=0.54; 95% CI: 0.43−0.67), and a 45% reduction in liver cancer risk (HR=0.55; 95% CI: 0.37

−0.80), compared to HSS 0−1. The inverse association between HSS and LRE was more pronounced among

younger participants, individuals with prolonged sedentary behavior, and those with diabetes mellitus

(P< 0.05).

Conclusions: Adherence to a healthy sleep pattern is independently associated with a reduced risk of liver-

related events, cirrhosis, and liver cancer. This association is especially pronounced in younger adults, indi-

viduals with prolonged sedentary behavior (>4 h/day), and patients with diabetes.

© 2025 Fundación Clínica Médica Sur, A.C. Published by Elsevier España, S.L.U. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1 1. Introduction

2 Liver-related events (LRE), including liver cirrhosis and its compli-

3 cations, hepatocellular carcinoma, and liver-related deaths, are a

4 major global public health concern. Annually, liver diseases account

5for approximately 2 million deaths worldwide, constituting 3.5 % of

6total mortality [1]. The burden of chronic liver diseases, including cir-

7rhosis, metabolic dysfunction-associated steatotic liver disease

8(MASLD), and viral hepatitis, continues to rise, emphasizing the

9urgent need for effective prevention and treatment strategies [2].

10While medical advancements have been made, there is currently no

11definitive cure for many liver-related diseases, making LRE a pressing

12issue worldwide.

13Research has identified various risk factors for LRE, including alco-

14hol consumption, diet, lifestyle habits, and sleep patterns [3−6].

15Recent time-based studies have shown the important part that sleep

16can play in the development and the progression of the liver diseases.

17Impaired sleep, which includes shorter or longer sleep patterns, day-

18time sleep, snoring, and insomnia is closely associated with the risk

19of liver mortality [7−10]. On the other hand, having healthy sleep

20habits could provide a protective factor to LRE and other chronic
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21 conditions [11,12]. For example, a study by Hsieh et al. showed that

22 individuals who slept for more than 7 h each night had a reduced risk

23 of developing fatty liver disease [13]. Similarly, Kim et al. suggested

24 that short sleep durations and poor sleep quality increase the risk of

25 MASLD [14]. The adverse effect of the poor sleep patterns, such as

26 short sleep duration and insomnia on the hypothalamic-pituitary-

27 adrenal (HPA) axis is established. These disturbances cause an

28 increased oxidative stress, systemic inflammation and endothelial

29 dysfunction all of which increase the risk of liver-related events [15].

30 Moreover, the use of sleep treatment has shown some promise

31 towards the alleviation of all-cause deaths related to liver cancer

32 [16]. Most of the literature is prospective studies that investigate the

33 general relationship between sleep pattern and LRE regardless of the

34 cause of the disease given its limited prevalence in this search of

35 knowledge and despite these findings there are few studies about the

36 overall relationship between sleep pattern and LRE in light of the lim-

37 ited prevalence of the disease in the quest of knowledge.

38 One promising approach to studying sleep patterns is the concept

39 of a ‘Healthy Sleep Pattern’ (HSP), a composite score developed by

40 Fan et al. [17]. The score is a combination of different types of sleep-

41 related scales, such as sleep duration, insomnia, daytime sleepiness,

42 chronotype, and snoring. Prior findings indicated that a greater HSP

43 score is related to better health effects, including a lowered risk of

44 cardiovascular diseases and metabolism disorders and an enhanced

45 cognitive ability [18−23]. Furthermore, research has indicated that

46 maintaining a healthy sleep pattern may lower the risk of MASLD

47 [17,25]. Individual sleep behaviors were investigated in isolation, but

48 the composite approach also attempts to consider cumulative effects

49 of various sleep factors and so may provide a more complete presen-

50 tation of how sleep contributes to health. Nevertheless, it is impor-

51 tant, at the same time, to take into account the strengths and

52 weaknesses of such an aggregation. On the one hand, it will give a

53 global picture of the health of sleep because it will combine multiple

54 facets. Conversely, the validity of the scoring system has to be ascer-

55 tained and a judgment on whether the various factors are attached

56 usually by aggregating the responses to them serves to mask the

57 specificity aspect of single sleep behaviors. Therefore, although the

58 composite method is quite informative, one needs to thoroughly

59 evaluate how effective it is in allowing the complexity of sleeping

60 behaviors to remain without simplifying and considering individual

61 effects.

62 This highlights a gap in the literature: the relationship between a

63 comprehensive healthy sleep pattern and LRE, particularly liver cir-

64 rhosis and liver cancer, has yet to be fully explored. Given the inter-

65 dependence of various sleep behaviors, where changes in one sleep

66 aspect often influence others, it is crucial to study the combined

67 effects of these behaviors on liver-related outcomes [26]. Moreover,

68 the potential interaction between genetic susceptibility and sleep

69 patterns in the context of LRE remains under-explored.

70 Therefore, this study aims to conduct a prospective investigation

71 into the associations between healthy sleep patterns and liver-

72 related events, utilizing data from the UK Biobank with a sample size

73 of 356,501 participants. Additionally, we will examine the combined

74 effects of sleep patterns and genetic susceptibility to LRE, exploring

75 potential gene-environment interactions.

