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Any cardiac event:   1.14 (1.03-1.26)

Hazard Ratios (with 95% confidence intervals)

All-cause mortality: 1.19 (1.02-1.38)

Increasing cT1 is associated with
an increased risk of developing:

Highlights Impact and implications
� Liver disease on cT1 MRI is associated with a high risk of
CVD events, CVD-related hospitalization, and all-
cause mortality.

� The association between liver disease on cT1 and CVD is
independent of liver function tests, fibrosis and meta-
bolic risk.

� Risk of CVD events is increased even in the early stages of
chronic liver disease.
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Chronic liver disease (CLD) is associated with a twofold greater
incidence of cardiovascular disease. Our work shows that early
liver disease on iron-corrected T1 mapping was associated
with a higher risk of major cardiovascular disease (14%), car-
diovascular disease hospitalisation (27%) and all-cause mor-
tality (19%). These findings highlight the prognostic relevance
of a comprehensive evaluation of liver health in populations at
risk of CVD and/or CLD, even in the absence of clinical mani-
festations or metabolic syndrome, when there is an opportunity
to modify/address risk factors and prevent disease progres-
sion. As such, they are relevant to patients, carers, clinicians,
and policymakers.
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Background & Aims: Chronic liver disease (CLD) is associated with increased cardiovascular disease (CVD) risk. We investigated
whether early signs of liver disease (measured by iron-corrected T1-mapping [cT1]) were associated with an increased risk of
major CVD events.
Methods: Liver disease activity (cT1) and fat (proton density fat fraction [PDFF]) were measured using LiverMultiScan® between
January 2016 and February 2020 in the UK Biobank imaging sub-study. Using multivariable Cox regression, we explored as-
sociations between liver cT1 (MRI) and primary CVD (coronary artery disease, atrial fibrillation [AF], embolism/vascular events,
heart failure [HF] and stroke), and CVD hospitalisation and all-cause mortality. Liver blood biomarkers, general metabolism bio-
markers, and demographics were also included. Subgroup analysis was conducted in those without metabolic syndrome (defined
as at least three of: a large waist, high triglycerides, low high-density lipoprotein cholesterol, increased systolic blood pressure, or
elevated haemoglobin A1c).
Results: A total of 33,616 participants (mean age 65 years, mean BMI 26 kg/m2, mean haemoglobin A1c 35 mmol/mol) had
complete MRI liver data with linked clinical outcomes (median time to major CVD event onset: 1.4 years [range: 0.002-5.1]; follow-
up: 2.5 years [range:1.1-5.2]). Liver disease activity (cT1), but not liver fat (PDFF), was associated with higher risk of any major CVD
event (hazard ratio 1.14; 95% CI 1.03–1.26; p = 0.008), AF (1.30; 1.12–1.51; p <0.001); HF (1.30; 1.09–1.56; p = 0.004); CVD
hospitalisation (1.27; 1.18-1.37; p <0.001) and all-cause mortality (1.19; 1.02–1.38; p = 0.026). FIB-4 index was associated with HF
(1.06; 1.01–1.10; p = 0.007). Risk of CVD hospitalisation was independently associated with cT1 in individuals without metabolic
syndrome (1.26; 1.13-1.4; p <0.001).
Conclusion: Liver disease activity, by cT1, was independently associated with a higher risk of incident CVD and all-cause
mortality, independent of pre-existing metabolic syndrome, liver fibrosis or fat.

© 2023 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
Over the past decade, the incidence of chronic liver disease
(CLD) related to non-alcoholic/metabolic dysfunction-associ-
ated fatty liver disease (NAFLD/MAFLD) has been increasing.
NAFLD, affecting 25% of the population globally, is now the
principal driver of cirrhosis, hepatocellular cancer and liver
transplantation.1,2 Multiple non-invasive biomarkers for both
early and late stage CLD have been associated with liver-
related outcomes3,4 and adopted in drug efficacy trials5–8

and clinical practice.9–11 However, cardiovascular disease
(CVD) is a leading cause of death in patients with NAFLD.12,13

Coronary artery disease (CAD), arrhythmias, and stroke are
more common in patients with CLD.14 Guideline recommen-
dations include CVD screening in CLD.10,15,16 However,
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specific risk score-based treatment algorithms are lacking,10

partly due to the unclear mechanisms behind the increased
CVD risk in patients with NAFLD, which could be inflamma-
tory,17 metabolic or immune-mediated. A recent electronic
health record study in over four million adults reported
increased BMI >−30, type 2 diabetes, hypertension, and
chronic kidney disease, all associated with CVD risk across a
range of liver diseases (NAFLD, alcohol-related liver disease,
viral and autoimmune hepatitis), as well as serum/plasma-
based markers of inflammation such as C-reactive protein.
However, abnormalities in conventional liver biochemistry
(e.g. bilirubin, alanine aminotransferase [ALT], aspartate
aminotransferase [AST] and gamma-glutamyltransferase
[GGT]), were not associated with CVD risk.14 Various
biochemistry-based risk scores have been incorporated into
iver disease.
23; available online xxx
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A UK Biobank study
clinical assessment, such as AST/ALT ratio (commonly used
to differentiate causes of liver damage), fibrosis-4 index (FIB-
4) (for initial screening for liver fibrosis)9,10,18,19 and NAFLD
fibrosis score; all these biomarkers predict liver-related out-
comes (such as cirrhosis, liver transplant and hepatocellular
carcinoma).20 These biomarkers are independent pre-
dictors,21 or associated22 with major adverse CVD events, but
have only been tested in populations with established liver
disease. Risk stratification for early, asymptomatic liver dis-
ease and CVD outcomes still requires further investigation.23

Quantitative medical imaging biomarkers have gathered
momentum in both CVD and CLD, as they are non-invasive,
allow for whole organ assessment and are inherently organ-
related. MRI-derived cardiac T1-mapping has been associ-
ated with cardiomyopathies (including diffuse fibrosis24 and
myocarditis25), resulting in inclusion in clinical guidelines.26 In
the liver, iron-corrected T1 mapping (cT1) is a marker of CLD
activity, which has been shown to correlate with parenchymal
ballooning, inflammation and fibrosis27 and has been associ-
ated with histological disease activity in steatohepatitis,28 and
in viral29 and autoimmune hepatitis.30 cT1 has been shown to
predict liver-related outcomes in CLD.4 cT1 has since been
recognised by gastroenterology and endocrinology guidelines
as a tool for the assessment of NAFLD.10,31 Recently, cT1 has
been used to elucidate mechanisms of liver inflammation,
namely clonal haematopoiesis.32 Proton density fat fraction
(PDFF) is a biomarker of liver fat that can stratify all grades of
liver steatosis; used clinically for patient screening and as a
clinical trial endpoint,7,9,33 but not reported to be associated
with clinical events.

