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Abstract

Background Metabolic dysfunction-associated fatty liver disease (MAFLD) is a newly defined condition encom-
passing hepatic steatosis and metabolic dysfunction. However, the relationship between MAFLD and multi-system
diseases remains unclear, and the time-dependent sequence of these diseases requires further clarification.

Methods After propensity score matching, 163,303 MAFLD subjects and 163,303 matched subjects were included
in the community-based UK Biobank study. The International Classification of Diseases, Tenth Revision (ICD-10),
was used to reclassify medical conditions into 490 and 16 specific causes of death. We conducted a disease trajec-
tory analysis to map the key pathways linking MAFLD to various health conditions, providing an overview of their
interconnections.

Results Participants aged 59 (51-64) years, predominantly males (62.5%), were included in the study. During

the 12.9-year follow-up period, MAFLD participants were found to have a higher risk of 113 medical conditions

and eight causes of death, determined through phenome-wide association analysis using Cox regression models.
Temporal disease trajectories of MAFLD were established using disease pairing, revealing intermediary diseases such
as asthma, diabetes, hypertension, hypothyroid conditions, tobacco abuse, diverticulosis, chronic ischemic heart
disease, obesity, benign tumors, and inflammatory arthritis. These trajectories primarily resulted in acute myocardial
infarction, disorders of fluid, electrolyte, and acid-base balance, infectious gastroenteritis and colitis, and functional
intestinal disorders. Regarding death trajectories of MAFLD, malignant neoplasms, cardiovascular diseases, and res-
piratory system deaths were the main causes, and organ failure, infective disease, and internal environment disor-
der were the primary end-stage conditions. Disease trajectory analysis based on the level of genetic susceptibility
to MAFLD yielded consistent results.

Conclusions Individuals with MAFLD have a risk of a number of different medical conditions and causes of death.
Notably, these diseases and potential causes of death constitute many pathways that may be promising targets
for preventing general health decline in patients with MAFLD.
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Background

Nonalcoholic fatty liver disease (NAFLD) is character-
ized by the presence of excessive hepatic steatosis (>5%)
in individuals without heavy drinking or viral hepatitis
[1]. It is the main cause of liver disease worldwide, with
an estimated prevalence of 25-45% [2]. The prevalence
of NAFLD has increased rapidly owing to its strong asso-
ciation with diabetes, metabolic syndrome, and obesity
[2]. To integrate the current understanding of patient
heterogeneity, more accurately reflect pathogenesis, and
strengthen hierarchical patient management, a group of
experts proposed a new term in 2020: metabolic dysfunc-
tion-associated fatty liver disease (MAFLD) [3].

NAFLD-related adverse outcomes have been well
documented in a previous study [4]. In recent years,
populations with MAFLD have been shown to have a
higher risk of both intrahepatic and extrahepatic sys-
tem diseases [5], such as hypertension, diabetes, athero-
sclerosis, coronary heart disease, dementia, sarcopenia,
chronic kidney disease, enteritis, cirrhosis, and tumors
[6-12]. Our understanding of the relationship between
MAFLD and multi-system diseases remains incomplete.
Importantly, the occurrence of these diseases may have
a time-dependent sequence that constitutes a complex
disease network derived from MAFLD. Because no spe-
cific treatment for MAFLD exists, it is crucial to decipher
the crosslinking of the MAFLD disease network and pro-
pose interventions to prevent health decline. Therefore, a
comprehensive understanding of the disease trajectories
of MAFLD is highly important, which may help investi-
gate the critical link between MAFLD and related multi-
system diseases and deaths from a holistic perspective.

Disease trajectory analysis, proposed by Jensen et al,, is
a new visual method to explore the development of dis-
eases over the course of a population’s lifespan [13]. By
visualizing the networks of emerging diseases, the time
sequence among the initial, secondary, and terminal dis-
eases is displayed, providing an approach to investigate
the complex causal relationship and sequential pattern
of multiple diseases. Disease trajectory analysis has been
used to research temporal, population-wide disease pro-
gression patterns in seven million cohorts [14]. Other
researchers have applied disease trajectories to analyze
the sequential progression of a specific disease, such as
depression and breast neoplasms [15, 16]. Therefore,
it is valuable to apply this innovative trajectory analysis
method to visualize MAFLD disease trajectories.

The UK Biobank cohort study, with a population of
half a million, has fully evaluated MAFLD using a non-
invasive approach and collected data on disease diagnosis
and causes of death records using International Classifi-
cation of Diseases, Tenth Revision (ICD-10) codes since
2006. Thus, it provides ideal data resources and sufficient
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follow-up time to analyze the disease trajectory network
of MAFLD. Therefore, the purpose of this study was to
investigate the key pathway of MAFLD leading to subse-
quent multi-system diseases and cause-specific death and
to draw a panorama of the disease tree diagram through
disease trajectory analysis based on the UK Biobank
community cohort.

Methods

Study design and population

The UK Biobank study design was presented in a pre-
vious study [17]. From 2006 to 2010, the UK Biobank
research cohort recruited 502,655 adults in the UK
aged 39 to 69 years via the UK National Health Service
through a postal invitation to recruit a representative UK
population as far as possible [18]. Participants completed
a 90-min comprehensive assessment, including demo-
graphic characteristics, medical history, and physical
measurements, using an electronic questionnaire. Biolog-
ical samples were obtained, and laboratory examinations
were performed at the time of enrolment. The details of
data collection are available on the website http://www.
ukbiobank.ac.uk. Data and materials were obtained from
the website https://ukbiobank.dnanexus.com/panx/proje
cts. The National Research Ethics Committee approved
the experimental protocol. All participants signed writ-
ten informed consent forms; the research was conducted
according to the ethical guidelines of the Helsinki Dec-
laration, and the protocol was approved by each insti-
tutional review board. Data usage was approved by the
Human Ethical Committee of the West China Hospital of
Sichuan University.

We enrolled 502,413 active participants in this study.
To analyze the disease trajectory of MAFLD, subjects
who withdrew from the UK Biobank study (n=242)
were missing the Townsend deprivation index (n=623),
or missing data to identify MAFLD (n=35,502) were
excluded. Thus, 466,288 participants were included in
this study. To reduce confounding biases in this obser-
vational study, we conducted propensity score matching
(1:1) according to age, sex, and the Townsend deprivation
index (assigned by the postcode of participants’ location,
which reflected the level of material deprivation the par-
ticipant experiences) for participants with and without
MAFLD. In total, 326,606 participants were included in
the analysis of MAFLD-related trajectories (Fig. 1). Fur-
thermore, to analyze the cause-specific death trajectory
of MAFLD, age, sex, and Townsend deprivation index,
match-surviving (n=67,402) and dead (n=14,536) indi-
viduals were included in the MAFLD group (Fig. 1). A
similar investigation was conducted to analyze the dis-
ease trajectory of genetic susceptibility to MAFLD.


http://www.ukbiobank.ac.uk
http://www.ukbiobank.ac.uk
https://ukbiobank.dnanexus.com/panx/projects
https://ukbiobank.dnanexus.com/panx/projects
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UK Biobank baseline participants (2006-2010).