76 2. Patients and methods

77 2.1. Study population

78 The data for this study were sourced from the UK Biobank

79 (approval number: 420,999), which enrolled over 500,000 partici-

80 pants between 2006 and 2010. Following informed consent, data on

81 sleep patterns and other health-related variables were collected

82 through questionnaires and physical measurements. The study was

83approved by the North West Multi-Centre Research Ethics Commit-

84tee.

852.2. Assessment of sleep behaviors

86Sleep behaviors were assessed through questionnaires, covering

87sleep type, snoring, sleep duration, excessive daytime sleepiness, and

88insomnia. Participants’ sleep patterns were evaluated by asking

89whether they considered themselves to be: (1) an “absolute morning

90person”; (2) more of a “morning person” than an “evening person”;

91(3) more of an “evening person” than a “morning person”; or (4) an

92“absolute evening person.” Snoring was assessed by asking if a part-

93ner, close relative, or friend had ever complained about their snoring,

94with responses as: (1) Yes; (2) No. Sleep duration was gauged by ask-

95ing about the total hours slept in a 24-hour period, including naps,

96with options: (1) < 7 h/day; (2) 7−8 h/day; (3) ≥ 9 h/day. Daytime

97sleepiness was assessed by asking how often participants felt the

98need to doze off during the day, with choices: (1) Rarely; (2) Occa-

99sionally; (3) Often; (4) Prefer not to answer. Insomnia was evaluated

100by asking whether participants had difficulty falling asleep or woke

101up in the middle of the night, with responses: (1) Rarely; (2) Occa-

102sionally; (3) Often; (4) Prefer not to answer.

1032.3. Assessment of healthy sleep score (HSS)

104The HSS was based on five key sleep factors: excessive daytime

105sleepiness, snoring, chronotype, insomnia, and sleep duration. Fan et

106al. [17]. code each sleep behavior of the subjects as to a low-risk

107group (1), and a high-risk group (0). The healthy sleep score is an

108aggregate of each of these five behaviors adding up to a potential

109range of 0 to 5. The greater the score, the more the subject is probable

110to be considered as a high-risk sleeper (HSP).

1112.4. Definition of liver-related events (LRE)

112Liver-related events (LRE) were defined using the International

113Classification of Diseases, 10th Revision (ICD-10) codes. Specifically,

114LRE encompassed the spectrum of chronic liver diseases coded as

115K71-K77, including non-alcoholic liver diseases, viral hepatitis, and

116other specified liver disorders. Cirrhosis was identified using ICD-10

117codes K71.7, K72.1, K74.4, K74.5, K74.6, K76.6, I85.0, I85.9, I86.4, and

118I98.2, as well as OPCS4 codes J06.1, J06.2, T46.1, T46.2, G10.4, G10.8,

119G10.9, G14.4, G17.4, and G43.7. Liver cancer was diagnosed in accor-

120dance with ICD-10 code C22 including hepatocellular carcinoma

121(C22.0) however other liver malignancies were also included.

122Together, these conditions can be regarded as clinically important

123endpoints of the liver, such as the occurrence of cirrhosis and liver

124cancer, among other advanced liver complications.

1252.5. Assessment of covariates

126Covariate data include sociodemographic characteristics, lifestyle

127factors, family history, and sleep behavior variables. Sociodemo-

128graphic variables consist of age, gender, ethnicity, and the Townsend

129Deprivation Index (TDI). Lifestyle factors include smoking status

130(never/previously/current), alcohol consumption (never/previously/

131current), dietary habits (healthy/unhealthy), and sedentary behavior

132(more than 4 h/less than or equal to 4 h). Family history variables,

133such as obesity, diabetes, hypertension, low HDL cholesterol, and

134high triglycerides, were derived from self-reports of the participants

135regarding their family’s health history. Specifically, obesity status

136was collected by asking participants about the presence or absence of

137obesity in their immediate family. The sleep behavior variables

138include whether the participant sleeps 7 to 8 h daily (yes/no), follows

139an early sleeping pattern (yes/no), experiences frequent insomnia
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140 (yes/no), snores (yes/no), and frequently experiences daytime sleepi-

141 ness (yes/no).

142 2.6. Statistical analysis

143 For continuous variables, the mean § standard deviation (SD)

144 or the median (interquartile range, IQR) was used, and for cate-

145 gorical variables, the numbers (percentages) were utilized to

146 summarize the baseline characteristics of the participants. To cal-

147 culate the risk of liver cancer, cirrhosis and LRE associated with

148 sleep among UK Biobank participants, we employed Cox propor-

149 tional hazards models. The outcomes were expressed in the form

150 of hazard ratios (HRs) and 95 % confidence intervals (CIs). Schoen-

151 feld residuals were employed to assess the proportional hazards

152 assumption, and no violations were found. Age, sex, and ethnicity

153 adjustments were made to Model 1. Model 2 was further

154 adjusted for sedentary hours, smoking status, education, Town-

155 send deprivation index, drinking status and diet. In addition,

156 Model 3 was adjusted for obesity, diabetes, hypertension, low

157 HDL cholesterol and high triglycerides. In the final model, adjust-

158 ments were also made for hepatic complications genetic risk

159 score (HFC-GRS), cp1, cp2, cp3, cp4, and cp5.