The UK Biobank is a large-scale UK biomedical database
investigating development of disease, exploring both genetic
predisposition, and environmental exposure.34 We sought to
explore associations between the liver and cardiovascular
Fu

Non-fatal CVD events

Any CVD
n = 794
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585 (74%) of “Any CVD” 
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Fig. 1. Consort diagram. AF, atrial fibrillation; CAD, coronary artery disease; CVD,
ischemic cardiomyopathy; PDFF, proton density fat fraction; VTE, embolism/vascu
myocardial infarction.
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clinical outcomes using this resource. We investigated: i) as-
sociations between established non-invasive (blood and im-
aging) CLD biomarkers and CVD outcomes, ii) how these
associations related to CLD characteristics and iii) whether
associations with CVD events were independent from associ-
ated metabolic disease.

Patients and methods
The UK Biobank imaging sub-study is an ongoing investigation
to scan the brains, hearts, bones and abdomens of 100,000 of
the 502,506 UK Biobank participants.35 A retrospective anal-
ysis of all available data, acquired between January 2016 and
February 2020 was performed. UK Biobank has approval from
the Northwest Multi-Centre Research Ethics Committee
(MREC) and obtained written informed consent from all par-
ticipants prior to the study. Data were extracted under access
application 9914. Some of the authors (AR-F, RB, CM, and AD)
had access to all data through this application and take re-
sponsibility for the content of this manuscript. Patients and the
public were involved at every stage of the conception and
design of the UK Biobank. Patients with CLD contributed to this
article and the patient impact of this research.

Study population

Inclusion criteria were complete liver image-derived pheno-
types for liver fat (PDFF, %) and disease activity (cT1, milli-
seconds) from the abdominal imaging protocol. The CONSORT
diagram is shown in Fig. 1.

There were no exclusion criteria. Patient meta-data
including demographic information at the time of the scan
were available. Cardiometabolic risk factors and metabolic
blood biomarkers associated with CLD were collected at
baseline assessment.
UK Biobank
N = 502,506

ll sets of Liver MultiScan® data available
(cT1 + PDFF)

N = 33,616

CVD
hospitalization

n = 1,267

All-cause mortality
n = 236

cardiovascular disease; HF, heart failure; IHD, ischemic heart disease; NIC, non-
lar event (see Tables S1 and S2 for more details). +Includes 160 cases of acute
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Independent variables and outcomes

New-onset CVD events were the outcomes of interest; spe-
cifically CAD, atrial fibrillation (AF), embolism/vascular events
(VTE), heart failure (HF), and stroke. ICD-10 codes to define
events were agreed by consensus cardiologists (BR, SN, RB)
based on Bosco et al..36 Hospitalisation due to a primary car-
diovascular event and all-cause mortality were also recorded.
To ensure capture of the most severe events they were defined
as first event for each patient following their UK Biobank im-
aging visit (Table S1). Inpatients were defined as individuals
admitted to hospital and occupying a hospital bed, including
both admissions where an overnight stay was planned and day
cases. Liver events were defined as ascites, variceal bleeding,
hepatic encephalopathy, hepatocellular carcinoma and liver
transplantation4 following ICD-10 codes.

Liver measurements derived from the LiverMultiScan®

software and standard liver function tests (AST/ALT ratio, ALT,
AST, and FIB-4 index [(Age*AST)/(platelet count*sqrt(ALT)])
were assessed as predictors of CVD events. Additional blood
biomarkers (high-density lipoprotein, low-density lipoprotein,
haemoglobin A1c [HbA1C], triglycerides, total cholesterol, and
C-reactive protein) were also evaluated. Previously reported
risk factors which included being male, age, BMI, systolic blood
pressure and smoking, were also explored.37,38
Imaging protocol and analysis

Participants were scanned at one of four UK Biobank imaging
centres on Siemens Aera 1.5 T scanners (Syngo MR D13) using
the LiverMultiScan® protocol from Perspectum Ltd (UK) which
forms part of the UK Biobank abdominal imaging protocol.
Liver MRI data was analysed automatically using Liver-
MultiScan® software, and every case was manually reviewed
by trained analysts, blinded to any subject variables.
Statistical analysis

Statistical analysis was performed using R software (version
4.0.4) with a p value <0.05 considered statistically significant.
Descriptive statistics were used to summarize baseline char-
acteristics. Mean and SD were used to describe normally
distributed-continuous variables, median (IQR) for non-
normally distributed, and frequency and percentage for cate-
gorical variables. For group-wise comparisons of continuous
parametric and non-parametric, and categorical variables, t
test, Wilcoxon rank sum and Fisher’s exact tests, respectively,
were used.

Analyses into associations between CVD events (CAD, AF,
VTE, HF, stroke, hospitalisation, and all-cause mortality) and
imaging and blood biomarkers, comorbidities, and de-
mographics were by Cox proportional hazard regression anal-
ysis. Initially, a univariate analysis was performed to study the
contribution of an individual variable on the occurrence of each
specific clinical event. Significant variables were included in a
multivariable Cox proportional hazard regression model to
assess which variables were independent predictors of CVD.
This process was performed: i) with all biomarkers treated as
continuous variables following transformation into Z-scores, ii)
using pre-defined clinically used thresholds, and iii) in in-
dividuals without comorbid metabolic syndrome. Sensitivity
analyses were performed in: i) individuals without prior history
Journal of Hepatology, -
of CVD, ii) individuals without prior history of CLD, iii) all male
individuals, and iv) using Z-scores based on imputed blood
biomarker values. This imputation to individual values was
corrected for the difference in time of collection for blood and
imaging data by addition of an “annualised change” calculated
from a subset with paired blood data (Table S3). A clinical
threshold cT1 value of >−800 ms was used, as it is considered
the upper limit of normal and is the recommended threshold to
identify those in transition from simple steatosis to non-
alcoholic steatohepatitis (NASH),28 to predict failure to main-
tain remission in autoimmune hepatitis39 and to identify those
with mild fibrosis in a mixed CLD40,41 cohort. Metabolic syn-
drome was defined as having three or more of: a large waist
(>−89 cm waist circumference in women and >−102 cm in men),
high triglycerides (>−1.7 mmol/L), low high-density lipoprotein
cholesterol (<1.04 mmol/L in men and <1.3 mmol/L in women),
increased systolic blood pressure (>−130/85 mmHg) or elevated
HbA1c (>−32 mmol/mol).42