Withdrew from UK Biobank. n=242

Missing Townsend deprivation index.
n=623

No enough data to identify MAFLD.
n=35502

Follow up until January 2022, participants
were eligible. n= 466,288
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|

Disease trajectory analysis of MAFLD leading to death

Participants without MAFLD. 1:1 Match Participants with MAFLD.
n=296,890 n=169,398
Participants without MAFLD. Participants with MAFLD.
n=163,303 n=163,303
Purpose 1: Survival. 1:5 Match Dead.
Disease trajectory analysis of MAFLD n=148,764 n=14,539
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n= 67,402 n=14,536
\ I
{
Purpose 2:

Fig. 1 Study flow chart. MAFLD, metabolic dysfunction-associated fatty liver disease

Definition of MAFLD

MAFLD was defined based on international expert
consensus [3]. MAFLD is defined as hepatic steato-
sis plus one of the following conditions: (1) type 2
diabetes mellitus, (2) overweight/obesity (body mass
index (BMI)> 25 kg/m?), or (3) metabolic abnormality
including any of the two: insulin resistance (not col-
lected in the UK Biobank study), prediabetes (fasting
glucose>100 mg/dl or Hemoglobin Alc>5.7%), low
high-density lipoprotein cholesterol (<1.03 mmol/L
for males; <1.29 mmol/L for females), hypertriglyceri-
demia (>1.7 mmol/L), hypertension (>130/85 mmHg
or use of antihypertensive medication), and increased
waist circumference (>102 cm for males; > 88 cm for
females).

Hepatic steatosis was assessed using the fatty liver
index (FLI) according to the formula for waist circum-
ference, gamma-glutamyl transferase, triglycerides, and
BMI [19]. FLI>60 was used to diagnose hepatic steatosis,
which yielded a sensitivity of 87% and specificity of 86%
[19]. The FLI has been verified to be adequate in diagnos-
ing hepatic steatosis, achieving a sensitivity of 81% and

specificity of 90% in a meta-analysis based on a multieth-
nic population study [20].

Advanced liver fibrosis assessment

Advanced liver fibrosis was assessed via NAFLD fibrosis
score using the following formulas: —1.675+[0.037 X age
(years)] +[0.094xBMI (kg/m?*)]+[1.13XT2D (yes=1,
no=0)]+[0.99 x AST/ALT ratio] — [0.013 X platelet
count (10°/L)] —[0.66xalbumin (g/dL)]. For predicting
advanced fibrosis, the cutoff of the NAFLD fibrosis score
is—1.455, which achieved a negative predictive value of
93% according to previous reports [21].

Diagnoses of medical conditions and death

The diagnosis of each medical disease for the popula-
tion in the UK Biobank study originated from the main
and secondary diagnostic data during hospitalization,
which were recorded using ICD-10 codes. ICD-10 codes
for pregnancy, childbirth, and unclassified symptoms or
signs were excluded. All medical diagnoses were made
using the three-digit ICD-10 codes. We combined diag-
noses with high clinical or biological similarity, reducing
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the number of diagnostic categories from 1645 to 490.
For example, we considered all cases of typhoid and para-
typhoid fever, cholera, and shigellosis, which are defined
as bacterial intestinal infections. For patients with multi-
ple disease records, only the first record and the date of
the first hospital visit were used as the diagnosis dates.
The discharge coding accuracy of medical conditions of
inpatients in the UK was verified, with a primary diagno-
sis accuracy of 96% and an average diagnostic accuracy
of 80.3% [22]. Original and combined ICD-10 codes can
be found in Additional file 1. Detailed codes, defini-
tions, and other related classification information of vari-
ous diseases can be queried at the official website of the
World Health Organization (https://icd.who.int/brows
e10/2019/en).

The cause of death of participants in the UK Biobank
was defined as the primary or secondary cause of death
recorded in the mortality data. According to ICD-10,
there were 16 causes of death.

Genotyping

Genotyping and imputation originated from the UK
BiLEVE and UK Biobank Axiom arrays in the UK
Biobank study; other detailed information has been
provided elsewhere [23]. Single-nucleotide polymor-
phisms (SNPs) were selected from a recently published
genome-wide association studies for MAFLD, including
MBOAT?7 rs641738 [24], GCKR rs1260326 [25], TM6SF2
r$58542926 [26], and PNPLA3 rs738409 [27]. All SNPs
were coded 2, 1, and 0 for homozygous, heterozygous,
and noncarriers, respectively. The polygenic risk scores
(PRS) were calculated as follows: (B1x SNP1+ 2 x SNP
2+...+PnXx SNPn) X (total number of SNPs/sum of the
[B-coefficients), where p was derived from the original
genome-wide association studies. A PRS was constructed
to summarize the impact of genetic predisposition on
MAFLD [6]. The PRS ranged from O to 8 and was sub-
sequently categorized into tertiles: low (<0.76 points),
intermediate (0.76—2.35 points), and high (>2.35 points)
genetic risk.

Danish Disease Trajectory Browser

The database for the Danish Disease Trajectory Browser
is the Danish National Patient Register, which includes
7 million individuals from 1994 to 2018, and covers 122
million hospital admissions with 1777 unique ICD-10
codes recorded [14]. The address of the Danish Disease
Trajectory Browser is published on an online analysis
platform (http://dtb.cpr.ku.dk/). Because no ICD-10 code
exists for MAFLD, the ICD-10 codes K76 (nonalcoholic
liver disease) and K70 (alcoholic liver disease) were used
to validate the reproducibility of the disease trajectory of
MAFLD.
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Statistical analysis

Trajectory analysis

Referring to methods used in previous studies [14-16],
we performed a disease trajectory analysis of MAFLD
(Additional file 2: Fig. S1). First, a phenome-wide asso-
ciation analysis (PheWAS) using Cox regression was
conducted to identify the disease risk of participants
with MAFLD compared to that of matched controls
from all 490 disease categories. To analyze each disease
outcome in the Cox regression model, a subcohort was
formed by excluding participants with a history of the
disease outcome at baseline. To achieve adequate sta-
tistical power, analyses were limited to disease occur-
rence in>1% of the MAFLD participants (n=1633).
According to the results of the Cox regression analy-
sis, diseases with a hazard ratio (HR) >1 and p<0.05/n
(Bonferroni-corrected threshold; n: number of disease
categories) were retained. Second, we analyzed all
possible disease 1 (D1) and disease 2 (D2) pairs cal-
culated by n*(n—1), and pairs that occurred in>0.5%
of MAFLD participants (n=816) were included. To
ensure logical temporal order, we conducted binomial
tests to determine whether more MAFLD individuals
(>50%) had D2 diagnosed later than D1 among those
with both D1 and D2 diagnoses. Disease pairs with
P <the Bonferroni-corrected threshold were considered
statistically significant. Third, we set D1 as the expo-
sure and D2 as the outcome, and a logistic regression
model was used to ensure an association between D1
and D2 in all disease pairs. Fourth, disease pairs with
a significantly increased risk of D2 after D1 (odds ratio
[OR]>1; P<Bonferroni-corrected threshold) were
confirmed.

To analyze the disease trajectory of MAFLD leading to
death, we performed similar steps (Additional file 2: Fig.
S2). Briefly, PheWAS was conducted to investigate the
possible causes of death in MAFLD. Subsequently, dis-
eases such as exposure and death were set as outcomes,
and the PheWAS was conducted further to identify the
association between medical conditions (selected from
the first step) and each cause of death. Next, all possible
D1 and D2 pairs were calculated using n X (n—1) for each
cause of death. Finally, binomial tests and logistic regres-
sion analyses were conducted to confirm the D1 and D2
pairs with a significantly increased risk of D2 after diag-
nosis of D1. The detailed steps of the trajectory analysis
are described in Additional file 3. The codes for this study
are shared at https://github.com/youyialex/ MAFLD.

A tree diagram of the disease trajectory was drawn
using overlying disease pairs. For example, disease pairs
D1 to D2 and D2 to D3 were combined in trajectory D1
to D2 to D3, and the connecting line from D1 to D3 could
be deleted.
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Subgroup and sensitivity analyses

To analyze whether the disease phenotype of MAFLD
was consistent in different sexes, males and females
were separated. Subsequently, to investigate the impact
of alcohol, obesity, liver fibrosis, and genotyping on the
disease phenotype of MAFLD, subgroups were estab-
lished based on whether individuals were overweight/
obese (BMI > 25 kg/m?), daily consuming excessive alco-
hol (>20 g for women and > 30 g for men), carrying risk
alleles, or had liver fibrosis.