160 Regarding the analysis of individual sleep factors, all five sleep

161 parameters were simultaneously incorporated into the model. The

162 connection between the continuous index score of a HSP and the risk

163 of each event (such as liver cancer, cirrhosis, and LRE) was probed

164 through restricted cubic spline analysis. Additionally, we further car-

165 ried out analyses that were stratified according to age, sex, ethnicity,

166 Townsend deprivation index (TDI), diet, smoking status, physical

167 activity, drinking status, sedentary hours, and cardiometabolic risk

168 factor. We also probed potential interactions by including a multipli-

169 cative interaction term between the HSS and the stratified variables

170 in the model.

171 We also performed multiple sensitivity analyses to evaluate

172 the reliability of our main findings. First, to avoid reverse causal-

173 ity, we excluded patients who developed, LREs (n = 1385), cirrho-

174 sis (n = 1379) and liver cancer (n = 1304) within the first two

175 years of follow-up. Second, we created a weighted sleep

176 score based on a composite score, calculated as follows: weighted

177 sleep score = (b1£ sleep duration + b2£ chronotype prefer-

178 ence + b3£ insomnia disorder + b4£ snoring + b5£ daytime sleep-

179 iness)£ (5 / sum of the b coefficients), and examined the

180 association of weighted HSS with the incidence of LRE, cirrhosis

181 and liver cancer. b coefficients for each sleep factor were esti-

182 mated using a Cox proportional hazards model that included all

183 covariates from Model 4. Finally, considering that missing covari-

184 ates might impact the results, we excluded patients with missing

185 covariates (n = 57,533) and performed a complete-case analysis.

186 All statistical analyses were carried out by means of R 4.3.3 soft-

187 ware. P < 0.05 was regarded as statistically difference.

188 2.7. Ethical statements

189 Written informed consent was obtained from each participant

190 included in the study. The study protocol conforms to the ethical

191 guidelines of the 1975 Declaration of Helsinki, as reflected in a priori

192 approval by the North-West Multi-Centre Research Ethics Committee

193 (reference 11/NW/0382). Data for this study were sourced from the

194 UK Biobank (approval number: 420,999), which has been approved

195 by the aforementioned committee.

196 3. Results

197 A total of 356,501 subjects were enrolled in this research. Table 1

198 shows the baseline characteristics of subjects grouped by healthy

199 sleep patterns. We found that 76,718 (20.13 %) participants were

200grouped to HSS of 5. Compared to HSS of 0−1, individuals adhering

201to HSS of 5 were more likely to be female, white ethnicity, lower TDI

202Score, non-smoker and those with long periods of sedentary time.

203The prevalence of metabolic comorbidities (obesity, diabetes, hyper-

204tension, low HDLC, and high triglycerides) was reduced in subjects

205with a HSS of 5.

206We documented 2441 incident LRE, 2197 incident cirrhosis, and

207661 incident liver cancer over a median follow-up of 12.8 years.

208Table 2 summarized the association between HSP and incident LRE,

209cirrhosis and liver cancer. The HSS was generally inverse associated

210with risks of LRE, cirrhosis and liver cancer (p< 0.001). After adjust-

211ing for age, sex, ethnics, sedentary, smoking status, education, TDI,

212drinking status and diet, individuals with HSS of 5 had a 55 % reduced

213risk of LRE (HR=045; 95 % CI=0.36−0.55), a 58 % lower risk of cirrhosis

214(HR = 0.42; 95 % CI = 0.34−0.53), and a 55 % reduced risk of liver can-

215cer (HR = 0.45; 95 % CI = 0.31−0.65) than individuals with HSS of 0−1

216(Table 2, Model 1). The association between the HSS and incident LRE

217(HR = 0.56; 95 % CI = 0.45−0.69), cirrhosis (HR = 0.54; 95 % CI = 0.43

218−0.67), and liver cancer (HR = 0.55; 95 % CI = 0.37−0.80) remained in

219the multivariable model that further adjusted for metabolic comor-

220bidities (obesity, diabetes, hypertension, high-density lipoprotein

221cholesterol (HDLC), and high triglycerides) (Table 2, Model 2).

222In the fully-adjusted model, the HSS of 5 was related to a 44 %

223decreased risk of LRE (HR = 0.56; 95 % CI = 0.46−0.70), a 46 %

224decreased risk of cirrhosis (HR = 0.54; 95 % CI = 0.43−0.67) and a 45 %

225decreased risk of liver cancer (HR = 0.55; 95 % CI = 0.37−0.80) com-

226pared to HSS of 0−1 (Table 2, Model 3). A linear relationship between

227the HSS and LRE (Fig. 1A, P for Nonlinear=0.591), cirrhosis (Fig. 1B, P

228for Nonlinear=0.360) and liver cancer (Fig. 1C, P for Nonlinear=0.190)

229is shown by restricted cubic spline regression in the dose-response

230studies. Specifically, each unit increase in the HSS was related to a

23114 % contraction in the risk of developing LRE (HR = 0.86; 95 %

232CI = 0.83−0.89), a 15 % decrease in the risk of developing cirrhosis

233(HR = 0.85; 95 % CI = 0.82−0.89) and an 8 % reduction in the risk of

234liver cancer (HR = 0.92; 95 % CI = 0.86−0.99) (Table 2, Model 3). We

235found that the age (<60 or ≥60), sedentary (>4 h or ≤4 h), and diabe-

236tes (none or yes) significantly modified the associations of the HSP

237with the risk of LRE and cirrhosis (P-int< 0.05). The inverse relation-

238ship between the HSS and the likelihood of LRE and cirrhosis

239appeared to be stronger among subjects who were younger, having

240more sedentary time and having diabetes at baseline. All subgroups

241showed a generally similar association between the risk of the HSS

242and risk of liver cancer (P-int > 0.05) (Fig. 2). Sensitivity analyses that

243removed cases of incident that occurred within the first two years of

244follow-up produced results comparable to the main study (Supple-

245mentary Table 1). Similar results were obtained when examining the

246association between a weighted sleep score and cirrhosis, liver can-

247cer, and LRE (Supplementary Table 2). The results did not change

248when populations with missing covariate data were excluded and

249the completed-case data was analyzed (Supplementary Table 3).