Results
Data from 41,994 participants were extracted from the UK
Biobank imaging showcase, with full liver imaging and
biochemistry measurements available for 33,616. In the time
following the MRI scan, 794 participants (2.4%) experienced a
CVD event requiring hospitalisation. Looking at the specific
CVD categories, 409 participants experienced CAD events
(including 160 acute myocardial infarctions), 352 AF events, 77
VTE events, 142 HF events and 157 stroke events. In addition,
1,267 individuals required hospitalisation due to any CVD event
and 236 individuals died (Fig. 1).

Median time to event was 1.4 years (0.002–5.1) and median
follow-up time was 2.5 (1.1- 5.2) years based on imaging, and
10.6 (5.7–14.6) years based on blood data collection.
Comparing those with and without any major CVD post-MRI,
participants experiencing events were older (p <0.001), had
higher BMI (p <0.001) and were more likely to be male (64%, p
<0.001). Participant characteristics for the whole population
and relevant subgroups are reported in Table 1. Associations
between the liver biomarkers investigated are shown
in Table S4.

Association between CVD and biomarkers
(continuous variables)

Elevation in liver cT1 was associated with higher risk of all CVD
events investigated and all-cause mortality, in all cases inde-
pendently of other liver biomarkers, including FIB-4 and AST/
ALT ratio (Table 2). FIB-4 was selected over NAFLD fibrosis
score to avoid collinearity effects (univariable results for NAFLD
fibrosis score are provided in Table S5). Smoking and alcohol
intake were not significant in univariable analyses and there-
fore, were not included in multivariable models (characteristics
of the population with any major CVD events are provided in
Table S6). All conclusions were maintained when blood values
were corrected by imputation to account for the time interval
between imaging and blood data collection (Table S7).

Cases where liver IDPs were not significantly associated
with clinical outcomes (VTE, stroke, myocardial infarction, and
CAD) are described in Table S8. Increasing liver cT1 was
associated with a higher risk of any CVD outcomes (hazard
ratio [HR] 1.14; 95% CI 1.03-1.26; p = 0.008) alongside waist
-- 2023. vol. - j 1–11 3



Table 1. Demographics, baseline characteristics and clinical outcomes in the whole cohort and according to liver cT1.

N Whole cohort
(N = 33,616)

cT1 <800 ms
(n = 31,840)

cT1 >−800 ms
(n = 1,776)

p value cT1 <800 ms
vs. cT1 >−800 ms

Demographics
Age [mean (SD)] 33,616 64.2 (7.6) 64.3 (7.6) 63.7 (7.6) 0.001
Sex (Male) [n (%)] 33,616 15,938 (47%) 14,908 (47%) 1,030 (58%) <0.001
Race (White British) [n (%)] 33,606 30,571 (91%) 28,956 (91%) 1,615 (91%) >0.9
Smoking [n (%)] 33,615 1,066 (3%) 993 (3%) 73 (4%) 0.025
Alcohol intake frequency 33,608
More than once a week 25,704 (76.5%) 24,550 (77.1%) 1,154 (65%) <0.001
Less than once a week 6,343 (18.9%) 5,852 (18.4%) 491 (27.6%) <0.001
Never 1,551 (4.6%) 1,421 (4.5) 130 (7.4%) <0.001

Metabolic comorbidities
BMI at MRI [mean (SD)] 33,614 26.4 (4.2) 26.1 (4.0) 31.4 (5.1) <0.001
Categories [n (%)] 33,614 <0.001
Lean (BMI <25 kg/m2) 13,956 (42%) 13,819 (43%) 137 (7.7%)
Overweight (BMI >−25-<30 kg/m2) 13,841 (41%) 13,233 (42%) 608 (34%)
Obese (BMI >−30 kg/m2) 5,817 (17%) 4,786 (15%) 1,031 (58%)

SBP, mmHg [mean (SD)] 31,340 13719 13619 14018 <0.001
Categories [n (%)] 31,340 <0.001
SBP <−130 mmHg 12,546 (40%) 12,048 (41%) 498 (30%)
SBP >130 mmHg 18,794 (60%) 17,621 (59%) 1,173 (70%)

HbA1c, mmol/mol [mean (SD)] 31,216 35.0 (5.2) 34.9 (5.1) 37.4 (7.1) <0.001
Categories [n (%)] 31,216 <0.001
<−42 mmol/mol 29,830 (96%) 28,395 (96%) 1,435 (87%)
42 mmol & <48 mmol/mol 805 (2.6%) 688 (2.3%) 117 (7.1%)
>−48 mmol/mol 581 (1.9%) 484 (1.6%) 97 (5.9%)

LDL, mmol/L [mean (SD)] 31,393 3.58 (0.83) 3.58 (0.83) 3.59 (0.89) 0.8
Categories [n (%)] 31,393 0.006
<−4.1 mmol/L 23,333 (74%) 22,146 (74%) 1,187 (71%)
>4.1 mmol/L 8,060 (26%) 7,586 (26%) 474 (29%)

HDL, mmol/L [mean (SD)] 28,725 1.48 (0.38) 1.49 (0.38) 1.23 (0.29) <0.001
Categories [n (%)] 28,725 <0.001
>−1.04 mmol/L [men] & 1.3 mmol/L [women] 23,449 (82%) 22,544 (83%) 905 (59%)
<1.04 mmol/L [men] & 1.3 mmol/L [women] 5,276 (18%) 4,638 (17%) 638 (41%)

Triglycerides [mean (SD)] 31,440 1.64 (0.95) 1.60 (0.92) 2.24 (1.18) <0.001
Categories [n (%)] 31,440 <0.001
<−1.7 mmol/L 20,301 (65%) 19,664 (66%) 627 (38%)
>1.7 mmol/L 11,139 (35%) 10,115 (34%) 1,034 (62%)

