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Abstract 

Background To assess the largely undetermined separate and joint effects of sleep and liver function biomarkers 
on liver cancer.

Methods Data of 356,894 participants without cancer at baseline in the UK Biobank were analyzed. Sleep score 
was evaluated using five sleep traits (sleep duration, chronotype, insomnia, snoring, and excessive daytime sleepiness) 
and dichotomized into healthy or unhealthy sleep. Circulating liver function biomarkers were measured. Cox propor-
tional hazard model was performed to investigate the independent and joint associations of sleep and liver function 
biomarkers with liver cancer incidence.

Results After a median follow-up time of 13.1 years, 394 cases of incident liver cancer were documented. The 
multivariable-adjusted hazard ratio (HR) for liver cancer was 1.46 (95% confidence interval: 1.15–1.85) associated 
with unhealthy sleep (vs. healthy sleep), and was 1.17 (1.15–1.20), 1.20 (1.18–1.22), 1.69 (1.47–1.93), 1.06 (1.06–1.07), 
1.08 (1.07–1.09), 1.81 (1.37–2.39), or 0.29 (0.18–0.46) associated with each 10-unit increase in alanine transaminase 
(ALT), aspartate transaminase (AST), total bilirubin (TBIL), gamma-glutamyl transferase (GGT), alkaline phosphatase 
(ALP), total protein (TP), or albumin (ALB), respectively. Individuals with unhealthy sleep and high (≥ median) ALT, AST, 
TBIL, GGT, ALP, or TP or low (< median) ALB level had the highest HR of 3.65 (2.43–5.48), 4.03 (2.69–6.03), 1.97 (1.40–
2.77), 4.69 (2.98–7.37), 2.51 (1.75–3.59), 2.09 (1.51–2.89), or 2.22 (1.55–3.17) for liver cancer, respectively. Significant 
additive interaction of unhealthy sleep with high TP level on liver cancer was observed with relative excess risk due 
to an interaction of 0.80 (0.19–1.41).

Conclusions Unhealthy sleep was associated with an increased risk of liver cancer, especially in participants 
with lower ALB levels or higher levels of ALT, AST, TBIL, GGT, ALP, or particularly TP.
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Background
Liver cancer ranks as the seventh most commonly diag-
nosed cancer worldwide and the third leading cause of 
cancer-related death [1]. In 2020, there were 905,700 new 
cases and 830,200 deaths from liver cancer globally. Fur-
thermore, the incidence and mortality of liver cancer are 
predicted to increase by over 55% by 2040 [2]. Unhealthy 
lifestyle factors, such as weight gain, cigarette smoking, 
alcohol consumption, physical inactivity, and unhealthy 
dietary patterns, have been associated with increased 
liver cancer risk [3–6]. Sleep is a crucial aspect of lifestyle 
and a healthy sleep is essential for physical and mental 
health [7]. Unhealthy sleep patterns, such as unfavorable 
sleep duration, snoring, and insomnia, have been associ-
ated with increased morbidity and mortality from lung, 
colorectal, and all-caused cancer [8–13]. For instance, 
a prospective study of 469,691 individuals in the UK 
Biobank indicated that unfavorable sleep duration and 
evening chronotype were associated with an increased 
risk of lung cancer [8]. In addition, Song et  al. investi-
gated the association between sleep quality and incident 
all-caused cancer risk based on 10,036 participants from 
an elderly cohort and found that poor sleep quality was 
positively associated with the long-term risk of develop-
ing cancer [10]. Although these studies provided consid-
erable insight that unhealthy sleep could increase the risk 
of cancer, evidence concerning the liver cancer risk from 
sleep remains absent.

Liver function biomarkers, such as alanine transami-
nase (ALT), aspartate transaminase (AST), gamma-
glutamyl transferase (GGT), albumin (ALB), alkaline 
phosphatase (ALP), total bilirubin (TBIL), and total 
protein (TP), are critical indicators of liver biosynthe-
sis, metabolism, detoxification, as well as overall nutri-
tional and immune status [14]. These markers are usually 
included in routine blood tests and are widely used to 
assess liver health and liver cancer risk [15, 16]. Based on 
235 hepatocellular carcinoma (HCC) patients and 259 
healthy controls with negative alpha-fetoprotein, Li and 
colleagues found that GGT/ALP combined with GGT/
ALT and ALT/AST were effective diagnostic markers of 
alpha-fetoprotein-negative HCC, especially in patients 
with normal liver function or early stage [17]. Another 
clinical study of 414 HCC patients in Anhui, China, 
aimed to evaluate the prognostic significance of serum 
AST/ALT and GGT levels revealed that ALT, AST, and 
GGT were potential indicators of liver cancer progres-
sion [18]. Nevertheless, these studies were somewhat 
restricted by small-sized/unrepresentative samples or 
ultimate liver cancer mortality outcomes. Therefore, it is 
essential to investigate the relationships between the liver 
function biomarkers and the risk of incident liver cancer 
in the general population with a large sample size.