250We also investigated the associations between the risk of liver

251cancer, cirrhosis, and LRE and other components of good sleep

252parameters. A 27 %, 15 %, 19 % and 19 % lower risk of LRE and a

25327 %, 17 %, 19 % and 19 % lower risk of cirrhosis, respectively, were

254independently linked to sleep 7−8 h per day, early chronotype,

255no frequent insomnia, and no frequent daytime sleepiness in the

256multivariable adjusted model (P < 0.05). Sleep 7−8h/day and early

257chronotype was each independently associated with a 18 % and

25817 % reduced risk of liver cancer, respectively (P < 0.05) (Table 3,

259Model 3).

260We further assessed whether the association between the HSP

261and LRE, cirrhosis as well as liver cancer was modulated by the HFC-

262GRS. Healthy sleep patterns and HFC-GRS did not interact statistically

263significantly, according to our findings (P-int>0.05). Subjects with

264sleep pattern of healthy had generally the lower risk of LRE, cirrhosis

265and liver cancer in different HFC-GRS (Fig. 3).
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266 4. Discussion

267 In this prospective cohort study of 356,501 UK Biobank partic-

268 ipants, we examined the relationship between a newly developed

269 Healthy Sleep Score (HSS)—which integrates factors such as the

270 absence of insomnia, being a morning type, no excessive daytime

271 sleepiness, sleeping 7 to 8 h nightly, and no frequent snoring—

272 and the incidence of liver-related events (LRE), cirrhosis, and liver

273cancer. Our findings suggest that a higher HSS is associated with

274a significantly reduced risk of incident LRE, cirrhosis, and liver

275cancer. Specifically, an HSS of 5 was linked to a 44 %, 46 %, and

27645 % reduction in the risk of LRE, cirrhosis, and liver cancer,

277respectively, compared to an HSS of 0−1. These results highlight

278the protective effects of adhering to a healthy sleep pattern

279(HSP), particularly as the global prevalence and mortality associ-

280ated with LRE continue to rise. Promoting modifiable lifestyle

Table 1

Basic Characteristics of Participants Classified by Healthy Sleep Score.

Healthy sleep score

Baseline characteristics 0−1 2 3 4 5 P

Number of participants 8452 39,706 100,106 131,519 76,718

Age (median [IQR]), y 57.00 [50.00,62.00] 57.00 [50.00,63.00] 58.00 [50.00,63.00] 57.00 [49.00,63.00] 57.00 [49.00,63.00] <0.001

Sex, N ( %)

Female 4184 (49.5) 20,379 (51.3) 50,593 (50.5) 69,651 (53.0) 47,760 (62.3) <0.001

Male 4268 (50.5) 19,327 (48.7) 49,513 (49.5) 61,868 (47.0) 28,958 (37.7)

Ethnicity, N ( %)

White 7833 (92.7) 37,452 (94.3) 94,873 (94.8) 124,897 (95.0) 73,058 (95.2) <0.001

Others 619 (7.3) 2254 (5.7) 5233 (5.2) 6622 (5.0) 3660 (4.8)

Townsend deprivation index, N ( %)

<�2.0 3710 (43.9) 19,519 (49.2) 52,293 (52.2) 71,844 (54.6) 42,962 (56.0) <0.001

≥�2.0, <2.0 2783 (32.9) 12,822 (32.3) 31,840 (31.8) 41,201 (31.3) 23,754 (31.0)

≥2.0 1959 (23.2) 7365 (18.5) 15,973 (16.0) 18,474 (14.0) 10,002 (13.0)

Education, N ( %)

1949 (23.1) 8034 (20.2) 17,474 (17.5) 20,009 (15.2) 10,993 (14.3) <0.001

2075 (24.6) 10,983 (27.7) 31,301 (31.3) 45,674 (34.7) 28,407 (37.0)

4428 (52.4) 20,689 (52.1) 51,331 (51.3) 65,836 (50.1) 37,318 (48.6)

Smoke status, N ( %)

Never 3688 (43.6) 18,720 (47.1) 51,596 (51.5) 73,774 (56.1) 48,125 (62.7) <0.001

Previous 3285 (38.9) 15,113 (38.1) 36,413 (36.4) 45,290 (34.4) 23,458 (30.6)

Current 1479 (17.5) 5873 (14.8) 12,097 (12.1) 12,455 (9.5) 5135 (6.7)

Drinking status, N ( %)

Never 379 (4.5) 1527 (3.8) 3966 (4.0) 5201 (4.0) 3652 (4.8) <0.001

Previous 444 (5.3) 1594 (4.0) 3281 (3.3) 4021 (3.1) 2345 (3.1)