Total cholesterol, mmol/L [mean (SD)] 31,462 5.73 (1.08) 5.74 (1.08) 5.60 (1.17) <0.001
Categories [n (%)] 31,462 <0.001
<−5.2 mmol/L 10,077 (32%) 9,440 (32%) 637 (38%)
>5.2 mmol/L 21,385 (68%) 20,356 (68%) 1,029 (62%)

Any previous major CVD event [n (%)] 33,610 4,111 (12%) 3,782 (12%) 329 (19%) <0.001
Any previous major CLD event [n (%)] 33,615 1,162 (3.5%) 1,020 (3.2%) 142 (12.1%) <0.001
Metabolic syndrome [n (%)] 25,440 8,877 (35%) 7,906 (33%) 971 (70%) <0.001

Liver biomarkers
ALT [mean (SD)] 31,458 23 (14) 22 (13) 33 (20) <0.001
Categories [n (%)] 31,458 <0.001
<−45 U/L 30,299 (96%) 28,877 (97%) 1,422 (85%)
>45 U/L 1,159 (3.7%) 917 (3.1%) 242 (15%)

AST [mean (SD)] 31,333 26 (10) 25 (9) 29 (12) <0.001
Categories [n (%)] 31,333 <0.001
<−40 U/L 30,080 (96%) 28,607 (96%) 1,473 (89%)
>40 U/L 1,253 (4.0%) 1,070 (3.6%) 183 (11%)

FIB-4 [mean (SD)] 30,564 1.3 (0.58) 1.3 (0.59) 1.2 (0.53) <0.001
Categories [n (%)] 30,564 <0.001
FIB-4 <1.3 17,962 (59%) 16,875 (53%) 1,087 (61%)
FIB-4 >−1.3 & <2.67 12,107 (40%) 11,597 (40%) 510 (31%)
FIB-4 >−2.67 495 (2%) 472 (1.6%) 23 (1.4%)

cT1, ms [mean (SD)] 33,616 700 (55) 693 (44) 840 (38) <0.001
Categories [n (%)] 33,616 —

<800 ms 31,840 (95%) — —

>−800 ms 1,776 (5.3%) — —

PDFF (%) [mean (SD)] 33,616 4.9 (4.7) 4.3 (3.6) 15.9 (8.3) <0.001
Categories [n (%)] 33,616 <0.001
<5% 24,503 (73%) 24,269 (76%) 234 (13%)
>−5% 9,113 (27%) 7,571 (24%) 1,542 (87%)

(continued on next page)
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Table 1. (continued)

N Whole cohort
(N = 33,616)

cT1 <800 ms
(n = 31,840)

cT1 >−800 ms
(n = 1,776)

p value cT1 <800 ms
vs. cT1 >−800 ms

Cardiac biomarkers
CRP (mg/ml) [mean (SD)] 31,387 2.01 (3.48) 1.93 (3.41) 3.51 (4.25) <0.001
Categories [n (%)] 31,387 <0.001
<−10 mg/L 30,586 (97%) 29,038 (98%) 1,548 (93%)
>10 mg/L 801 (2.6%) 690 (2.3%) 111 (6.7%)

New-onset outcomes [n (%)]
Any CVD event 29,499 794 (2.7%) 734 (2.6%) 60 (4.1%) <0.001
CAD 31,582 409 (1.3%) 380 (1.3%) 29 (1.8%) 0.066
MI 32,781 160 (0.5%) 147 (0.5%) 13 (0.8%) 0.094
AF 32,536 352 (1.1%) 321 (1.0%) 31 (1.8%) 0.002
VTE 32,787 77 (0.2%) 73 (0.2%) 4 (0.2%) >0.9
HF 33,411 142 (0.4%) 128 (0.4%) 14 (0.8%) 0.013
Stroke 32,936 157 (0.5%) 146 (0.5%) 11 (0.6%) 0.3
CVD hospitalisation 33,610 1,267 (3.8%) 1,145 (3.6%) 122 (6.9%) <0.001
All-cause mortality 33,610 236 (0.7%) 210 (0.7%) 26 (1.5%) <0.001
Liver-related events 32,453 318 (0.9%) 280 (0.9%) 38 (2%) <0.001

AF, atrial fibrillation; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAD, coronary artery disease; CRP, c-reactive protein; cT1, iron-corrected T1 relaxation time;
CVD, cardiovascular disease; HbA1C, glycated haemoglobin; HDL, high-density lipoprotein; HF, heart failure; LDL, low-density lipoprotein; MI, myocardial infarction; PDFF, proton
density fat fraction; VTE, embolism/vascular event.
Age was at MRI visit; bloods were taken at baseline visit. Group-wise comparisons of continuous parametric and non-parametric, and categorical variables was performed with t
test, Wilcoxon rank sum and Fisher’s exact tests, respectively, with a p value <0.05 considered statistically significant.
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circumference (p = 0.003), systolic blood pressure (SBP) (p =
0.017), age (p <0.001) and male sex (p <0.001) (Table 2, Fig. 2).
These effects persisted even without prior history of CVD or
CLD, or in all males (Tables S9-11). Associations with specific
CVD are described in Table 2 and Table S8).

Atrial fibrillation

AF was significantly associated with increasing liver cT1 (HR
1.30; 95% CI 1.12-1.51; p <0.001), age (p <0.001) and male sex
(p <0.001). Characteristics of those with AF events are provided
in Table S12. Effects were maintained regardless of sex or prior
history of CVD/CLD (Tables S9-11).

Heart failure

HF was associated with increasing liver cT1 (HR 1.30; 95% CI
1.09-1.56; p = 0.004) alongside waist circumference (p = 0.005),
FIB-4 (p = 0.007) and age (p <0.001), while total cholesterol was
negatively associated (p = 0.017). Characteristics of those with
HF are provided in Table S13. These effects were consistent,
regardless of prior history of CLD events, or sex
(Tables S10-11).

Hospitalisation due to cardiovascular events

Higher risk of hospitalisation from CVD causes was associated
with increasing liver cT1 (HR 1.27; 95% CI 1.18-1.37; p <0.001)
and higher HbA1c (HR 1.06; 95% CI 1.01-1.12; p = 0.011), as
well as waist circumference (p = 0.001), SBP (p = 0.004), age (p
<0.001) and male sex (p <0.001). Characteristics of those
hospitalised due to CVD events are provided in Table S14.
These effects were consistent, regardless of prior history of
CVD or CLD events, or sex (Tables S9-11).