In the current study, we conducted systematic analyses 
based on the UK Biobank, a nationwide large-scale gen-
eral population-based prospective cohort, to investigate 
the relationships of sleep traits and comprehensive sleep 
score with the risk of incident liver cancer. Potential asso-
ciations between liver function biomarkers and the risk 
of incident liver cancer were also evaluated. Furthermore, 
we examined the joint associations of sleep and liver 
function biomarkers with the risk of incident liver cancer 
and assessed the potential additive interactions.

Methods
Study participants
The UK Biobank is a prospective cohort with over 
500,000 participants of adults aged 37 ~ 73  years old 
recruited from 22 centers across the UK between 2006 
and 2010 (https:// www. ukbio bank. ac. uk/ media/ gnkey 
h2q/ study- ratio nale. pdf ). Participants completed ques-
tionnaires, interviews, and physical measurements at 
baseline assessments. Blood samples were collected 
from all participants at recruitment for detecting circu-
lating biomarkers. All participants consented to the use 
of their de-identified data and access to their national 
health-related hospital and death records. Detailed 
study design and methods of the cohort were described 
elsewhere [19].

We excluded participants with prevalent cancer at 
recruitment (n = 45,782); missing data on any of the five 
sleep traits (n = 41,130); or missing data on any of the 
seven liver function biomarkers (n = 58,505). Eventually, a 
total of 356,894 participants were included in our analy-
sis. A detailed study design and workflow of this study is 
displayed in Fig. 1.

Definition of sleep trait and sleep score
All sleep traits were collected through a touchscreen 
questionnaire. A sleep score was created by combining 
five independent sleep traits including sleep duration, 
morning/evening chronotype, insomnia, snoring, and 
excessive daytime sleepiness [20, 21]. Online supplemen-
tal Additional file  1: Table  S1 provides a detailed ques-
tionnaire and definition of each item. Healthy sleep traits 
were defined as favorable sleep duration (sleep 7 ~ 8  h/
day); morning chronotype (“morning” person or more a 
“morning” than an “evening” person); no usual insomnia 
(“never/rarely” or “sometimes”); no snoring; and no doz-
ing (“never/rarely” or “sometimes”). Each of the inde-
pendent sleep traits was coded 1 if meeting the healthy 
criterion and 0 if not. The sleep score was obtained by 
summing up the 5 independent sleep traits, and all par-
ticipants were subsequently categorized into two sleep 
groups accordingly: “healthy sleep” (sleep score ≥ 4) and 
“unhealthy sleep” (sleep score 0 ~ 3) [20–22].

https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.pdf
https://www.ukbiobank.ac.uk/media/gnkeyh2q/study-rationale.pdf
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Blood collection and laboratory methods
Blood samples were collected from all participants at 
recruitment, then labeled, centrifuged, and stored at – 
80 ℃. Circulating levels of ALT, AST, GGT, and ALP 
were determined using the enzymatic rate method 
(Beckman Coulter AU5800); TBIL, TP, and ALB were 

determined using the colorimetric method; and high 
sensitivity C-reactive protein (CRP) was determined 
using the immuno-turbidimetric method. A detailed 
introduction of the assay performance has been pub-
lished elsewhere [23]. The average within-laboratory 
coefficients of variation in quality-control samples 

Fig. 1 Flow diagram of the study design and workflow. Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase; TBIL, total bilirubin; 
GGT, gamma-glutamyl transferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin
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for ALT, AST, TBIL, GGT, ALP, TP, ALB, and CRP 
ranged from 1.16 ~ 2.91%, 1.33 ~ 2.13%, 1.48 ~ 1.92%, 
1.44 ~ 2.84%, 2.84 ~ 3.08%, 1.09 ~ 1.22%, 2.09 ~ 2.20%, 
and 1.69 ~ 2.31%, respectively [23].

According to the published literature, the reproduc-
ibilities of all liver biomarkers in the subsample of par-
ticipants with repeat measurements were fair to good 
(intraclass correlation coefficients: 0.40 ~ 0.74) or excel-
lent (intraclass correlation coefficients: ≥ 0.75) in the UK 
Biobank [16, 24]. Therefore, the concentration of liver 
function biomarkers at baseline were justifiably used for 
analysis in this study in accordance with previous studies 
[25, 26].

Assessment of outcome
Incidence of liver cancer was collected until July 19, 2022. 
The identification of cancer cases in the UK Biobank 
cohort was carried out by connecting with the national 
cancer registries of England, Wales, and Scotland. All 
diseases were confirmed according to the 10th Revision 
of the International Classification of Diseases (ICD-10), 
and liver cancer was defined as ICD-10 code C22 [2]. 
Participants were followed up from the enrollment until 
the time of liver cancer diagnosis or censoring. Censor-
ing was defined as the time of death, withdrawal from the 
study, or the end of follow-up, whichever came first.

Covariates
To reduce the effect of potential confounding, demo-
graphics and contextual covariates were selected based 
on published literature and statistic consideration [6, 22, 
27, 28], including age at recruitment (continuous), sex 
(male/female), ethnicity (White/others), body mass index 
(BMI; continuous), smoking status (never/former/cur-
rent), alcohol consumption (never or seldom/1 ~ 4 times 
per week/almost daily), healthy diet (yes/no; healthy diet 
takes 10 diet components [fruits, vegetables, fish, dairy, 
vegetable oils, processed meats, unprocessed meats, 
whole grains, refined grains, and sugar-sweetened bever-
ages] into account) [29], physical activity (low/moderate/
high) [30], any treatment/medication taken (never/ever), 
Townsend deprivation index (indicative of socioeco-
nomic status; continuous), family history of cancer (yes/
no), and CRP (continuous).