Current 7629 (90.3) 36,585 (92.1) 92,859 (92.8) 122,297 (93.0) 70,721 (92.2)

Diet, N ( %)

Healthy 3711 (43.9) 15,928 (40.1) 37,497 (37.5) 44,653 (34.0) 21,844 (28.5) <0.001

Poor 4741 (56.1) 23,778 (59.9) 62,609 (62.5) 86,866 (66.0) 54,874 (71.5)

Sedentary, N ( %)

>4 h 2894 (34.2) 15,207 (38.3) 42,503 (42.5) 62,484 (47.5) 41,394 (54.0) <0.001

≤4 h 5558 (65.8) 24,499 (61.7) 57,603 (57.5) 69,035 (52.5) 35,324 (46.0)

Obesity, N ( %)

None 1528 (18.1) 9554 (24.1) 28,860 (28.8) 45,427 (34.5) 33,043 (43.1) <0.001

Yes 6924 (81.9) 30,152 (75.9) 71,246 (71.2) 86,092 (65.5) 43,675 (56.9)

Diabetes, N ( %)

None 7511 (88.9) 36,717 (92.5) 94,474 (94.4) 125,568 (95.5) 74,065 (96.5) <0.001

Yes 941 (11.1) 2989 (7.5) 5632 (5.6) 5951 (4.5) 2653 (3.5)

Hypertensive at baseline, N ( %)

None 4802 (56.8) 25,613 (64.5) 68,893 (68.8) 96,020 (73.0) 59,005 (76.9) <0.001

Yes 3650 (43.2) 14,093 (35.5) 31,213 (31.2) 35,499 (27.0) 17,713 (23.1)

Low HDL cholesterol, N ( %)

None 5936 (70.2) 29,882 (75.3) 78,703 (78.6) 105,858 (80.5) 63,047 (82.2) <0.001

Yes 2516 (29.8) 9824 (24.7) 21,403 (21.4) 25,661 (19.5) 13,671 (17.8)

High triglycerides, N ( %)

None 4110 (48.6) 21,193 (53.4) 57,683 (57.6) 80,612 (61.3) 51,471 (67.1) <0.001

Yes 4342 (51.4) 18,513 (46.6) 42,423 (42.4) 50,907 (38.7) 25,247 (32.9)

Sleep 7−8h/day, N ( %)

None 8087 (95.7) 31,541 (79.4) 49,209 (49.2) 23,612 (18.0) - <0.001

Yes 365 (4.3) 8165 (20.6) 50,897 (50.8) 107,907 (82.0) 76,718 (100.0)

Early chronotype, N ( %)

None 7691 (91.0) 28,394 (71.5) 52,901 (52.8) 43,714 (33.2) - <0.001

Yes 761 (9.0) 11,312 (28.5) 47,205 (47.2) 87,805 (66.8) 76,718 (100.0)

Frequent insomnia, N ( %)

None 8040 (95.1) 28,540 (71.9) 41,714 (41.7) 18,720 (14.2) - <0.001

Yes 412 (4.9) 11,166 (28.1) 58,392 (58.3) 112,799 (85.8) 76,718 (100.0)

Self-report snoring, N ( %)

None 7917 (93.7) 27,402 (69.0) 53,670 (53.6) 44,555 (33.9) - <0.001

Yes 535 (6.3) 12,304 (31.0) 46,436 (46.4) 86,964 (66.1) 76,718 (100.0)

Frequent daytime sleepiness, N ( %)

None 2656 (31.4) 3241 (8.2) 2718 (2.7) 918 (0.7) - <0.001

Yes 5796 (68.6) 36,465 (91.8) 97,388 (97.3) 130,601 (99.3) 76,718 (100.0)
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281 factors, such as maintaining a healthy sleep pattern, could serve

282 as an important preventive strategy for these diseases.

283 4.1. Comparison with other studies

284 Our findings are in line with previous studies that have explored

285 the relationship between liver cancer, cirrhosis, MASLD, and various

286 lifestyle factors, including sleep. These studies have consistently

287 shown that sleep plays a crucial role in the pathogenesis of liver dis-

288 eases. For example, sleep duration has been negatively correlated

289 with MASLD in males [31], and sleep duration has independently

290 impacted metabolic-associated steatotic liver disease (MASLD) in

291 females [12]. Additionally, Fares et al. [32]. reported a strong associa-

292 tion between obstructive sleep apnea (OSA), excessive daytime sleep-

293 iness, and liver cirrhosis. A cohort study of 10,541 American adults

294 found a link between insomnia and MASLD [33]. However, most

295 existing research has focused on individual sleep behaviors and their

296 relationship with liver diseases, with little attention given to the

297 impact of a comprehensive sleep pattern on liver health. Our study is,

298 to our knowledge, the first to evaluate the association between a

299holistic healthy sleep pattern—characterized by an early chronotype,

300adequate sleep duration, absence of insomnia, no snoring, and no

301excessive daytime sleepiness—and liver-related events, liver cancer,

302and cirrhosis. These findings underscore the significance of HSP in

303reducing the risk of liver disease, offering new insights for the man-

304agement of liver-related conditions.