All-cause mortality

Higher liver cT1 (HR 1.19; 95% CI 1.02-1.38; p = 0.026), and
age (p <0.001) were significantly associated with all-cause
mortality. Characteristics of deceased individuals after MRI
Journal of Hepatology, -
scan are provided in Table S15. Effects were maintained
regardless of prior history of CLD (Tables S10-11).

Association between CVD outcomes and biomarkers with
clinical thresholds

Associations with CVD were assessed using validated clinical
biomarker thresholds and demographic categories. The cT1
threshold was >−800 ms as this is considered the upper limit of
normal and the recommended threshold to identify those in
transition from simple steatosis to NASH.28 The threshold for
elevated liver fat was PDFF >−5% and for elevated fibrosis was
FIB-4 index >1.3 and >−2.67 (based on established guide-
lines,11,28,33,43 respectively).

A total of 1,776 individuals had cT1 >−800 ms (Table 1); of
whom 70% had metabolic syndrome and 87% clinically sig-
nificant liver steatosis (PDFF >−5%). Participants with cT1
>−800 ms experienced a twofold higher prevalence of cardio-
vascular events (n = 122, 7%) compared to those with cT1
<800 ms (n = 1,145, 4%).

In the multivariable models, cT1 >−800 ms was significantly
associated with the risk of hospitalisation due to CVD (HR 1.38;
95% CI 1.11-1.75; p = 0.005). Other liver biomarkers were not:
PDFF >−5% (p = 0.5), ALT >45 U/L in the presence of diabetes
and >50 U/L the absence of diabetes (p = 0.64); AST >40 U/L
(p = 0.43); AST/ALT ratio (p = 0.87) and FIB-4 (>−1.3 <2.67, p =
0.69; >−2.67 points, p = 0.87). Other exposures associated with
CVD hospitalisation were BMI >−25 kg/m2 (p = 0.016) or BMI
>−30 kg/m2 (p <0.001), diabetes (HbA1c >−48 mmol/mol) (p =
0.028), older age (p <0.001) and male sex (p <0.001). Other
known CVD risk factors such as total cholesterol >−5.2 mmol/L
(p = 0.275) and hypertension (p = 0.065) were not significantly
associated with CVD hospitalisation in this subgroup (Fig. 3).

CVD hospitalisation risk in individuals without
metabolic disease

In this group of 16,563 individuals, characterised by lower age
(mean 64 (7.6) years, p <0.001), lower BMI (mean 25 (3.8) kg/
-- 2023. vol. - j 1–11 5



Table 2. Multivariate analysis Cox proportional HRs with 95% CIs of car-
diovascular outcomes, based on Z-scores to enable comparisons across
different unit scales.

Outcome HR p value

cT1 (ms)
CVD hospitalisation 1.27 (1.18–1.37) <0.001
Atrial fibrillation 1.3 (1.12–1.51) <0.001
Heart failure 1.3 (1.08–1.58) 0.004
All-cause mortality 1.19 (1.02–1.38) 0.026
Any CVD event 1.14 (1.03–1.26) 0.008

PDFF (%)
CVD hospitalisation 0.87 (0.8–0.95) 0.001
Atrial fibrillation 0.91 (0.78–1.05) 0.229
Heart failure n.s. n.s.
All-cause mortality n.s. n.s.
Any CVD event 0.96 (0.87–1.06) 0.402

BMI (kg/m2)
CVD hospitalisation 1.05 (0.95–1.16) 0.309
Atrial fibrillation 1.14 (0.94–1.38) 0.167
Heart failure 0.87 (0.65–1.17) 0.267
All-cause mortality 1.03 (0.81–1.29) 0.825
Any CVD event 1.05 (0.92–1.19) 0.47

HbA1c (mmol/mol)
CVD hospitalisation 1.06 (1.01–1.12) 0.011
Atrial fibrillation 0.96 (0.86–1.08) 0.554
Heart failure 1.1 (0.97–1.25) 0.086
All-cause mortality 1.06 (0.94–1.2) 0.326
Any CVD event 1.04 (0.97–1.12) 0.211

Waist circumference (cm)
CVD hospitalisation 1.19 (1.07–1.33) 0.001
Atrial fibrillation 1.17 (0.95–1.45) 0.107
Heart failure 1.43 (1.07–1.92) 0.005
All-cause mortality 1.18 (0.92–1.53) 0.182
Any CVD event 1.22 (1.06–1.4) 0.003

Total cholesterol
CVD hospitalisation 0.94 (0.89–1.01) 0.079
Atrial fibrillation 0.94 (0.83–1.06) 0.28
Heart failure 0.81 (0.67–0.98) 0.017
All-cause mortality n.s. n.s.
Any CVD event n.s. n.s.

AST
CVD hospitalisation 1.02 (0.91–1.15) 0.616
Atrial fibrillation 0.89 (0.68–1.16) 0.347
Heart failure 0.92 (0.73–1.16) 0.483
All-cause mortality 0.98 (0.82–1.19) 0.825
Any CVD event 0.94 (0.77–1.15) 0.544

ALT
CVD hospitalisation 0.99 (0.87–1.13) 0.87
Atrial fibrillation 1.03 (0.83–1.28) 0.788
Heart failure n.s. n.s.
All-cause mortality n.s. n.s.
Any CVD event 1.03 (0.85–1.24) 0.779

AST/ALT ratio
CVD hospitalisation 1.01 (0.91–1.12) 0.782
Atrial fibrillation n.s. n.s.
Heart failure n.s. n.s.
All-cause mortality n.s. n.s.
Any CVD event 0.99 (0.86–1.14) 0.882

C-reactive protein
CVD hospitalisation 1.02 (0.96–1.08) 0.419
Atrial fibrillation 0.99 (0.88–1.11) 0.76
Heart failure 1.1 (0.97–1.23) 0.136
All-cause mortality n.s. n.s.
Any CVD event 1.03 (0.96–1.11) 0.358

FIB-4
CVD hospitalisation 0.97 (0.9–1.06) 0.438
Atrial fibrillation 1.01 (0.9–1.14) 0.783
Heart failure 1.06 (1.01–1.10) 0.007
All-cause mortality 0.96 (0.8–1.15) 0.56
Any CVD event 0.99 (0.9–1.09) 0.788