MAFLD may be caused or complicated by other dis-
eases, which may lead to subsequent diseases in trajec-
tories unrelated to MAFLD. Therefore, we performed a
sensitivity analysis in which PheWAS was performed
after excluding the population with the same disease
category (consistent with the 16 categories of cause of
death) from the baseline in the subcohort. For exam-
ple, to investigate the relationship between MAFLD and
heart failure, participants with any cardiovascular disease
at baseline were excluded.

A similar study flow path was implemented for the
trajectory analysis of genetic susceptibility to MAFLD
(Additional file 2: Fig. S3-5). Individuals in the lowest ter-
tile of the PRS were defined as controls, and those in the
highest tertile of the PRS were defined as those exposed
to MAFLD.

A two-tailed p-value <0.05/number of disease catego-
ries for Bonferroni corrections was considered significant
for all tests. All statistical analyses were performed using
R software 4.2.3 Python version 3.11.2 and Cytoscape
Desktop version 3.10.0.

Results

Baseline characteristics

In the UK Biobank study, 326,606 participants were
included after propensity score matching according to
age, sex, and the Townsend deprivation index. Among
those, 163,303 participants were determined to have
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MAFLD (Fig. 1). The baseline characteristics of the
patients are shown in Table 1. These participants were
predominantly males (62.5%), had a mean age of 59 (51—
64) years, a median BMI of 27.7 (24.9-31.0) kg/m?, and a
mean follow-up period of 12.9 years.

Medical conditions and causes of death related to MAFLD
After disease limiting occurred in>1% of MAFLD par-
ticipants and conducting PheWAS using Cox regression
models, participants with MAFLD had a higher risk of
113 medical conditions out of 490 total medical condi-
tions (Fig. 2). Similar to results from previous studies,
MAFLD was associated with almost all systemic diseases
(Additional file 4: Table S1), such as sepsis (HR 1.51, 95%
CI 1.45-1.58), colon cancer (HR 1.27, 95% CI 1.18-1.35),
benign tumors (HR 1.29, 95% CI 1.26-1.32), iron defi-
ciency anemia (HR 1.38, 95% CI 1.33-1.43), diabetes (HR
4.24, 95% CI 4.11-4.37), depression (HR 1.63, 95% CI
1.58-1.68), sleep disorder (HR 3.71, 95% CI 3.50-3.93),
acute myocardial infarction (HR 1.55, 95% CI 1.48-1.62),
respiratory failure (HR 1.62, 95% CI 1.53-1.71), and
diverticular disease of the intestine (HR 1.40, 95% CI
1.37-1.43).

Among the 16 categories of causes of death, eight
causes of death were significantly associated with
MAFLD (Table 2). The highest HR of causes of death was
endocrine system death (HR 3.23, 95% CI 2.95-3.53), and
the majority of individuals died because of malignant
neoplasms (incidence (%): 7942/15484 (51.3%), HR 1.26,
95% CI 1.21-1.30).

Temporal disease trajectories of MAFLD

According to the analysis shown in Additional file 2: Fig.
S1, 353 disease pairs (D1-D2) were confirmed (Addi-
tional file 4: Table S2). The three largest OR for disease
pairing were chronic ischemic heart disease leading to
acute myocardial infarction (OR 85.25, 95% CI 52.08—
139.55), angina pectoris leading to acute myocardial

Table 1 Basic characteristics of the participants with and without MAFLD after propensity score matching

Characteristics Total Non-MAFLD MAFLD
(N=326,606) (N=163,303) (N=163,303)

Male, n (%) 203,980 (62.5) 102,019 (62.5) 101,961 (62.4)

Age (years) 59 (51-64) 59 (51-64) 59 (51-63)

Deprivation Index —2.02 (-3.58-0.79) —2.03(-3.60-0.77) —2.01(-3.57-0.80)

Alcohol intake (g/day) 10 (0.66-22.86) 10 (1.43-21.43) 1143 (0-25.71)

BMI (kg/m?) 27.65 (24.94-31.01) 25.03 (23.27-26.77) 30.86 (28.59-33.87)

Follow-up time (years) 1292 (12.18-13.64) 1291 (12.19-13.63) 1292 (12.16-13.65)

Data are expressed as n (%) and median (25th-75th). Propensity score matching was conducted according to age, sex, and Townsend deprivation index (assigned by
the postcode of participant location, which reflects the level of social deprivation in which the participant lives) for subjects with and without MAFLD. The recording of
alcohol intake is based on recalling and estimating the average total amount of red wine, liquor, beer, and fruit wine consumed per week or month

BMI body mass index, MAFLD metabolic dysfunction-associated fatty liver disease
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Table 2 PheWAS using Cox regression was conducted to investigate the relationship between MAFLD and causes of death in males

and females

Causes of death Total (N=326,606)

Female (N=122,626) Male (N=203,980)

No.? HR (95% Cl) No.? HR (95% Cl) No.? HR (95% ClI)
Cardiovascular death 6025 1.64 (1.58-1.71) 1603 197 (1.81-2.14) 4422 1.55(1.48-1.62)
Digestive system death 1409 1.81 (1.66-1.98) 441 2.30(1.95-2.73) 968 1.65 (1.49-1.83)
Endocrine system death 2007 3.23(2.95-3.53) 605 4.04 (3.38-4.83) 1402 297 (2.67-3.29)
Genitourinary system death 1203 2.05 (1.86-2.26) 383 249 (2.07-3.01) 820 1.89 (1.68-2.12)
Infectious and parasitic death 867 1.63 (1.46-1.80) 332 1.60 (1.35-1.90) 535 1.50 (1.31-1.71)
Malignant neoplasms death 7488 1.26 (1.21-1.30) 2556 1.28(1.21-1.36) 4932 1.24(1.19-1.30)
Respiratory system death 3606 1.21(1.15-1.27) 1070 1.50 (1.36-1.65) 2536 1.12(1.05-1.18)
Unnatural cause death 1083 21(1.11-1.32) 280 145 (1.21-1.75) 803 4(1.03-1.27)

After Bonferroni correction, a total of 8 causes of death were significantly associated with MAFLD
HR hazard ratio, C/ confidence interval, MAFLD metabolic dysfunction-associated fatty liver disease

2 Number of MAFLD participants who died due to the corresponding causes, including primary and secondary causes of death

infarction (OR 10.78, 95% CI 8.53—13.61), and metastatic
cancer leading to external causes of morbidity related to
medical treatment (OR 5.88, 95% CI 5.11-6.77).

Figure 3 presents an overview of the complex temporal
disease trajectories of MAFLD. In this complex MAFLD
network, the original diseases in the tree diagram mainly
included asthma, diabetes, hypothyroid conditions,
and tobacco abuse. Furthermore, in the trajectory of
MAFLD, the intermediate diseases that mediated most

downstream diseases were diverticular diseases of the
intestine (7 =26), chronic ischemic heart disease (n=25),
obesity (n=20), benign tumors (n=19), and inflam-
matory arthritis (m=17). Moreover, circulatory system
diseases (disorders of fluid, electrolyte, and acid—base
balance, acute myocardial infarction, chronic rheumatic
heart disease, non-rheumatic valve disorders, and hypo-
tension) and digestive system diseases (infectious gas-
troenteritis and colitis, functional intestinal disorders,
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Fig. 3 Overview map of the temporal disease trajectories of MAFLD. The codes in the circle correspond to combined ICD-10 codes, and their
disease descriptions are provided. The color of the circle indicates the hazard ratios of the medical conditions when comparing MAFLD

to non-MAFLD. The grayscale of the arrows presents the odds ratio of the temporal relationship of the two medical conditions in MAFLD individuals.
The number above the arrow connecting two circles presents the number of disease pairs in MAFLD individuals. Detailed data can be found

in Additional file 4: Table S1-52

hemorrhoids and perianal venous thrombosis, diseases of
the liver, and diseases of the digestive system) were the
primary last layer diseases in the tree diagram (Fig. 3).