3054.2. Strength of evidence and consistency with previous research

306The observed relationship between HSS and liver disease risk is

307consistent with several recent studies that have demonstrated a sig-

308nificant association between poor sleep patterns and the develop-

309ment of liver disease. For instance, individuals with a low HSS (0−1)

310were found to have a significantly higher risk of liver cancer com-

311pared to those with a higher HSS (HR: 1.46 [1.15−1.85]) [34]. Our

312study corroborates these findings by demonstrating that for each

313unit increase in HSS, the risk of LRE decreased by 14 %, cirrhosis risk

314dropped by 15 %, and liver cancer risk was reduced by 8 %. Notably,

315we observed that prolonged sedentary behavior (more than 4 h) and

316diabetes further enhanced the association between HSP and a lower

Table 2

Association between healthy sleep score and incident Liver related events among 356,501 UK Biobank participants.

Crude Model1 Model2 Model3

Liver related events HR (95 %)CI p-value HR (95 %)CI p-value HR (95 %)CI p-value HR (95 %)CI p-value

Healthy sleep score 0.78 (0.75−0.81) <0.001 0.82 (0.79−0.85) <0.001 0.86 (0.83−0.89) <0.001 0.86 (0.83−0.89) <0.001

0−1 ref ref ref ref

2 0.75 (0.67−0.83) <0.001 0.78 (0.64−0.96) 0.021 0.86 (0.70−1.06) 0.155 0.86 (0.70−1.06) 0.164

3 0.61 (0.55−0.67) <0.001 0.65 (0.53−0.79) <0.001 0.75 (0.62−0.92) 0.005 0.75 (0.62−0.92) 0.005

4 0.51 (0.46−0.56) <0.001 0.51 (0.42−0.62) <0.001 0.62 (0.51−0.75) <0.001 0.62 (0.51−0.76) <0.001

5 0.45 (0.41−0.50) <0.001 0.45 (0.36−0.55) <0.001 0.56 (0.45−0.69) <0.001 0.56 (0.46−0.70) <0.001

Cirrhosis

Healthy sleep score 0.77 (0.74−0.80) <0.001 0.81 (0.78−0.84) <0.001 0.85 (0.82−0.89) <0.001 0.85 (0.82−0.89) <0.001

0−1 ref ref ref ref

2 0.69 (0.56−0.86) 0.001 0.74 (0.60−0.92) 0.006 0.82 (0.66−1.01) 0.068 0.82 (0.66−1.02) 0.072

3 0.56 (0.46−0.69) <0.001 0.63 (0.52−0.78) <0.001 0.74 (0.61−0.91) 0.004 0.74 (0.61−0.91) 0.004

4 0.41 (0.33−0.50) <0.001 0.48 (0.39−0.59) <0.001 0.58 (0.48−0.71) <0.001 0.59 (0.48−0.72) <0.001

5 0.35 (0.28−0.43) <0.001 0.42 (0.34−0.53) <0.001 0.54 (0.43−0.67) <0.001 0.54 (0.43−0.67) <0.001

Liver cancer

Healthy sleep score 0.86 (0.80−0.92) <0.001 0.88 (0.82−0.95) 0.001 0.92 (0.86−0.99) 0.029 0.92 (0.86−0.99) 0.03

0−1 ref ref ref ref

2 0.46 (0.31−0.69) <0.001 0.48 (0.32−0.71) <0.001 0.52 (0.35−0.77) 0.001 0.52 (0.35−0.77) 0.001

3 0.49 (0.35−0.70) <0.001 0.52 (0.37−0.75) <0.001 0.60 (0.42−0.85) 0.005 0.60 (0.42−0.85) 0.005

4 0.37 (0.26−0.53) <0.001 0.41 (0.29−0.58) <0.001 0.48 (0.34−0.69) <0.001 0.48 (0.34−0.69) <0.001

5 0.40 (0.27−0.58) <0.001 0.45 (0.31−0.65) <0.001 0.55 (0.37−0.80) 0.002 0.55 (0.37−0.80) 0.002

Model1: Age, Sex, Ethnics.

Model2: Model1+ Sedentary, Smoking status, Education, Townsend deprivation index, Drinking status, Diet.

Model3: Model2+ Obesity, Diabetes, Hypertension, Low HDLC, High triglycerides.

Model4: Model3+HFC-GRS, cp1, cp2, cp3, cp4, cp5.

HFC: hepatic complications; GRS: genetic risk score.

Fig. 1. Dose-response relationship between healthy sleep score and Liver related events. Models were adjusted for age, sex, ethnics, sedentary, smoking status, education, Town-

send deprivation index, drinking status, diet, obesity, diabetes, hypertension, low HDLC, high triglycerides, HFC-GRS, cp1, cp2, cp3, cp4, cp5.
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317 risk of LRE and cirrhosis. These results emphasize the importance of

318 managing sleep habits, particularly in high-risk populations such as

319 younger, sedentary individuals and those with diabetes.

320 Additionally, our study highlights the critical role of an early chro-

321 notype and sleeping 7 to 8 h daily as independent factors that con-

322 tribute to a lower risk of liver-related events, cirrhosis, and liver

323 cancer. These findings align with existing literature that has demon-

324 strated both short and long sleep durations, insomnia, snoring, exces-

325 sive daytime sleepiness, and late chronotype as contributors to

326increased liver disease risk [35−37]. Despite the interconnectedness

327of these individual sleep behaviors, no prior studies have explored

328their combined influence as part of an overall healthy sleep pattern.