(continued)

Table 2. (continued)

Outcome HR p value

Systolic blood pressure
CVD hospitalisation 1.1 (1.03–1.17) 0.004
Atrial fibrillation 1.04 (0.92–1.17) 0.573
Heart failure 1.08 (0.89–1.3) 0.432
All-cause mortality 0.94 (0.81–1.1) 0.432
Any CVD event 1.1 (1.02–1.2) 0.017

Age at MRI
CVD hospitalisation 1.58 (1.46–1.71) <0.001
Atrial fibrillation 1.95 (1.67–2.27) <0.001
Heart failure 2.04 (1.61–2.59) <0.001
All-cause mortality 2.09 (1.72–2.54) <0.001
Any CVD event 1.69 (1.53–1.86) <0.001

Sex (male)
CVD hospitalisation 1.65 (1.39–1.95) <0.001
Atrial fibrillation 1.79 (1.29–2.48) <0.001
Heart failure 1.46 (0.89–2.4) 0.125
All-cause mortality 1.33 (0.92–1.95) 0.096
Any CVD event 1.62 (1.31–1.99) <0.001

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, c-reactive pro-
tein; cT1, iron-corrected T1 relaxation time; CVD, cardiovascular disease; HbA1c, gly-
cated haemoglobin; HR, hazard ratio; PDFF, proton density fat fraction.
This table shows only HR from multivariable models, variables with “ns” were not
included in these models. Multivariable Cox regression analysis with a p value <0.05
considered statistically significant. n.s., variables not significant in the univariate anal-
ysis that were not included in the multivariate analysis.
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m2, p <0.001) and lower prevalence of clinically significant
liver fat (17%, p <0.001), liver cT1 was associated with CVD
hospitalisation (HR 1.26; 95% CI 1.13-1.4; p <0.001). No other
liver biomarkers showed any associations. These effects
persisted regardless of prior history of CVD or CLD events, or
sex (Tables S9-11). Age and male sex were associated with all
CVD events, SBP with any major CVD event and HbA1c with
CVD hospitalisations (Table S16). All-cause mortality was
associated with age only.
Discussion
In this large-scale, longitudinal study of CVD incidence in a
mainly healthy older population, we have identified specific
associations between individual liver biomarkers and CVD.
We found that, firstly, elevation of liver cT1, a liver-specific
marker of disease activity, was associated with increased
risk of new onset CVD, and specifically AF, HF, CVD hos-
pitalisation and all-cause mortality. In contrast, the
commonly used liver risk score FIB-4 had less predictive
value, being associated with HF only, while the AST/ALT
ratio was not predictive of any adverse events. Secondly, we
identified that for clinical events of higher prevalence (such
as CVD hospitalisation), only cT1 at or above the clinically
defined threshold that is used to diagnose CLD activity
remained associated; non-invasive blood screening tests for
liver fibrosis were not. Thirdly, in those with pre-existing
metabolic syndrome, the independent association between
elevated cT1 and increased incident CVD hospitalisation
remained, indicating that the association between CLD ac-
tivity is independent of traditional cardiovascular risk factors
such as obesity, hypertension, and type 2 diabetes. These
conclusions remained when prior history of CVD or liver
disease were excluded, highlighting the prognostic relevance
of a comprehensive evaluation of liver health in populations
at risk of CVD and/or CLD, even in the absence of clinical
-- 2023. vol. - j 1–11



cT1

Liver fat

BMI

HbA1c

Waist circumference

ALT

AST

AST/ALT ratio

C−reactive protein (CRP)

FIB-4

Systolic blood pressure

Age

Sex (male)

1.14 (1.03-1.26)

0.96 (0.87-1.06)

1.05 (0.92-1.19)

1.04 (0.97-1.12)

1.22 (1.06-1.4)

1.03 (0.85-1.24)

0.94 (0.77-1.15)

0.99 (0.86-1.14)

1.03 (0.96-1.11)

0.99 (0.9-1.09)

1.1 (1.02-1.2)

1.69 (1.53-1.86)

1.62 (1.31-1.99)

0.8 1.0 1.2 1.4 1.6 1.8 2.0

HR (CI)

Fig. 2. Multivariable model HRs of associations for risk of any major CVD event in the whole cohort. Variables treated as continuous based on Z-scores to enable
comparisons across different unit scales. Significant associations shown in red. Multivariable cox regression analysis was used with a p value <0.05 considered
statistically significant. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; cT1, iron-corrected T1 relaxation time; FIB-4,
fibrosis-4; HbA1c, glycated haemoglobin; HR, hazard ratio.
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Fig. 3. HRs of associations for risk of CVD hospitalisation in the whole cohort. Variables treated as binary based on pre-specified clinical thresholds. 95% CI for
age effect is too small to be appreciated in the plot. Significant associations shown in red. Multivariable cox regression analysis was used with a p value <0.05
considered statistically significant. ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; cT1, iron-corrected T1 relaxation time;
FIB-4, fibrosis-4; HbA1c, glycated haemoglobin; HR, hazard ratio.
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manifestations or metabolic syndrome, when there is an
opportunity to modify/address risk factors and prevent dis-
ease progression. Given the recognition of T1 mapping in
clinical guidelines for cardiac health as well as liver health,
there may be an opportunity for quantitative imaging-based
measurements to play a key role in shared car-
diometabolic pathways.

Prior studies have observed liver-related clinical events in
NAFLD linked to the stage/severity of fibrosis, as measured
from the blood-based enhanced liver fibrosis test44 or using
other imaging techniques, e.g. liver stiffness by magnetic
resonance elastography45 or transient elastography from ul-
trasound. Using the current MR-based technique, cT1 has
also been associated with all-cause mortality and event-free
survival in patients with CLD.4 Whilst prognostic (fibrosis-
based) assessment of risk in those with CLD may be of use in
the liver clinic, it may be argued that this is late in the disease
course. Measurements of liver health that allow for risk
stratification across the spectrum of disease stages have the
potential to be transformative in terms of personalised care.
Our results showed a robust link between evidence of
measurable CLD activity change from cT1 and a variety of
cardiovascular events, and validate associations observed
between cT1 and MR features of cardiac structure and
function in this UK general population cohort46 that reflect
common pathophysiological drivers and disease mechanisms
associated with ageing and obesity.47 Of clinical relevance is
the link between cT1 >−800 ms and hospitalisation for CVD.
Previous literature has reported that cT1 >−800 ms has
excellent diagnostic accuracy for identifying patients with
early-stage fibrosis (vs. no fibrosis) in a cohort of patients
with CLD,40 and those with NAFLD (vs. healthy) in a fatty liver
disease cohort.28 Distinguishing patients with clinically
significant steatohepatitis (at an early and modifiable stage)
from those with more benign simple steatosis is a clin-
ical opportunity.