Statistical analysis
Descriptive statistics were presented and stratified by the 
participants with or without incident liver cancer. T-test/
chi-squared test was used to compare the differences in 
demographic characteristics and levels of liver function 
biomarkers between participants with and without inci-
dent liver cancer for continuous/categorical variables. 

Spearman’s correlation analysis was used to estimate the 
correlation between liver function biomarkers.

Cox proportional hazard model was performed to 
assess the hazard ratio (HR) and 95% confidence inter-
val (95% CI) for the risk of incident liver cancer asso-
ciated with sleep score and independent sleep traits, 
whereas the model 1 was a crude model; the model 2 was 
adjusted for age (continuous), sex (male/female), ethnic-
ity (White/others), BMI (continuous), smoking status 
(never/former/current), alcohol consumption (never 
or seldom/1 ~ 4 times per week/almost daily), healthy 
diet (yes/no), and physical activity (low/moderate/high); 
and the model 3 was further adjusted for any treatment/
medication taken (never/ever), Townsend deprivation 
index (continuous), family history of cancer (yes/no), and 
CRP (continuous) based on model 2. The Kaplan–Meier 
curves of the cumulative risks and event rates were also 
presented along with the corresponding HR and 95% CI. 
We further investigated the association of sleep duration 
with the risk of incident liver cancer across different sleep 
durations with the favorable sleep duration (7 ~ 8 h) serv-
ing as a reference group [8, 20].

Associations of liver function biomarkers with the risk 
of liver cancer incidence were estimated by Cox propor-
tional hazard models with adjustment for confounders 
mentioned above. We also estimated the HR (95% CI) 
of liver cancer incidence risk for the second (25th ~ 50th 
percentile), third (50th ~ 75th percentile), and fourth (the 
highest; ≥ 75th percentile) quartiles of these liver func-
tion biomarkers compared to the first (the lowest; < 25th 
percentile) quartile. Restricted cubic spline regression 
was used to investigate the dose–response relationships 
between liver function biomarkers and the risk of inci-
dent liver cancer. In addition, stratified analyses were 
conducted according to several major characteristics, 
including age at recruitment (< 60/ ≥ 60 years), sex (male/
female), ethnicity (White/others), BMI (< 25/ ≥ 25  kg/
m2), smoking status (never/former/current), and alco-
hol consumption (never or seldom/1 ~ 4 times per week/
almost daily). The modification effect was estimated by 
adding a product term of liver function biomarker and 
stratified variable into the statistic model.

To examine the robustness of the associations 
between sleep or liver function biomarkers and inci-
dent liver cancer, we performed sensitivity analysis by 
(1) excluding incident liver cancer in the first 2 years of 
follow-up (to minimize the possibility of reverse cau-
sality); (2) excluding individuals with liver disease at 
baseline; (3) additionally adjusting for the liver function 
biomarkers, which were included as categorical varia-
bles rather than continuous variables to avoid collinear-
ity, when assessing the association between sleep and 
incident liver cancer; (4) additionally adjusting for sleep 
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score (healthy/unhealthy) and the other liver function 
biomarkers when assessing the association between 
one liver function biomarker and incident liver can-
cer; (5) performing inverse probability weighting (IPW) 
analysis to account for missing data and avoid poten-
tial selection bias; and (6) conducting competing risk 
model to account for mortality.

To investigate the joint associations of sleep and liver 
function biomarkers with liver cancer incidence risk, 
all participants were divided into four groups based on 
sleep score (healthy sleep: sleep score ≥ 4; unhealthy 
sleep: sleep score 0 ~ 3) and liver function biomarker 
levels (high: ≥ median concentration; low: < median 
concentration). We evaluated the HR (95% CI) of liver 
cancer incidence risk in the other three groups, using 
participants with healthy sleep and whose liver func-
tion biomarker levels tended to be at a lower risk of 
liver cancer incidence as the reference group. The addi-
tive interaction was assessed by using two indexes: 
relative excess risk due to interaction (RERI) and attrib-
utable proportion due to interaction (AP), and the 95% 
CIs of RERI and AP include 0 indicating no additive 
interaction [31].

Schoenfeld residuals were used to test the propor-
tional hazard assumption and no violation was found. All 
analyses were performed in R software, version 4.2.2 (R 
Foundation for Statistical Computing). All statistical tests 
were two-sided, and P < 0.05 was considered to indicate 
statistical significance. Cox regression was performed 
using the R package survival, and additive interaction 
was estimated using the R package epiR.