Disease trajectory of MAFLD leading to death

In this study, 14,536 dead individuals and 67,402 matched
surviving individuals with MAFLD were included.
Baseline characteristics are shown in Additional file 4:
Table S3. According to the analysis in Additional file 2:
Fig. S2, 102 medical conditions were associated with
causes of death (Additional file 4: Table S4), and 374
disease pairs (D1 to D2) were related to causes of death
(Additional file 4: Table S5). Malignant neoplasm death,
cardiovascular death, and respiratory system death were
the main causes of death, and external causes of morbid-
ity related to medical treatment leading to acute renal
failure (OR 3.87, 95% CI 3.16—4.74), heart failure leading

to acute renal failure (OR 6.97, 95% CI 5.44-8.94), and
asthma leading to pneumonia (OR 25.11, 95% CI 12.90—
48.89) were the most significant disease pairs for these
causes of death (Fig. 4). The disease trajectory of MAFLD
leading to other causes of death is shown in Additional
file 2: Fig. S6.

Subgroup and sensitivity analyses

The association of MAFLD with medical conditions and
causes of death in different subgroups of sex, alcohol
consumption, and body weight was found to be largely
significant according to the PheWAS using Cox regres-
sion. Females, normal-weight individuals, and nonheavy
drinkers had a relatively higher risk of certain diseases
and causes of death (Table 2; Additional file 4: Tables
S6-9).
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Fig. 4 Disease trajectories of MAFLD leading to three main causes of death: A malignant neoplasm death, B endocrine system disease death, and C
cardiovascular disease death. A detailed explanation can be found in Fig. 3, and related data can be found in Additional file 4: Table $4-S5

In sensitivity analyses, by excluding individuals with
pre-existing diagnosis-related system diseases, the rela-
tionship between MAFLD and the subsequent 113 dis-
ease conditions and eight causes of death was almost
consistent (Additional file 4: Tables S10-11). Compared
with MAFLD patients without advanced liver fibro-
sis, those with advanced liver fibrosis had a significantly
higher risk of the most part of diseases and causes of
death (Additional file 4: Tables S12-13). Moreover,
MAFLD patients with risk alleles [MBOAT7 rs641738
(C>T), GCKR rs1260326 (C>T), TM6SF2 rs58542926
(C>T), or PNPLA3 rs738409 (C>@G)] are more likely to
develop certain medical conditions and causes of death
(Additional file 4: Tables S14-21).

Disease trajectories of genetic susceptibility to MAFLD

Furthermore, the disease and death trajectories of
MAEFLD by the level of genetic susceptibility were imple-
mented (Additional file 2: Fig. S3-5), and the baseline
characteristics are shown in Additional file 4: Tables S22—
23. Compared with low genetic susceptibility, individuals
with high genetic susceptibility to MAFLD had a sig-
nificantly higher incidence of MAFLD (70.7% vs 11.7%).
Similar to the MAFLD diagnosis, high genetic suscep-
tibility to MAFLD was significantly associated with 108

medical conditions (Additional file 4: Table S24) and six
causes of death (Additional file 4: Table S25). They also
had largely common disease trajectories with respect to
the cardiovascular system, respiratory system, and malig-
nant tumors, while individuals with high genetic suscep-
tibility to MAFLD had significantly specific progression
pathways for digestive system death from liver disease
(Additional file 4: Tables S26-28 and Additional file 2:
Fig. S7-9).

External verification by Danish Disease Trajectories
Browser

Disease trajectories of alcoholic liver disease (ICD-10
K70) and other alcoholic liver disease (ICD-10 K76)
using the Danish Disease Trajectories Browser were
drawn in Additional file 2: Fig. S10-11. The search fil-
ter settings included the following: all 114,099 patients,
pair length > 2, relative risk > 1.2, events rate >1%. A total
of 57 medical conditions and 120 pairs were identified
for K70 and K76 (Additional file 4: Tables $29-30). K70
induced death mediated by sepsis, bacterial infection,
malignant neoplasm, volume depletion, delirium, cardiac
arrest, intracerebral haemorrhage, respiratory failure,
chronic kidney disease, diabetes mellitus, osteoporosis,
disorders of fluid, electrolyte, and acid—base balance,
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etc. In addition, the downstream diseases of K76 were
nearly identical to those of K70, except for cardiac arrest.
Together, most of these disease phenotypes were consist-
ent with the disease trajectory of MAFLD, but not car-
diovascular disease.

Discussion

The present study provides a panoramic view of temporal
disease and death trajectories of MAFLD in the commu-
nity-dwelling population of the UK Biobank cohort study.
MAFLD was proved to be related to 113 medical con-
ditions and eight causes of death when limiting disease
incidence to>1%. The network of these diseases origi-
nates from asthma, diabetes, hypothyroid conditions,
and tobacco abuse, with mediation primarily through
diverticular diseases of intestine, chronic ischemic heart
disease, obesity, benign tumors, and inflammatory arthri-
tis. These pathways predominantly culminated in acute
myocardial infarction, disorders of fluid, electrolyte, and
acid—base balance, bacterial infectious agents, infectious
gastroenteritis and colitis, and functional intestinal dis-
orders. Regarding the death trajectories of MAFLD, the
main causes of death included malignant neoplasm, car-
diovascular, and respiratory system deaths. The prevalent
lethal medical conditions associated with MAFLD were
acute renal failure, heart failure, sepsis, pneumonia, and
disorders of fluid, electrolyte, and acid—base balance.
These maps provide a series of key pathways that link
MAFLD to a broad range of health conditions. Consid-
ering the huge disease burden caused by MAFLD world-
wide, these findings suggest potential key intervention
targets for inhibiting the progression of MAFLD-related
health events.

In the subgroup analysis, the association of MAFLD
with medical conditions and death in different sub-
groups of sex, alcohol consumption, body weight, and
liver fibrosis was largely significant. Although males had
a higher prevalence of MAFLD, females had a higher
risk of developing subsequent medical conditions. These
sex-related differences may be explained by estrogen lev-
els [28]. Overweight is a very common condition in the
current era; even without being diagnosed with MAFLD,
the proportion of overweight remained as high as 49.9%.
Interestingly, this study found that individuals with lean
MAFLD (BMI<25 kg/m?) had a higher risk of multi-
system diseases than did those who were overweight/
obese. However, Liu et al. demonstrated that this effect
remained significant only for hepatic outcomes after
fully adjusting for confounding factors [5]. Based on our
results, individuals with MAFLD who consumed alco-
hol experienced a protective effect with regard to both
intrahepatic and extrahepatic outcomes and mortal-
ity. Clinical data have not conclusively confirmed the
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effects of alcohol consumption on MAFLD outcomes
[29-31]. Based on the basic medical principle of “first,
do no harm,’ it is premature to recommend that MAFLD
patients consume moderate alcohol. Similar to findings
from previous studies, individuals with MAFLD and
fibrosis had a higher risk of cardiac events and nonhe-
patic mortality [32, 33]. In the sensitivity analysis, the
relationship between MAFLD and subsequent disease
conditions and causes of death was still significant after
excluding individuals with pre-existing diagnosis-related
diseases. These results emphasize that MAFLD is a sig-
nificant health problem in individuals with different
characteristics.