329Given the complexity of sleep behaviors and their potential impact

330on liver health, our novel healthy sleep score offers a valuable tool for

331assessing the development of liver disease.

332Converging evidence indicates that sleep disturbances are closely

333linked to greater histologic severity of liver disease. In MASLD specifi-

334cally, poor sleep quality has been associated with advanced fibrosis—

Fig. 2. Multivariable-adjusted hazard ratios for Liver related events in subgroups. Stratified analysis was performed according to subgroups of each covariate. Models were adjusted

for age, sex, ethnics, physical activity, sedentary, smoking status, education, Townsend deprivation index, drinking status, diet, obesity, diabetes, hypertension, low HDLC, high tri-

glycerides, HFC-GRS, cp1, cp2, cp3, cp4, cp5.

Table 3

Hazard ratios of Liver related events by individual healthy sleep factors among 356,501 UK Biobank participants.

Crude Model1 Model2 Model3

Liver related events HR (95 %)CI p-value HR (95 %)CI p-value HR (95 %)CI p-value HR (95 %)CI p-value

Sleep7−8h/day 0.64 (0.59−0.69) <0.001 0.69 (0.64−0.75) <0.001 0.73 (0.67−0.79) <0.001 0.73 (0.67−0.79) <0.001

Early chronotype 0.79 (0.73−0.86) <0.001 0.83 (0.77−0.90) <0.001 0.85 (0.78−0.92) <0.001 0.85 (0.78−0.92) <0.001

No frequent insomnia 0.71 (0.66−0.78) <0.001 0.76 (0.70−0.83) <0.001 0.81 (0.74−0.88) <0.001 0.81 (0.74−0.88) <0.001

No self-report snoring 0.93 (0.86−1.01) 0.091 0.94 (0.87−1.02) 0.134 1.01 (0.93−1.10) 0.764 1.01 (0.93−1.10) 0.751

No frequent daytime sleepiness 0.64 (0.53−0.77) <0.001 0.71 (0.59−0.86) <0.001 0.82 (0.67−0.99) 0.037 0.81 (0.67−0.99) 0.036

Cirrhosis

Sleep7−8h/day 0.63 (0.58−0.68) <0.001 0.69 (0.63−0.75) <0.001 0.72 (0.67−0.79) <0.001 0.73 (0.67−0.79) <0.001

Early chronotype 0.77 (0.71−0.84) <0.001 0.81 (0.74−0.88) <0.001 0.82 (0.76−0.90) <0.001 0.83 (0.76−0.90) <0.001

No frequent insomnia 0.71 (0.65−0.78) <0.001 0.76 (0.70−0.83) <0.001 0.81 (0.74−0.89) <0.001 0.81 (0.75−0.89) <0.001

No self-report snoring 0.91 (0.84−0.99) 0.036 0.92 (0.84−1.00) 0.055 1.00 (0.91−1.09) 0.939 1.00 (0.92−1.09) 0.963

No frequent daytime sleepiness 0.62 (0.51−0.76) <0.001 0.70 (0.57−0.85) <0.001 0.81 (0.66−0.99) 0.035 0.81 (0.66−0.98) 0.034

Liver cancer

Sleep7−8h/day 0.76 (0.65−0.88) <0.001 0.79 (0.67−0.92) 0.003 0.82 (0.70−0.96) 0.016 0.82 (0.70−0.97) 0.017

Early chronotype 0.78 (0.67−0.91) 0.002 0.81 (0.69−0.95) 0.008 0.83 (0.71−0.97) 0.018 0.83 (0.71−0.97) 0.018

No frequent insomnia 0.93 (0.78−1.09) 0.365 0.96 (0.81−1.13) 0.604 1.01 (0.85−1.19) 0.948 1.01 (0.85−1.19) 0.951

No self-report snoring 0.93 (0.80−1.09) 0.39 0.95 (0.81−1.11) 0.529 1.01 (0.86−1.19) 0.887 1.01 (0.86−1.19) 0.885

No frequent daytime sleepiness 0.80 (0.54−1.20) 0.287 0.85 (0.57−1.26) 0.417 0.95 (0.64−1.43) 0.819 0.95 (0.64−1.43) 0.82

Each individual component was modeled as binary variable: meeting or not meeting the healthy criterion.

Model1: Age, Sex, Ethnics.

Model2: Model1+ Sedentary, Smoking status, Education, Townsend deprivation index, Drinking status, Diet.

Model3: Model2+ Obesity, Diabetes, Hypertension, Low HDLC, High triglycerides.

Model4: Model3+HFC-GRS, cp1, cp2, cp3, cp4, cp5.

HFC: hepatic complications; GRS: genetic risk score.
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335 the principal prognostic determinant—independent of traditional

336 metabolic comorbidities [38]. Our findings align with this gradient of

337 risk: individuals adhering to the healthiest composite sleep pattern

338 exhibited substantially lower risks of cirrhosis and other liver-related

339 events, implying that adverse sleep phenotypes track with progres-

340 sion toward more advanced liver pathology. Biologically, circadian

341 misalignment and sleep-disordered breathing can intensify insulin

342 resistance, sympathetic activation, systemic inflammation, and inter-

343 mittent hypoxia, collectively promoting hepatocellular injury and

344 hepatic stellate cell activation—plausible pathways to fibrosis. These

345 data support integrating routine sleep assessment (including screen-

346 ing for insomnia symptoms and obstructive sleep apnea) into MASLD

347risk stratification and prioritizing noninvasive fibrosis evaluation in

348patients with poor sleep. Rigorous intervention studies are now war-

349ranted to test whether improving sleep quality can attenuate fibrosis

350progression and, ultimately, reduce downstream liver-related events.