Results
Characteristics of study participants
Demographic characteristics of participants included in 
the study are displayed in Table 1. After a median follow-
up time of 13.1 years, 394 cases of incident liver cancer 
(168 in men and 280 in women) were documented. Com-
pared with participants without incident liver cancer, 
those with incident liver cancer had higher BMI levels, 
higher CRP levels, worse socioeconomic status, and less 
physical activity and were older, more likely to consume 
alcohol, and less likely to have never smoked or never 
taken any treatment/medication. Additionally, the pro-
portion of the population with unhealthy sleep scores, 
unfavorable sleep duration, or insomnia was higher in 
participants with incident liver cancer compared to par-
ticipants without incident liver cancer. Moreover, all liver 
function biomarkers at baseline were higher in incident 
liver cancer individuals except that ALB was lower. These 
liver function biomarkers were significantly correlated 
with each other (all P < 0.001) (Table 2).

Association between sleep and liver cancer incidence
Table  3 presents the associations of sleep traits and 
sleep score with liver cancer incidence risk. Across all 
three models, an unhealthy sleep (vs. healthy sleep) was 
found to be associated with an increased risk of liver 
cancer incidence. The HR (95% CI) for liver cancer inci-
dence was 1.35 (1.11, 1.64) for individuals with unhealthy 
sleep compared to those with healthy sleep (Model 1). 
The association did not appreciably change with adjust-
ment for age, sex, ethnicity, BMI, smoking status, alco-
hol consumption, healthy diet, and physical activity 
(Model 2; HR = 1.43, 95% CI: 1.14, 1.79), and with addi-
tional adjustment for any treatment/medication taken, 
Townsend deprivation index, family history of cancer, 
and C-reaction protein (Model 3; HR = 1.46, 95% CI: 1.15, 
1.85). Moreover, for a per 1-unit increase in sleep score, 
the multivariate-adjusted HR (95% CI) for incident liver 
cancer was 1.24 (1.11, 1.39) (Additional file 1: Table S2). 
For independent sleep trait, in the multivariable-adjusted 
model (Model 3), unfavorable sleep duration, insomnia, 
and snoring were each independently associated with 
29% (HR = 1.29, 95% CI: 1.01, 1.65), 43% (HR = 1.43, 95% 
CI: 1.11, 1.83), and 30% (HR = 1.30, 95% CI: 1.01, 1.67) 
increased risk of liver cancer incidence, respectively. 
Kaplan–Meier curves generally revealed similar results 
(Additional file 1: Fig. S1). Furthermore, compared with 
the favorable sleep duration (7 ~ 8 h), sleep duration < 6 h 
or > 9  h was associated with 95% (Model 3; HR = 1.95, 
95% CI: 1.30, 2.93) or 77% (Model 3; HR = 1.77, 95% 
CI: 0.93, 3.38) increased risk of liver cancer incidence, 
respectively, revealing a U-shaped association between 
sleep duration and risk of liver cancer incidence (Addi-
tional file 1: Fig. S2).

Associations between liver function biomarkers and liver 
cancer incidence
Circulating levels of liver function biomarkers were sig-
nificantly and linearly (all P total < 0.001 and all P non-
linear > 0.1; Additional file  1: Fig. S3) associated with 
liver cancer incidence in dose–response manners (all 
P and P trend < 0.05) (Table  4). Compared with indi-
viduals with the lowest quartile (Q1) of liver function 
biomarkers, the HRs (95% CIs) of those in the highest 
quartile (Q4) were 3.25 (2.18, 4.84) for ALT, 3.55 (2.45, 
5.15) for AST, 1.68 (1.18, 2.38) for TBIL, 5.17 (3.22, 
8.32) for GGT, 2.12 (1.49, 3.00) for ALP, 2.13 (1.51, 
3.01) for TP, and 0.66 (0.47, 0.94) for ALB. In the multi-
variable model with continuous liver function biomark-
ers, for each 10-unit increase in ALT, AST, TBIL, GGT, 
ALP, TP, or ALB, the risk of liver cancer incidence 
increased by 17% (HR = 1.17, 95% CI: 1.15, 1.20), 20% 
(HR = 1.20, 95% CI: 1.18, 1.22), 69% (HR = 1.69, 95% 
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CI: 1.47, 1.93), 6% (HR = 1.06, 95% CI: 1.06, 1.07), 8% 
(HR = 1.08, 95% CI: 1.07, 1.09), 82% (HR = 1.81, 95% 
CI: 1.37, 2.39), or decreased by 71% (HR = 0.29, 95% 
CI: 0.18, 0.46), respectively. Further stratified analy-
sis showed that sex, BMI, smoking status, and alcohol 

consumption significantly modified the relationships of 
ALB, AST, ALT, and GGT with liver cancer incidence, 
respectively (P for modification < 0.05), while these 
relationships were persistently significant in the corre-
sponding subgroups (Additional file 1: Table S3).