Consistent with a previous study’s findings, the patho-
physiological mechanism linking MAFLD and cardio-
vascular disease could be explained by diabetes, obesity,
hypertension, and dyslipidemia [34-36]. We found that
systemic inflammatory diseases and thrombotic diseases
may also be critical to the development of MAFLD in
cardiovascular disease. In addition, digestive system dis-
eases, particularly infectious gastroenteritis and colitis,
functional intestinal disorders, hemorrhoids, and peri-
anal venous thrombosis, are prominent in patients with
MAFLD. Regarding the gut-liver axis, these diseases may
be related to enteric dysbacteriosis caused by MAFLD
[37]. In this study, MAFLD mediated several common
complications, particularly infections including sepsis,
mycoses, infective gastroenteritis, pneumonia, lower
respiratory infections, skin and subcutaneous infec-
tions, and urinary tract infections. According to animal
research and ex vivo studies, the association between
multi-system infection and MAFLD may be mediated by
an immunosuppressive response induced by an altered
hepatic metabolic profile [38, 39]. Therefore, further clin-
ical research is required to demonstrate these relation-
ships and provide intervention measures.

A series of medical conditions involved key nodes in
MAFLD disease trajectories. Among these, hyperten-
sion, diabetes, obesity, and ischemic heart disease are
widely considered adverse outcomes [7, 40, 41]. Moreo-
ver, asthma, hypothyroid conditions, tobacco abuse, and
diverticulosis also dominated the beginning of the disease
treegram and carried a large number of diseases down-
stream (e.g., complications caused by medical treatment;
respiratory disease; osteoarthritis; disorders of fluid, elec-
trolyte, and acid—base balance secondary to asthma; and
anemia, infection, inflammation, and abdominal hernia
secondary to diverticulosis). Furthermore, crosslink-
ing between asthma, tobacco abuse, anxiety, depression,
functional intestinal disorders, and sleep disorders sug-
gested that individuals with MAFLD are susceptible to
psychosomatic diseases [42, 43]. Our results not only
emphasize the association of MAFLD with these medical
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conditions but also indicate the potential key interven-
tion targets to relieve overall health issues induced by
MAFLD.

MAFLD-induced malignant tumors and related deaths
have always been a concern. Similar to the findings of
Hwang et al., malignant neoplasms were the main cause
of death (51.5%) in patients with MAFLD [44]. Our
results showed that colon cancer was the cancer most
likely to occur among individuals with MAFLD. In addi-
tion, disorders of fluid, electrolyte, and acid—base bal-
ance, renal failure, and infection were the main causes
of death in malignant neoplasms at the end stage. Car-
diovascular death was another concern, accounting for
41.4% of deaths in this study. As expected, most individu-
als died from the failure of multiple organs, such as the
heart, kidneys, and respiratory system [45]. Although
respiratory system death has attracted less attention in
previous research [46], it was the third leading cause of
death and accounted for 24.8% of deaths in our study.
Several pathways may need to be considered. For exam-
ple, (1) gastroesophageal reflux disease, tobacco abuse,
metastatic cancer, falls, or asthma leading to pneumonia,
(2) chronic obstructive pulmonary disease, trauma, heart
failure, or renal failure leading to sepsis, and (3) hyper-
tension leading to atrial fibrillation to stroke (supposedly
intermediate factor) leading to pneumonia.

Although the results of the subgroup and sensitivity
analyses were consistent, the observed disease pheno-
types of MAFLD may also be explained by common eti-
ologies, such as comorbidities, environmental factors,
and lifestyle. The PRS can be used to assess the genetic
risk of individual-specific diseases or disease characteris-
tics and is not affected by other confounding factors [47].
Therefore, we utilized gene mutations strongly associated
with MAFLD to investigate whether genetic susceptibil-
ity to MAFLD is associated with disease outcomes to
reveal the reliability of the disease trajectory of MAFLD.
Based on the results, individuals in the highest PRS ter-
tile had 6 times the risk of MAFLD than those in the low-
est PRS tertile. Critical pathways identified in the disease
and death trajectories of MAFLD also exist in those with
high genetic susceptibility to MAFLD, specifically in car-
diovascular events, infections, organ failure, cancer, and
related deaths that are of particular concern. Notably,
genetic susceptibility to MAFLD had a specific path-
way from liver disease to death from digestive system
diseases. Consistent with previous reports that PRS of
MAFLD is strongly associated with cirrhosis and hepato-
cellular carcinoma [48, 49], these results strongly support
the key medical conditions constituting the complex dis-
ease networks of MAFLD.

The repeatability of the UK Biobank results was par-
tially verified by the Danish National Patient Register
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data, but there was heterogeneity in cardiovascular dis-
eases, such as hypertension, coronary heart disease,
angina pectoris, myocardial infarction, and heart failure.
However, previous studies have validated that cardiovas-
cular diseases and cardiovascular death are important
adverse events and outcomes of MAFLD [8]. Therefore,
we speculate that this heterogeneity may be caused by
omissions in the diagnosis of fatty liver disease using ICD
codes in the Danish National Patient Register data.

Unlike the previous definition of NAFLD, which
excluded other potential causes of liver diseases such
as viral hepatitis or alcohol consumption, the MAFLD
definition takes into account the presence of metabolic
risk factors, including obesity, diabetes, dyslipidemia,
and insulin resistance, in addition to evidence of hepatic
steatosis [3]. It enables healthcare providers to diagnose
and manage patients based on the underlying metabolic
factors driving liver disease, rather than solely focusing
on the presence of hepatic steatosis [50]. By broaden-
ing the scope of liver diseases associated with metabolic
dysfunction, the MAFLD definition allows for a more
comprehensive assessment of patients with fatty liver dis-
ease, may improve patient risk stratification, allows for
a tailored management approach, and provides a better
understanding of the underlying pathogenesis of meta-
bolic liver diseases [51]. Our research findings emphasize
the view that novel clinical trial designs based on the def-
inition of MAFLD may provide a reference for compre-
hensive therapeutic interventions and interdisciplinary
care aiming to enhance the quality of life for individuals
with MAFLD [52].

The major strength of the present study is the large
sample community-based cohort that prospectively
collected complete data on disease diagnosis and was
validated by a large sample from an electronic medical
record database. Importantly, the disease trajectory anal-
ysis was used to draw a panoramic picture of the time-
dependent disease occurrence and development pattern.
By using data-driven methods instead of traditional
analysis methods, we aimed to overcome the limitation
of verifying single disease pairings based on specific
hypotheses. Thus, the disease trajectory of MAFLD pro-
vides novel information that strengthens our understand-
ing of its pathological effects. Moreover, identifying key
nodes in the MAFLD disease network can provide poten-
tial intervention targets to mitigate the overall decline in
health caused by MAFLD.