3514.3. Lack of interaction with hepatic genetic risk

352Interestingly, our study did not find a statistically significant inter-

353action between healthy sleep patterns (HSP) and the hepatic func-

354tion-related genetic risk score (HFC-GRS). Although genetic factors

355such as HFC-GRS have been linked to liver disease susceptibility [48],

356our results suggest that the impact of a healthy sleep pattern on

Fig. 3. Healthy sleep pattern and risks of Liver related events. Stratified analysis according to the tertile categories of HFC-GRS. Models were adjusted for age, sex, ethnics, sedentary,

smoking status, education, Townsend deprivation index, drinking status, diet, obesity, diabetes, hypertension, low HDLC, high triglycerides, HFC-GRS, cp1, cp2, cp3, cp4, cp.
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357 liver-related events, cirrhosis, and liver cancer risk operates indepen-

358 dently of genetic predisposition. This finding is important because it

359 implies that, regardless of genetic risk, individuals who maintain a

360 healthy sleep pattern may experience a reduced risk of developing

361 liver diseases. These results align with the broader understanding

362 that lifestyle modifications—especially improved sleep hygiene—can

363 have significant protective effects, irrespective of genetic back-

364 ground.

365 The absence of the significant interaction between sleep behaviors

366 and genetic risk could be attributed to the multiplicity of the biologi-

367 cal pathways in which sleep impacts upon the liver health, and which

368 are not simply impacted by the genetic risk as determined by the

369 HFC-GRS. Future studies should endeavor to establish a biological

370 basis underlying this association and how behaviors associated with

371 sleep may play a role interacting with genes and metabolic phenom-

372 ena to have bearing on the progression of liver diseases.

373 4.4. Potential mechanisms

374 While the precise mechanisms linking sleep behaviors with liver-

375 related events (LRE) remain unclear, several potential pathways may

376 explain the observed association. Disruptions in circadian rhythm, for

377 instance, can lead to altered melatonin metabolism and abnormal

378 liver enzyme activity, particularly affecting cytochrome P450, a key

379 enzyme involved in liver function [39]. Disturbed circadian rhythms

380 and high melatonin level have also been proposed to be a contribu-

381 tive factor to hepatoma development [40,41]. Furthermore, the links

382 that have been drawn between sleep disorders and liver diseases are

383 heightened sympathetic nervous system activity, stimulation of the

384 hypothalamic-pituitary-adrenal (HPA) axis, and the induction of high

385 levels of oxidative stress all of which may contribute to the develop-

386 ment of metabolic liver diseases or liver damage [42,43]. Addition-

387 ally, snoring and excessive daytime sleepiness can be signs of

388 obstructive sleep apnea (OSA), which is a risk factor to the occurrence

389 and development of liver-related diseases [44,45]. Future research

390 should explore these mechanisms further to clarify the biological

391 pathways through which sleep patterns may influence liver health.

392 4.5. Public health implications

393 Our findings underscore the public health importance of adhering

394 to a healthy sleep pattern as a preventive strategy for liver-related

395 events (LRE), cirrhosis, and liver cancer. The protective effect of

396 healthy sleep habits is especially pronounced among younger indi-

397 viduals, those with more sedentary behaviors, and individuals with

398 diabetes. Given the growing global burden of liver diseases, these

399 results suggest that promoting healthy sleep practices—particularly

400 among high-risk groups—could significantly reduce the incidence of

401 liver diseases and associated healthcare costs. This approach offers a

402 scalable and cost-effective public health intervention that could com-

403 plement existing preventive measures for liver-related conditions,

404 contributing to improved health outcomes worldwide.

405 4.6. Limitations and future directions

406 While the large sample size and prospective design are strengths

407 of our study, several limitations must be acknowledged. First, the

408 Healthy Sleep Score was assessed only at baseline, and long-term fol-

409 low-up sleep data were not available. Future studies should incorpo-

410 rate repeated measurements over time to examine the long-term

411 impact of sleep behaviors on liver health. Additionally, the Healthy

412 Sleep Score was based on self-reported data, which may introduce

413 measurement biases. Third, as a prospective observational study, our

414 findings do not establish causal relationships. Future research should

415 focus on experimental designs, such as randomized controlled trials,

416 to validate these associations. Finally, the study participants were

417predominantly from the UK, which may limit the generalizability of

418our findings to other populations. Including diverse cohorts from dif-

419ferent regions and ethnic groups would help enhance the external

420validity of our results.

4215. Conclusions

422Overall, our study demonstrates that adherence to a healthy sleep

423pattern is significantly associated with a reduced risk of liver-related

424events (LRE), cirrhosis, and liver cancer. These findings emphasize

425the importance of maintaining a healthy sleep pattern as a preventive

426strategy for liver disease, particularly in younger, sedentary individu-

427als and those with diabetes. By improving public health outcomes,

428this approach could play a pivotal role in reducing the global burden

429of liver diseases.
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