Table 1 Demographic characteristics at baseline of participants included in the study (N = 356,894)

Abbreviations: BMI body mass index, CRP C-reaction protein, SD standard deviation
a Positive value of the index will indicate areas with high material deprivation, whereas those with a negative value will indicate relative affluence
b Healthy diet takes 10 diet components including fruits, vegetables, fish, dairy, vegetable oils, processed meats, unprocessed meats, whole grains, refined grains, and 
sugar-sweetened beverages into account. Adequate intake of at least half of all diet components was considered as a healthy diet, and less than half was considered 
an unhealthy diet
c T-test/chi-squared test was used to compare the differences in basic characteristics between participants without incident liver cancer and participants with incident 
liver cancer for continuous/categorical variables

Characteristics Overall
(N = 356,894)

Without incident liver 
cancer
(N = 356,500)

Incident liver cancer
(N = 394)

P  valuec

Age, year, mean ± SD 56.20 ± 8.10 56.19 ± 8.10 61.04 ± 6.22  < 0.001
Male, N (%) 170,831 (47.87%) 1705,51 (47.84%) 280 (71.07%)  < 0.001
BMI, kg/m2, mean ± SD 27.40 ± 4.73 27.40 ± 4.73 29.29 ± 5.24  < 0.001
Townsend deprivation  indexa, mean ± SD  − 1.40 ± 3.04  − 1.40 ± 3.04  − 0.95 ± 3.19 0.005
Ethnicity, White, N (%) 324,246 (90.85%) 3238,86 (90.85%) 360 (91.37%) 0.700

Family history of cancer, N (%) 71,442 (20.02%) 71,351 (20.01%) 91 (23.1%) 0.100

CRP, mg/L, mean ± SD 2.53 ± 4.21 2.53 ± 4.21 3.81 ± 5.40  < 0.001
Healthy  dietb, N (%) 194,268 (54.43%) 194,057 (54.43%) 211 (53.55%) 0.760

Smoking status, N (%)  < 0.001
 Never 195,933 (54.90%) 195,796 (54.92%) 137 (34.77%)

 Former 123,072 (34.48%) 122,875 (34.47%) 197 (50.00%)

 Current 36,793 (10.31%) 36,734 (10.3%) 59 (14.97%)

 Unknown 1096 (0.31%) 1095 (0.31%) 1 (0.25%)

Alcohol consumption, N (%) 0.002
 Never/Seldom 104,756 (29.35%) 104,621 (29.35%) 135 (34.26%)

 1 ~ 4 times per week 177,622 (49.77%) 177,461 (49.78%) 161 (40.86%)

 Almost daily 74,298 (20.82%) 74,200 (20.81%) 98 (24.87%)

 Unknown 218 (0.06%) 218 (0.06%) 0 (0%)

Any treatment/medication taken, N (%)  < 0.001
 Never 101,497 (28.44%) 101,429 (28.45%) 68 (17.26%)

 Ever 255,319 (71.54%) 254,993 (71.53%) 326 (82.74%)

 Unknown 78 (0.02%) 78 (0.02%) 0 (0%)

Physical activity, N (%) 0.006
 Low 54,757 (15.34%) 54,677 (15.34%) 80 (20.30%)

 Moderate 119,098 (33.37%) 118,977 (33.37%) 121 (30.71%)

 High 119,246 (33.41%) 119,134 (33.42%) 112 (28.43%)

 Unknown 63,793 (17.87%) 63,712 (17.87%) 81 (20.56%)

Independent sleep traits, N (%)

 Unfavorable sleep duration 113,291 (31.74%) 113,131 (31.73%) 160 (40.61%)  < 0.001
 Evening chronotype 62,615 (17.54%) 62,541 (17.54%) 74 (18.78%) 0.600

 Insomnia 96,981 (27.17%) 96,840 (27.16%) 141 (35.79%)  < 0.001
 Snoring 222,409 (62.32%) 222,178 (62.32%) 231 (58.63%) 0.100

 Excessive daytime sleepiness 9604 (2.69%) 9588 (2.69%) 16 (4.06%) 0.100

Sleep score, N (%) 0.004
 Healthy (4 ~ 5) 209,976 (58.83%) 209,773 (58.84%) 203 (51.52%)

 Unhealthy (0 ~ 3) 146,918 (41.17%) 146,727 (41.16%) 191 (48.48%)
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Table 2 Basic statistics of liver function biomarkers and correlation matrix (N = 356,894)

Abbreviations: ALT alanine transaminase, AST aspartate transaminase, TBIL total bilirubin, GGT  gamma-glutamyl transferase, ALP alkaline phosphatase, TP total protein, 
ALB albumin
a T-test test was used to compare the differences in liver function biomarkers between participants without incident liver cancer and participants with incident liver 
cancer
b All P < 0.001

Liver function 
biomarkers, 
mean ± SD

Overall
(N = 356,894)

Without 
incident liver 
cancer
(N = 356,500)

Incident liver cancer
(N = 394)

P  valuea Spearman correlation  coefficientb

ALT AST TBIL GGT ALP TP ALB

ALT (U/L) 23.64 ± 14.13 23.62 ± 14.08 40.56 ± 32.68  < 0.001 1 0.70 0.12 0.60 0.18 0.13 0.14

AST (U/L) 26.19 ± 10.04 26.17 ± 9.98 43.88 ± 31.08  < 0.001 - 1 0.16 0.43 0.15 0.18 0.15

TBIL (μmol//L) 9.19 ± 4.43 9.19 ± 4.43 11.16 ± 6.50  < 0.001 - - 1 0.10  − 0.11 0.08 0.21