We acknowledge some limitations of this study. First,
although liver biopsy is the gold standard for diagnos-
ing hepatic steatosis, it is infeasible for large-scale cohort
studies; thus, FLI with relatively high sensitivity and
specificity is an acceptable alternative [5]. Moreover,
a lack of serum insulin data may lead to an erroneous
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diagnosis of MAFLD in some individuals. Second, the
lack of primary healthcare data may have led to the
exclusion of less severe diseases, while limiting the inci-
dence rate to>1% in the analysis process, leaving out rare
medical conditions. Therefore, the disease panorama of
MAFLD has not yet been completely elucidated. Third,
although previous studies have demonstrated that the
accuracy of ICD-10 coding for primary diagnoses is rela-
tively high, insufficient accuracy of secondary diagnoses
may have affected the research conclusions. In addition,
due to inconsistent guidelines or standards referenced
by clinical doctors, the same ICD-10 code may origi-
nate from different defined diseases. Fourth, although
propensity score matching was performed, many con-
founding factors in the PheWAS of MAFLD were not
fully adjusted. To avoid the influence of confounding
factors, we conducted a disease trajectory analysis at the
level of genetic susceptibility to MAFLD and obtained
similar results. To the best of our knowledge, this is the
first study to adopt this method. Therefore, the scien-
tific nature of this method needs to be validated. Fifth,
the disease tree diagram of MAFLD has been presented
according to the referred analysis methods [14-16], the
causal relationship between paired diseases has not been
fully demonstrated, and some diseases have bidirectional
relationships that cannot be fully analyzed. Therefore, in
the future, a more rigorous trajectory analysis method
should be developed to provide more accurate data, com-
prehensive disease profiles, and clearer interpretations.
Sixth, the response rate of participants in this study was
only 5% approximately, the median age of the partici-
pants was 59 years (which differs from the progressively
decreasing age of onset of MAFLD [53]), and the popula-
tion included was mainly Caucasian; all of these impact
factors may potentially introduce bias and limit the gen-
eralizability of the findings. Finally, considering that the
disease trajectory analysis approach is purely data-driven,
we conducted a test and verified the reliability and repro-
ducibility using the Danish National Patient Register,
which is the only available resource to our knowledge.
However, these electronic medical record resources do
not record complete baseline information of the popula-
tion; thus, MAFLD cannot be determined. Additionally,
the fatty liver disease referred to by ICD-10 codes was
used to conduct disease trajectory analysis. Therefore,
even if high consistency results are presented, caution
still needs to be maintained.

Conclusions

In conclusion, the disease trajectory analysis of MAFLD
identified a range of increased risks for medical condi-
tions and causes of death. Based on the trajectory pano-
rama, we observed that malignant tumors, organ failure,
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infectious disease, and internal environment disorders
were the main end-stage conditions for malignant neo-
plasm and cardiovascular and respiratory system death,
while asthma, diabetes, hypertension, hypothyroid con-
ditions, tobacco abuse, diverticulosis, chronic ischemic
heart disease, obesity, benign tumors, and inflamma-
tory arthritis were the primary intermediary medical
conditions. Therefore, developing relevant intervention
measures that target these key pathways may benefit the
MAFLD population by preventing a decline in general
health.

Abbreviations

BMI Body mass index

D Disease

FLI Fatty liver index

HR Hazard ratio

ICD-10 International Classification of Diseases, Tenth Revision
MAFLD Metabolic dysfunction-associated fatty liver disease
NAFLD Nonalcoholic fatty liver disease

OR Odds ratio

PheWAS  Phenome-wide association analysis

PRS Polygenic risk score

SNP Single-nucleotide polymorphism

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512916-023-03080-6.

Additional file 1. Supplementary data.

Additional file 2: Fig. S1. Research flowchart for disease trajectory. Fig.
S2. Research flowchart for death trajectory. Fig. S3. Research flow path.
Fig. S4. Research flowchart disease trajectory of genetic susceptibility to
MAFLD. Fig. S5. Research flowchart for death trajectory of genetic suscep-
tibility to MAFLD. Fig. S6. Tree diagram of disease trajectory for MAFLD

to (A) genitourinary system disease death, (B) unnatural cause death, (C)
digestive system disease death, and (D) endocrine system disease death.
Fig. S7. Overview map of the disease trajectories of genetic susceptibility
to MAFLD. Fig. S8. Disease trajectories of genetic susceptibility to MAFLD
leading to (A) malignant neoplasm death, (B) endocrine system disease
death, and (C) cardiovascular disease death. Fig. $9. Disease trajectory of
genetic susceptibility to MAFLD leading to (A) genitourinary system dis-
ease death, (B) digestive system disease death, and (C) endocrine system
disease death. Fig. S10. Disease trajectory of alcoholic liver disease lead-
ing to death. Fig. S11. Disease trajectory of other alcoholic liver diseases
leading to death.

Additional file 3. Supplementary methods.

Additional file 4: Table S1. PheWAS of MAFLD and 490 medical condi-
tions. Table S2. Temporal disease pairs in MAFLD individuals. Table S3.
Basic characteristics of the dead and surviving participants. Table S4.
PheWAS of medical conditions and 7 causes of death. Table S5. Temporal
disease pairs in dead individuals with MAFLD. Table S6. PheWAS of
MAFLD and 490 disease conditions in heavy drinkers and nonheavy
drinkers. Table S7. PheWAS of MAFLD and 490 disease conditions in
normal weight and overweight/obese individuals. Table $8. PheWAS

of MAFLD and cause of death in normal weight and overweight/obese
individuals. Table $9. PheWAS of MAFLD and cause of death in heavy
drinkers and nonheavy drinkers. Table S10. Sensitivity analysis of the
relationship between MAFLD and 490 medical conditions. Table S11.
Sensitivity analysis of the relationship between MAFLD and cause of
death. Table $12. PheWAS of nonfibrotic MAFLD and fibrotic MAFLD with
490 medical conditions. Table $13. PheWAS of nonfibrotic and fibrotic
MAFLD with causes of death.Table S14. PheWAS of MAFLD with or



https://doi.org/10.1186/s12916-023-03080-6
https://doi.org/10.1186/s12916-023-03080-6

Jia et al. BMC Medicine (2023) 21:398

without MBOAT7 rs641738 (C>T) and 490 medical conditions. Table S15.
PheWAS of MAFLD with or without MBOAT7 rs641738 (C>T) and causes
of death. Table $16. PheWAS of MAFLD with or without GCKR rs1260326

Page 12 of 13

Author details

'General Practice Ward/International Medical Center Ward, General Practice
Medical Center, West China Hospital, Sichuan University, 37 Guoxue Road,
Chengdu 610041, China. 2Department of Emergency Medicine, West China

(C>T) and 490 medical conditions. Table S17. PheWAS of MAFLD with or
without GCKR rs1260326 (C>T) and causes of death. Table S18. PheWAS
of MAFLD with or without TM6SF2 rs58542926 (C>T) and 490 medi-

cal conditions. Table S19. PheWAS of MAFLD with or without TM6SF2
rs58542926 (C>T) and causes of death. Table S20. PheWAS of MAFLD
with or without PNPLA3 rs738409 (C > G) and 490 medical conditions.
Table $21. PheWAS of MAFLD with or without PNPLA3 rs738409 (C > G)
and causes of death. Table $22. Basic characteristics of the participants
with and without genetic susceptibility to MAFLD. Table 23. Basic charac-
teristics of the dead and surviving participants with genetic susceptibility
to MAFLD. Table S24. PheWAS of genetic susceptibility to MAFLD and
490 medical conditions in males and females. Table S25. PheWAS of
genetic susceptibility to MAFLD and cause of death in males and females.
Table S26. Temporal disease pairs in individuals with high genetic suscep-
tibility to MAFLD. Table $27. PheWAS of medical conditions and 7 causes
of death in individuals with genetic susceptibility to MAFLD. Table S28.
Temporal disease pairs in dead individuals with genetic susceptibility to
MAFLD. Table $29. Temporal disease pairs in individuals with alcoholic
liver disease. Table $30. Temporal disease pairs in individuals with other
alcoholic liver diseases.

Acknowledgements

The authors appreciate the participants for their participation and contribu-
tion to this research in the UK Biobank study. This research has been con-
ducted using the UK Biobank resource under application number 71550.

Authors’ contributions

Dr.YJ, DL, YL2, and XL designed the research. Dr.YJ, DL, YL1,WJ, and YY
analyzed the data under the supervision of Dr. XL and RZ. Dr. YJ, DL, YL1, JY,
and WJ and wrote the first draft of the manuscript. Dr. JY, YL2, XL, QZ, and ZW
reviewed the manuscript and provided critical scientific input. Dr. YL2 and XL
had main responsibility for the final content of the manuscript. All authors
read and approved the final manuscript.