Significantly, another defining feature of NAFLD, the
accumulation of liver fat (steatosis), although univariately
associated with various CVD outcomes, was not indepen-
dently associated with any of the clinical outcomes in multi-
variable analyses. On one occasion, lower PDFF appeared to
be significantly associated with CVD hospitalisation, which,
given the linear relationship observed when included as a
univariate analysis, suggests multicollinearity observed be-
tween PDFF and other variables. It should be noted, however,
that lower PDFF is a common feature of advanced CLD and
cirrhosis and therefore is not a biomarker that can reliably be
used for risk stratification. There was also no association
between the blood-based algorithm for cirrhosis risk, the
AST/ALT ratio, and CVD outcomes, and the FIB-4 index was
only observed to be associated with higher incidence of HF in
our analysis. Advanced fibrosis by MR elastography has been
associated with elevated coronary artery calcium, a biomarker
of atherosclerosis, in a small cohort of patients with type 2
diabetes.48 While previous work in the Rotterdam general
population cohort study has shown that liver fibrosis, evalu-
ated by transient elastography, has been associated with a
prevalence of AF of 7%, no association between incident AF
and fibrosis was described49 and no independent association
with FIB-4 was observed in a CAD cohort.50 This, together
8 Journal of Hepatology, -
with our findings, suggests that the association between CVD
risk in the general population and liver health is likely related
to underlying disease activity and not to fibrosis, thus sup-
porting previous hypotheses of underlying mechanisms
related to tissue inflammation and metabolic processes.

Whilst there are no approved therapeutic agents yet in
NAFLD, agents such as semaglutide and other glucagon-like
peptide-1 receptor agonists have been incorporated into
clinical guidelines in those with type 2 diabetes as a treat-
ment for NASH, the aggressive form of NAFLD.10,51 In
addition, tirzepatide (a dual glucose-dependent insulino-
tropic polypeptide/glucagon-like peptide-1 agonist), which
has been approved for weight loss in those with type 2
diabetes, has also recently been shown to achieve mean-
ingful and sustained weight reduction in non-diabetic obese
patients,52 and reductions in liver fat.53 These positive ef-
fects on metabolic health may also improve liver-related
health, thus potentially having a profound modifiable effect
on CVD risk. Markers for early-stage liver disease, such as
cT1, may be considered as non-invasive alternatives to bi-
opsy to monitor response and personalise treatments. cT1
has already been shown to be an effective pharmaco-
dynamic biomarker in NASH trials,7,8 and being inherently
non-invasive, is an attractive tool for assessing early
response in drug development. The current results showing
a robust link to clinical outcomes, coupled with response to
therapy, are suggestive of a place for cT1 in future NASH
trials as a surrogate endpoint.

Many CVD risk scores exist, including the QRISK score,
Framingham score and ASCVD score, which are already
employed clinically. However, considering these results, and
the momentum towards appreciating multi-system disease
and multi-speciality care, our results highlight an opportunity
to improve on these risk scores by incorporating the degree of
liver-related disease activity. In relation to the FIB-4 index,
whilst we did not observe a robust association with CVD risk,
it should be acknowledged that the currently adopted
thresholds to rule out or rule in significant liver fibrosis are
designed for patients being specifically evaluated for CLD10,54

and may be inappropriate in ‘healthier’ populations55 where
CLD is underdiagnosed or at an earlier, potentially more
modifiable, stage.56 Of course, the fact that we did not
observe an association with the FIB-4 index is being attrib-
uted to the likely absence of fibrosis, but a notable limitation
of the UK Biobank imaging study is that there is a delay of
approximately 10 years between the blood tests and imaging,
which may prevent meaningful interpretation of blood test
results, although correction for this by imputation of annual-
ised change did not alter our main findings. Other notable
limitations are the lack of confirmatory biopsy, although in
following the guiding medical principal of primum non nocere
this is not surprising in a study of the general population. The
study cohort was also homogenous with a predominant white
ethnicity and was slightly older compared to the whole UK
Biobank cohort but had no clinically significant differences in
the mean BMI or proportion of males. Low numbers in this
imaging cohort or collinearity effects may have prevented full
investigation of known CVD risk factors, such as smoking,
cholesterol, BMI, or diabetes. Our analyses had short duration
of follow-up for imaging and relied on ICD-10 codes for
-- 2023. vol. - j 1–11
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outcome collection. Despite these limitations, the results of
our study reinforce the utility of cT1 in evaluating car-
diometabolic risk in patients, highlighting cT1 as a prognostic
non-invasive imaging biomarker that can stratify patients
for therapy.
Journal of Hepatology, -
In a population-based study we observed CVD events in 4%
of people which were independently associated with evidence
of CLD. These results suggest the MRI-derived biomarker cT1
has a promising role to play in risk stratification of those at
greatest risk of CVD morbidity and mortality.
Affiliations

1Perspectum Ltd., Oxford, United Kingdom; 2Oxford University Hospitals Foundat
ion Trust, Oxford, United Kingdom; 3Division of Gastroenterology, Hepatology, and
Nutrition, Virginia Commonwealth University School of Medicine, Richmond, VA, United States; 4Division of Cardiovascular Medicine, Radcliffe Department of Medicine,
University of Oxford, United Kingdom; 5Big Data Institute, Li Ka Shing Centre for Health Information and Discovery, Nuffield Department of Population Health, University
of Oxford, Oxford, UK; 6William Harvey Research Institute, NIHR Barts Biomedical Research Centre, Queen Mary University London, Charterhouse Square, London,
United Kingdom; 7Barts Heart Centre, St Bartholomew’s Hospital, Barts Health NHS Trust, West Smithfield, London, UK; 8Health Data Research UK, London, UK;
9Alan Turing Institute, London, UK; 10Division of Cardiology, Department of Medicine, University of Cape Town and Groote Schuur, J46, Old Main Building, Main
Road, Observatory, Cape Town 7925, South Africa; 11Department of Cardiovascular and Metabolic Medicine, Institute of Life Course and Medical Sciences,
University of Liverpool, Liverpool, UK; 12Liverpool University Hospitals NHS Foundation Trust, Liverpool, UK; 13Department of Medicine, Liver Centre, Beth Israel
Deaconess Medical Centre, Harvard Medical School, 110 Francis Street, Suite 4A, Boston, USA; 14University College London Hospitals National Health Service
Trust, London, United Kingdom; 15Institute of Health Informatics, University College London, London, United Kingdom; 16Barts Health National Health Service
Trust, The Royal London Hospital, London, United Kingdom
Abbreviations