GGT (U/L) 37.40 ± 41.06 37.29 ± 40.50 136.62 ± 182.25  < 0.001 - - - 1 0.23 0.15 0.11

ALP (U/L) 82.89 ± 25.10 82.87 ± 24.97 106.67 ± 76.01  < 0.001 - - - - 1 0.11  − 0.03

TP (g/L) 72.54 ± 4.08 72.54 ± 4.08 73.40 ± 4.80  < 0.001 - - - - - 1 0.48

ALB (g/L) 45.26 ± 2.61 45.26 ± 2.61 44.12 ± 3.12  < 0.001 - - - - - - 1

Table 3 Association of sleep with the risk of incident liver cancer (N = 356,894)

Model 1 was a crude model; Model 2 was adjusted for age, sex, ethnicity, BMI, smoking status, alcohol consumption, healthy diet, and physical activity; Model 3 was 
adjusted for age, sex, ethnicity, BMI, smoking status, alcohol consumption, healthy diet, physical activity, any treatment/medication taken, Townsend deprivation 
index, family history of cancer, and CRP

Abbreviations: HR hazard ratio, CI confidence interval

Sleep Model 1 Model 2 Model 3
HR (95% CI) HR (95% CI) HR (95% CI)

Unhealthy sleep (sleep score: 0 ~ 3) 1.35 (1.11, 1.64) 1.43 (1.14, 1.79) 1.46 (1.15, 1.85)
Independent sleep trait

Unfavorable sleep duration 1.48 (1.21, 1.81) 1.30 (1.03, 1.63) 1.29 (1.01, 1.65)
Evening chronotype 1.07 (0.83, 1.38) 1.28 (0.95, 1.73) 1.18 (0.85, 1.64)

Insomnia 1.51 (1.23, 1.86) 1.37 (1.08, 1.73) 1.43 (1.11, 1.83)
Snoring 0.85 (0.70, 1.04) 1.24 (0.98, 1.56) 1.30 (1.01, 1.67)
Excessive daytime sleepiness 1.57 (0.95, 2.59) 1.17 (0.67, 2.05) 1.28 (0.73, 2.25)

Table 4 Associations of liver function biomarkers with the risk of incident liver cancer (N = 356,894)

Q1, Q2, Q3, and Q4 refer to the 1st (the lowest; < 25th percentile), 2nd (25th ~ 50th percentile), 3rd (50th ~ 75th percentile), and 4th (the highest; ≥ 75th percentile) 
quartiles of liver function biomarkers

Models were adjusted for age, sex, ethnicity, BMI, smoking status, alcohol consumption, healthy diet, physical activity, any treatment/medication taken, Townsend 
deprivation index, family history of cancer, and CRP

Abbreviations: HR hazard ratio, CI confidence interval, ALT alanine transaminase, AST aspartate transaminase, TBIL total bilirubin, GGT  gamma-glutamyl 
transferase, ALP alkaline phosphatase, TP total protein, ALB albumin

P trend was tested by including the quartile order of liver function biomarkers as a continuous variable in the model

Liver function biomarker HR (95% CI) for per 
10-unit increase

HR (95% CI) according to liver function biomarkers concentration in quartiles P trend

Q1 Q2 Q3 Q4

ALT (U/L) 1.17 (1.15, 1.20) 1 (Reference) 0.74 (0.45, 1.21) 1.26 (0.82, 1.94) 3.25 (2.18, 4.84)  < 0.001
AST (U/L) 1.20 (1.18, 1.22) 1 (Reference) 0.67 (0.40, 1.10) 0.99 (0.63, 1.55) 3.55 (2.45, 5.15)  < 0.001
TBIL (μmol//L) 1.69 (1.47, 1.93) 1 (Reference) 0.93 (0.64, 1.37) 1.03 (0.71, 1.50) 1.68 (1.18, 2.38) 0.001
GGT (U/L) 1.06 (1.06, 1.07) 1 (Reference) 0.95 (0.54, 1.67) 1.33 (0.79, 2.26) 5.17 (3.22, 8.32)  < 0.001
ALP (U/L) 1.08 (1.07, 1.09) 1 (Reference) 0.87 (0.58, 1.31) 1.14 (0.78, 1.67) 2.12 (1.49, 3.00)  < 0.001
TP (g/L) 1.81 (1.37, 2.39) 1 (Reference) 1.36 (0.94, 1.97) 1.35 (0.93, 1.96) 2.13 (1.51, 3.01)  < 0.001
ALB (g/L) 0.29 (0.18, 0.46) 1 (Reference) 0.79 (0.58, 1.07) 0.54 (0.38, 0.77) 0.66 (0.47, 0.94) 0.002
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Sensitivity analysis
As shown in the supplementary materials (Additional 
file 1: Table S4 ~ Table S13), the associations of sleep or 
liver function biomarkers with liver cancer incidence did 
not change apparently after excluding participants with 
incident liver cancer in the first 2  years of follow-up, 
excluding individuals with liver disease at baseline, con-
ducting additional model adjustment, performing IPW 
analysis, or conducting competing risk model.