Funding

This work was supported financially by grants from Sichuan Science and
Technology Program (No. 2023YFS0027, 2023YFS0240, 2023YFS0074,
2023NSFSC1652, 2022YFS0279, 2021YFQ0062, 2022JDRC0O148), Sichuan
Provincial Health Commission (No. ZH2022-101), Sichuan University West
China Nursing Discipline Development Special Fund Project (No. HXHL20017,
HXHL20046, HXHL21016).

Availability of data and materials

Data and materials can be obtained at https://ukbiobank.dnanexus.com/
panx/projects. Codes of this study are shared at https://github.com/youyialex/
MAFLD.

Declarations

Ethics approval and consent to participate

Ethics approval of UK Biobank study was approved by NHS National Research
Ethics Service (16/NW/0274). The experimental protocols were established
according to the ethical guidelines of the Helsinki Declaration. Written
informed consent was obtained from individual or guardian participants. All
methods were carried out in accordance with guidelines and regulations
developed by UK Biobank. Data usage was approved by the Human Ethical
Committee of the West China Hospital of Sichuan University (2021-601).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Hospital, Sichuan University, Chengdu, Sichuan, China. *School of Computer
Science, Sichuan University, Chengdu, Sichuan, China. *Department of Cardiol-
ogy, West China Hospital, West China School of Medicine, Sichuan University,
Chengdu, Sichuan, China.

Received: 20 June 2023 Accepted: 13 September 2023
Published online: 20 October 2023

References

1.

2.

12.

Rinella ME, Sanyal AJ. NAFLD in 2014: Genetics, diagnostics and therapeu-
tic advances in NAFLD. Nat Rev Gastroenterol Hepatol. 2015;12:65-6.
Rinella ME. Nonalcoholic fatty liver disease: a systematic review. JAMA.
2015;313:2263-73.

Eslam M, Newsome PN, Sarin SK, Anstee QM, Targher G, Romero-Gomez
M, et al. A new definition for metabolic dysfunction-associated fatty

liver disease: An international expert consensus statement. J Hepatol.
2020;73:202-9.

Ballestri S, Mantovani A, Nascimbeni F, Lugari S, Lonardo A. Extra-hepatic
manifestations and complications of nonalcoholic fatty liver disease. Fut
Med Chem. 2019;11:2171-92.

Liu Z,Suo C, Shi O, Lin C, Zhao R, Yuan H, et al. The Health Impact of
MAFLD, a Novel Disease Cluster of NAFLD, is amplified by the integrated
effect of fatty liver disease-related genetic variants. Clin Gastroenterol
Hepatol. 2022;20:e855-75.

Chen S, Pang J, Huang R, Xue H, Chen X. Association of MAFLD with
end-stage kidney disease: a prospective study of 337,783 UK Biobank
participants. Hep Intl. 2023;17:595-605.

Davis TME. Diabetes and metabolic dysfunction-associated fatty liver
disease. Metabol: Clin Exp. 2021;123:154868.

Lee H, Lee YH, Kim SU, Kim HC. Metabolic dysfunction-associated fatty
liver disease and incident cardiovascular disease risk: a nationwide cohort
study. Clin Gastroenterol Hepatol. 2021;19:2138-2147.e2110.

Liu Z, Lin C,Suo C, Zhao R, Jin L, Zhang T, et al. Metabolic dysfunction-
associated fatty liver disease and the risk of 24 specific cancers. Metabol:
Clin Exp. 2022;127:154955.

Yu Q He R, Jiang H, Wu J, Xi Z, He K, et al. Association between metabolic
dysfunction-associated fatty liver disease and cognitive impairment. J
Clin Transl Hepatol. 2022;10:1034-41.

. Chen J,Dan L, Tu X, SunY, Deng M, Chen X, et al. Metabolic dysfunction-

associated fatty liver disease and liver function markers are associated
with Crohn's disease but not Ulcerative Colitis: a prospective cohort
study. Hep Intl. 2023;17:202-14.

Chun HS, Kim MN, Lee JS, Lee HW, Kim BK, Park JY, et al. Risk strati-
fication using sarcopenia status among subjects with metabolic
dysfunction-associated fatty liver disease. J Cachexia Sarcopenia Muscle.
2021;12:1168-78.

Jensen AB, Moseley PL, Oprea Tl, Ellesge SG, Eriksson R, Schmock H, et al.
Temporal disease trajectories condensed from population-wide registry
data covering 6.2 million patients. Nat Commun. 2014;5:4022.

Siggaard T, Reguant R, Jergensen IF, Haue AD, Lademann M, Aguayo-
Orozco A, et al. Disease trajectory browser for exploring temporal,
population-wide disease progression patterns in 7.2 million Danish
patients. Nat Commun. 2020;11:4952.

Yang H, Pawitan Y, He W, Eriksson L, Holowko N, Hall P, et al. Disease
trajectories and mortality among women diagnosed with breast cancer.
Breast Cancer Res. 2019;21:95.

Han X, Hou C, Yang H, Chen W, Ying Z, Hu Y, et al. Disease trajectories and
mortality among individuals diagnosed with depression: a community-
based cohort study in UK Biobank. Mol Psychiatry. 2021;26:6736-46.
Collins R. What makes UK Biobank special? Lancet (London, England).
2012;379:1173-4.

Fry A, Littlejohns TJ, Sudlow C, Doherty N, Adamska L, Sprosen T, et al.
Comparison of sociodemographic and health-related characteristics


https://ukbiobank.dnanexus.com/panx/projects
https://ukbiobank.dnanexus.com/panx/projects
https://github.com/youyialex/MAFLD
https://github.com/youyialex/MAFLD

Jia et al. BMC Medicine

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

(2023) 21:398

of UK Biobank participants with those of the general population. Am J
Epidemiol. 2017,186:1026-34.

Bedogni G, Bellentani S, Miglioli L, Masutti F, Passalacqua M, Castiglione
A, etal. The Fatty Liver Index: a simple and accurate predictor of hepatic
steatosis in the general population. BMC Gastroenterol. 2006;6:33.
Castellana M, Donghia R, Guerra V, Procino F, Lampignano L, Castellana
F, et al. Performance of fatty liver index in identifying non-alcoholic

fatty liver disease in population studies. A meta-analysis. J Clin Med.
2021;10(9):1877.

Angulo P, Hui JM, Marchesini G, Bugianesi E, George J, Farrell GC, et al. The
NAFLD fibrosis score: a noninvasive system that identifies liver fibrosis in
patients with NAFLD. Hepatology (Baltimore, MD). 2007;45:846-54.
Burns EM, Rigby E, Mamidanna R, Bottle A, Aylin P, Ziprin P, et al.
Systematic review of discharge coding accuracy. J Public Health (Oxf).
2012;34:138-48.

Bycroft C, Freeman C, Petkova D, Band G, Elliott LT, Sharp K, et al. The UK
Biobank resource with deep phenotyping and genomic data. Nature.
2018;562:203-9.

Mancina RM, Dongiovanni P, Petta S, Pingitore P, Meroni M, Rametta R,
et al. The MBOAT7-TMC4 Variant rs641738 increases risk of nonalcoholic
fatty liver disease in individuals of European descent. Gastroenterology.
2016;150:1219-1230.e1216.

Speliotes EK, Yerges-Armstrong LM, Wu J, Hernaez R, Kim LJ, Palmer CD,
et al. Genome-wide association analysis identifies variants associated
with nonalcoholic fatty liver disease that have distinct effects on meta-
bolic traits. PLoS Genet. 2011;7: €1001324.