Joint associations of sleep and liver function biomarkers 
with liver cancer incidence
Joint associations of unhealthy sleep and liver function 
biomarkers with liver cancer incidence were observed 
(Fig.  2). Individuals with unhealthy sleep and high level 
of ALT (HR = 3.65, 95% CI: 2.43, 5.48), AST (HR = 4.03, 
95% CI: 2.69, 6.03), TBIL (HR = 1.97, 95% CI: 1.40, 2.77), 
GGT (HR = 4.69, 95% CI: 2.98, 7.37), ALP (HR = 2.51, 
95% CI: 1.75, 3.59), or TP (HR = 2.09, 95% CI: 1.51, 
2.89) or low level of ALB (HR = 2.22, 95% CI:1.55, 3.17) 
were at the highest risk for liver cancer incidence com-
pared with those with healthy sleep and low level of ALT, 
AST, TBIL, GGT, ALP, or TP or high level of ALB. Posi-
tive additive interaction of unhealthy sleep with high TP 
level was indicated by the significant RERI and AP. For 
unhealthy sleep with a high TP level, the RERI was 0.80 
(95% CI: 0.19, 1.41), which suggested that there would be 
a 0.80 relative excess risk from the additive interaction, 
accounting for 38% (AP = 0.38, 95% CI: 0.12, 0.64) of the 
risk of liver cancer incidence in individuals exposed to 
both unhealthy sleep and high TP level. Moreover, 30% 
(AP = 0.30, 95% CI: 0.005, 0.59) of the risk of liver cancer 
incidence was ascribed to the interaction of unhealthy 
sleep and high TBIL level.

Discussion
In this study, we found that unhealthy sleep, particu-
larly unfavorable sleep duration, insomnia, and snor-
ing, was associated with an increased risk of liver cancer 
incidence. In addition, participants with higher levels of 
ALT, AST, TBIL, GGT, ALP, or TP or lower levels of ALB 
tend to have a higher risk of liver cancer incidence. The 
most substantial relative increase in the risk of liver can-
cer incidence was observed in individuals with unhealthy 
sleep and high levels of ALT, AST, TBIL, GGT, ALP, or 
TP or low levels of ALB. Furthermore, our study provided 
quantitative data regarding the additive interaction effect 
between unhealthy sleep and high TP levels on liver 
cancer incidence. Our findings contribute to the under-
standing of the relationships of sleep and liver function 
biomarkers with liver cancer incidence, and significant 

public health implications for the identification of sus-
ceptible populations and for the early prevention of liver 
cancer.

Accumulating evidence has demonstrated the adverse 
impact of unhealthy sleep on liver health [32–35]. Unhealthy 
sleep characteristics, including circadian rhythm abnormali-
ties, sleep-disordered breathing, increased daytime somno-
lence, restless legs syndrome, nocturnal desaturations, and 
insomnia with nocturnal awakenings, could be frequently 
observed in chronic liver disease patients [32]. A crucial 
review summarized the epidemiology and pathophysiol-
ogy of sleep–wake disturbance in liver disease, discussed 
the pathways involved, and indicated that altered melatonin 
metabolism, neuromuscular complications, and aberrant 
thermoregulation contributed to the development of liver 
disease driven by sleep–wake disorders [33]. However, evi-
dence regarding the impact of sleep disturbance on liver can-
cer remains lacking. One of the few existing studies in this 
field was the Women’s Health Initiative Study conducted on 
139,368 US postmenopausal women, and it found that sleep 
duration ≥ 9  h was associated with a moderately increased 
risk of liver cancer incidence in obese women [36]. In con-
trast, our study identified a significant association between 
unhealthy sleep, particularly unfavorable sleep duration, 
insomnia, and snoring, and increased risk of liver cancer 
incidence in a large prospective cohort with representative 
general population, systematic sleep evaluation, and rela-
tively complete and precise diseases/death record. Notably, 
our study revealed a U-shaped relationship between sleep 
duration and liver cancer risk, indicating that both too 
short and too long sleep durations might be associated with 
increased risk of liver cancer incidence. At present, evidence 
on the impact of the sleep duration on the risk of cancer is 
still controversial. For instance, the U-shaped association 
between sleep duration and risk of colorectal or lung can-
cer was observed in large prospective cohort studies [8, 37]. 
On the other hand, there was no significant association of 
sleep duration with breast or prostate cancer risk accord-
ing to published literature [38, 39]. The difference may be 
attributed to the different pathogeneses of these cancers, and 
disruption of the immune–inflammatory balance may be a 
reasonable biologic mechanism underlying the carcinogenic 
effect of short and long sleep durations [40, 41].

Moreover, our study revealed that ALT, AST, TBIL, 
GGT, ALP, and TP were positively associated with 
increased risk of liver cancer incidence while the associa-
tion of ALB was inverse. Our findings were supported by 
most of the studies concerning the associations between 
liver function biomarkers and the risk of cancer or mor-
tality [42–44]. According to published prospective cohort 
studies assessing the associations of these liver function 
biomarkers with all-cause mortality in the general pop-
ulations, GGT and ALP were associated with increased 
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Fig. 2 Risk of incident liver cancer according to sleep and liver function biomarkers (N = 356,894). Abbreviations: HR, hazard ratio; CI, confidence 
interval; RERI, relative excess risk due to the interaction; AP, attributable proportion due to the interaction; ALT, alanine transaminase; AST, 
aspartate transaminase; TBIL, total bilirubin; GGT, gamma-glutamyl transferase; ALP, alkaline phosphatase; TP, total protein; ALB, albumin. Median 
concentration was used as the cut-off concentration for high or low classification of the liver function biomarker. Models were adjusted for age, sex, 
ethnicity, BMI, smoking status, alcohol consumption, healthy diet, physical activity, any treatment/medication taken, Townsend deprivation index, 
family history of cancer, and CRP
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all-cause mortality, while there were geographical vari-
ations in the association of ALT with all-cause mortal-
ity [45]. In addition, elevated GGT and AST/ALT were 
independent risk factors for predicting overall survival 
rate in primary hepatic carcinoma patients, and elevated 
levels of these biomarkers suggested poor prognosis [18]. 
Moreover, the inverse association of ALB with liver can-
cer incidence observed in our study was also generally 
supported by previous findings on the inverse associa-
tions of ALB with liver disease and liver cancer [46–48], 
as well as with other cancers [49–51]. As a cohort study 
of 82,061 Chinese participants found, ALB level was 
inversely associated with the incident risk of overall, lung, 
colorectal, and liver cancer in linear dose-dependent 
manners [46]. What’s more, several studies indicated the 
therapeutic implications of human serum ALB due to its 
wide range of important physiologic functions, including 
oncotic effect, immunomodulation, antioxidant effect, 
endothelial stabilization, and binding to multiple drugs, 
toxins, and other molecules [47, 48]. Our findings of the 
significant relationships between these routine liver func-
tion biomarkers and risk of liver cancer incidence indi-
cated the potential protective effects of controlling the 
levels of these liver function biomarkers, and it may be 
helpful in screening people at high liver cancer risk dur-
ing routine liver function tests.

Furthermore, we conducted a novel investigation into 
the joint associations of sleep and liver function bio-
markers with liver cancer incidence, as well as potential 
additive interactions. Our findings showed that individu-
als with unhealthy sleep and high levels of ALT, AST, 
TBIL, GGT, ALP, or TP or low level of ALB had a signifi-
cantly increased risk of liver cancer incidence compared 
to those with healthy sleep and low levels of ALT, AST, 
TBIL, GGT, ALP, or TP or high level of ALB. Moreover, 
the joint effect of unhealthy sleep and high level of TP 
was greater than the sum of the two individual effects, 
and 38% of liver cancer risk could be attributed to the 
additive interaction. Our findings could aid in high-
lighting the joint associations of sleep and liver function 
biomarkers with liver cancer risk, and significant public 
health implications for the identification of susceptible 
populations and for the early prevention of liver cancer. 
Specifically, adhering to a healthy sleep and controlling 
routine liver function biomarkers levels will be beneficial 
in reducing liver cancer incidence risk.

Our study has several significant strengths, including 
the large nationwide general population sample, prospec-
tive study design, systematic assessment of sleep, uniform 
measurement of biomarkers, adequate adjustment for 
potential confounders, and relatively complete diseases/
death records. In addition, we demonstrated the compel-
ling associations of sleep and liver function biomarkers 

and their joint association with the risk of liver cancer inci-
dence, providing potent evidence that adhering to healthy 
sleep and controlling liver function biomarkers levels may 
be a promising strategy for reducing liver cancer incidence 
risk. Moreover, we comprehensively investigated the asso-
ciation between sleep and liver cancer in terms of overall 
sleep score and independent sleep traits and found that 
unhealthy sleep, particularly unfavorable sleep duration, 
insomnia, and snoring, increased the risk of liver cancer 
incidence. However, our study also has some limitations. 
First, only the liver function biomarkers levels at baseline 
were used in the current study, which may be subject to 
random error and may lead to the misclassification of these 
biomarkers across the long follow-up period. Nevertheless, 
the reproductivities of these liver function biomarkers have 
been identified by previous studies to be fair to excellent so 
that the liver function biomarkers at baseline can also be 
representative and acceptable and capable of capturing the 
long-term effect on liver cancer [16]. Second, the incidence 
of liver cancer in this study is limited. Therefore, although 
the results of this study are robust, more studies conducted 
in populations with higher incidence of liver cancer are 
encouraged to validate our findings. Finally, as an obser-
vational study, we could not exclude the potential inverse 
association and residual confoundings, even though we 
scientifically adjusted for potential confounders as much as 
possible and conducted essential sensitivity analyses.

Conclusions
Unhealthy sleep, as well as increased levels of ALT, AST, 
TBIL, GGT, ALP, and TP and decreased levels of ALB, 
were significantly associated with increased risk of liver 
cancer incidence. Participants with unhealthy sleep and 
jointly had lower levels of ALB or higher levels of ALT, 
AST, TBIL, GGT, ALP, or particularly TP were at higher 
risk of liver cancer incidence. Our findings suggest that 
adhering to healthy sleep and controlling liver function 
biomarker levels may be a promising strategy for reduc-
ing the risk of liver cancer incidence.
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