Kozlitina J, Smagris E, Stender S, Nordestgaard BG, Zhou HH, Tybjaerg-
Hansen A, et al. Exome-wide association study identifies a TM6SF2 variant
that confers susceptibility to nonalcoholic fatty liver disease. Nat Genet.
2014;46:352-6.

Romeo S, Kozlitina J, Xing C, Pertsemlidis A, Cox D, Pennacchio LA, et al.
Genetic variation in PNPLA3 confers susceptibility to nonalcoholic fatty
liver disease. Nat Genet. 2008;40:1461-5.

Lonardo A, Nascimbeni F, Ballestri S, Fairweather D, Win S, Than TA,

et al. Sex differences in nonalcoholic fatty liver disease: state of the

art and identification of research gaps. Hepatology (Baltimore, MD).
2019;70:1457-69.

Cao G, YiT, Liu Q Wang M, Tang S. Alcohol consumption and risk of fatty
liver disease: a meta-analysis. Peer). 2016;4: €2633.

Wijarnpreecha K, Aby ES, Panjawatanan P, Lapumnuaypol K, Cheung-
pasitporn W, Lukens FJ, et al. Modest alcohol consumption and risk of
advanced liver fibrosis in nonalcoholic fatty liver disease: a systematic
review and meta-analysis. Ann Gastroenterol. 2021,34:568-74.

Oh H, Sohn W, Cho YK. The effects of moderate alcohol consumption on
non-alcoholic fatty liver disease. Clin Mol Hepatol. 2023;29:5261-5267.
Sanyal AJ, Van Natta ML, Clark J, Neuschwander-Tetri BA, Diehl A, Dasar-
athy S, et al. Prospective study of outcomes in adults with nonalcoholic
fatty liver disease. N Engl J Med. 2021;385:1559-69.

Simon TG, Roelstraete B, Hagstrom H, Sundstrém J, Ludvigsson JF. Non-
alcoholic fatty liver disease and incident major adverse cardiovascular
events: results from a nationwide histology cohort. Gut. 2022;71:1867-75.
Anstee QM, Targher G, Day CP. Progression of NAFLD to diabetes mel-
litus, cardiovascular disease or cirrhosis. Nat Rev Gastroenterol Hepatol.
2013;10:330-44.

Dietrich P, Hellerbrand C. Non-alcoholic fatty liver disease, obesity and the
metabolic syndrome. Best Pract Res Clin Gastroenterol. 2014,28:637-53.
Wattacheril J. Extrahepatic manifestations of nonalcoholic fatty liver
disease. Gastroenterol Clin North Am. 2020;49:141-9.

Liu L, Yin M, Gao J, Yu C, Lin J, Wu A, et al. Intestinal barrier function in the
pathogenesis of nonalcoholic fatty liver disease. J Clin Trans| Hepatol.
2023;11:452-8.

Behary J, Amorim N, Jiang XT, Raposo A, Gong L, McGovern E, et al. Gut
microbiota impact on the peripheral immune response in non-alcoholic
fatty liver disease related hepatocellular carcinoma. Nat Commun.
2021;12:187.

Wang F, Cen Z, Liu Z, Gan J, Zhang X, Cui Q, et al. High-fat diet-induced
fatty liver is associated with immunosuppressive response during sepsis
in mice. Oxid Med Cell Longev. 2021;2021:5833857.

Kaya E, Yilmaz Y. Metabolic-associated fatty liver disease (MAFLD): a multi-
systemic disease beyond the liver. J Clin Transl Hepatol. 2022;10:329-38.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

Page 13 of 13

Mori K, Tanaka M, Higashiura Y, Hanawa N, Ohnishi H, Furuhashi M.

High fatty liver index is an independent predictor of ischemic heart
disease during a 10-year period in a Japanese population. Hepatol Res.
2022;52:687-98.

Shea S, Lionis C, Kite C, Atkinson L, Chaggar SS, Randeva HS, et al. Non-
Alcoholic Fatty Liver Disease (NAFLD) and potential links to depression,
anxiety, and chronic stress. Biomedicines. 2021;9(11):1697.

Karaivazoglou K, Kalogeropoulou M, Assimakopoulos S, Triantos C. Psy-
chosocial issues in pediatric nonalcoholic fatty liver disease. Psychoso-
matics. 2019;60:10-7.

Hwang YC, Ahn HY, Park SW, Park CY. Nonalcoholic fatty liver disease asso-
ciates with increased overall mortality and death from cancer, cardiovas-
cular disease, and liver disease in women but not men. Clin Gastroenterol
Hepatol. 2018;16:1131-1137.e1135.

Duell PB, Welty FK, Miller M, Chait A, Hammond G, Ahmad Z, et al. Non-
alcoholic fatty liver disease and cardiovascular risk: a scientific statement
from the American Heart Association. Arterioscler Thromb Vasc Biol.
2022;42:2168-85.

Lin'Y, Gong X, Li X, Shao C, Wu T, Li M, et al. Distinct cause of death
profiles of hospitalized non-alcoholic fatty liver disease: a 10 years' cross-
sectional multicenter study in China. Front Med. 2020;7: 584396.

Lewis CM, Vassos E. Polygenic risk scores: from research tools to clinical
instruments. Genome medicine. 2020;12:44.

De Vincentis A, Tavaglione F, Jamialahmadi O, Picardi A, Antonelli Incalzi
R, Valenti L, et al. A polygenic risk score to refine risk stratification and
prediction for severe liver disease by clinical fibrosis scores. Clin Gastroen-
terol Hepatol. 2022;20:658-73.

Bianco C, Jamialahmadi O, Pelusi S, Baselli G, Dongiovanni P, Zanoni |,

et al. Non-invasive stratification of hepatocellular carcinoma risk in non-
alcoholic fatty liver using polygenic risk scores. J Hepatol. 2021;74:775-82.
Kawaguchi T, Tsutsumi T, Nakano D, Eslam M, George J, Torimura T.
MAFLD enhances clinical practice for liver disease in the Asia-Pacific
region. Clin Mol Hepatol. 2022;28:150-63.

Alharthi J, Gastaldelli A, Cua IH, Ghazinian H, Eslam M. Metabolic
dysfunction-associated fatty liver disease: a year in review. Curr Opin
Gastroenterol. 2022;38:251-60.

Eslam M, Ahmed A, Després JP, Jha V, Halford JCG, Wei Chieh JT, et al.
Incorporating fatty liver disease in multidisciplinary care and novel clini-
cal trial designs for patients with metabolic diseases. Lancet Gastroen-
terol Hepatol. 2021,6:743-53.

Chalasani N, Younossi Z, Lavine JE, Charlton M, Cusi K, Rinella M, et al. The
diagnosis and management of nonalcoholic fatty liver disease: Practice
guidance from the American Association for the Study of Liver Diseases.
Hepatology (Baltimore, MD). 2018,67:328-57.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Multi-system diseases and death trajectory of metabolic dysfunction-associated fatty liver disease: findings from the UK Biobank
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design and population
	Definition of MAFLD
	Advanced liver fibrosis assessment
	Diagnoses of medical conditions and death
	Genotyping
	Danish Disease Trajectory Browser
	Statistical analysis
	Trajectory analysis
	Subgroup and sensitivity analyses


	Results
	Baseline characteristics
	Medical conditions and causes of death related to MAFLD
	Temporal disease trajectories of MAFLD
	Disease trajectory of MAFLD leading to death
	Subgroup and sensitivity analyses
	Disease trajectories of genetic susceptibility to MAFLD
	External verification by Danish Disease Trajectories Browser

	Discussion
	Conclusions
	Anchor 28
	Acknowledgements
	References