AF, atrial fibrillation; ALT, alanine aminotransferase; AST, aspartate aminotrans-
ferase; CAD, coronary artery disease; CLD, chronic liver disease; cT1, iron-
corrected T1-mapping; CVD, cardiovascular disease; FIB-4, fibrosis-4; HF,
heart failure; HR, hazard ratio; NAFLD, non-alcoholic fatty liver disease; NASH,
non-alcoholic steatohepatitis; PDFF, proton density fat fraction; SBP, systolic
blood pressure; VTE, embolism/vascular events.

Financial support

No financial support related to this paper.

Conflict of interest

ARF, HTB, AD are shareholders and employees at Perspectum Ltd, which
developed LiverMultiScanTM. AT is employee at Perspectum Ltd. RB is employee,
founder, shareholder, and former board member of Perspectum Ltd. AS receives
grants or contracts from Conatus, Gilead, Malinckrodt, Boehringer Ingelheim,
Novartis, Bristol Myers, Merck, Lilly, Novo Nordisk, Fractyl, Madrigal, Inventiva,
Covance, Gilead, Malinckrodt, Salix, Novartis, Galectin, Bristol Myers, Sequana
and Conatus. Receives royaltis or licenses from Elsevier and UpToDate. Receives
consulting fees from Genfit, Gilead, Malinckrodt, Pfizer, Salix, Boehringer Ingel-
hiem, Novartis, Bristol Myers Squibb, Merck, Hemoshear, Lilly, Novo Nordisk,
Terns, Albireo, Jansen, Poxel, 89 Bio, Siemens, NGM Bio, Amgen, Regeneron,
Genetech, Alnylam, Roche, Madrigal, Inventiva, Covance, Prosciento, Histoindex,
Path AI, Intercept, Sequana, Fractyl, AstraZeneca. Dr Sanyal participates on a
Data Safety Monitoring Board or Advisory Board at Immuron. Has a leadership or
fiduciary role at Sanyal Bio. Has stock or stock options at Sanyal Bio, Genfit,
Exhalenz, Hemoshear, Durect, Indalo, Northsea, Tiziana, Rivus. Received
equipment from Echosense-Sandhill. Is employed by Sanyal Bio. Works with
non-financial interests with Echosense-Sandhill, Owl, Second Genome and
Siemens. SN receives funds from Oxford National Institute for Health and Care
Research (NIHR) Biomedical Research Centre, is a founder, shareholder, and
former board member of Perspectum Ltd. TEN receives statistical consulting fees
from Perspectum Ltd. BR receives grants from BHF oxford CRE; and payment or
honoraria from Axcella Therapeutics. CM receives funding in the form of salary
from the NIHR Oxford Biomedical Research Centre. SEP receives consulting fees
from Circle Cardiovascular Imaging, Inc., Calgary, Canada. SEP is President
European Association of Cardiovascular Imaging and Board member European
Society of Cardiology. NABN: receives payments or honoraria for lectures, pre-
sentations, speaker’s bureaus, manuscript writing or educational events from
Servier and Novo Nordisk. Has a leadership or fiduciary role at University of Cape
Town Council, Ikamva Labantu Board Trustee and University of Cape Town
United Kingdom Board Trustee. DJC has received support to travel to and attend
scientific meetings for unrelated collaborative research funded from Novo Nor-
disk, Astra Zeneca and Perspectum Ltd. This relates to work using drugs or
imaging to assess NAFLD in people living with obesity and type 2 diabetes. ML
has no conflicts of interest. AB has no relevant conflicts of interest. cT1 has been
developed by Perspectum.

Please refer to the accompanying ICMJE disclosure forms for further details.
Authors’ contributions

The authors confirm contribution to the paper as follows: Study conception and
design: ARF, RB, AS, DJC, AB.Data collection: ARF, CM. Analysis and inter-
pretation of results: ARF, AT, CM, AD, HTB, TEN, ML, NABN, BR, SEP, SN, AS,
DJC, AB. Draft manuscript preparation: ARF, HTB, AB. All authors reviewed the
results and approved the final version of the manuscript.

Data availability statement

The data analysed in this study is subject to the following licenses/restrictions:
Data belongs to UK Biobank. Requests to access these datasets should be
directed to access@ukbiobank.ac.uk.

Ethics statement

The studies involving human participants were reviewed and approved by 11/
NW/0382. The patients/participants provided their written informed consent to
participate in this study.
Acknowledgements
SN acknowledges support from the Oxford NIHR Biomedical Research Centre.
BR is funded by the British Heart Foundation Oxford Centre of Research Excel-
lence (RE/18/3/34214).

Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/
j.jhep.2023.05.046.

References
[1] Cotter TG, Rinella M. Nonalcoholic fatty liver disease 2020: the state of the

disease. Gastroenterology 2020 May;158(7):1851–1864.
[2] Asrani SK, Devarbhavi H, Eaton J, Kamath PS. Burden of liver diseases in the

world. J Hepatol 2019;70(1):151–171.
[3] Lee J, Vali Y, Boursier J, Spijker R, Anstee QM, Bossuyt PM, et al. Prognostic

accuracy of FIB-4, NAFLD fibrosis score and APRI for NAFLD-related events:
a systematic review. Liver Int 2021 Feb;41(2):261–270.

[4] Jayaswal ANA, Levick C, Selvaraj EA, Dennis A, Booth JC, Collier J, et al.
Prognostic value of multiparametric magnetic resonance imaging, transient
elastography and blood-based fibrosis markers in patients with chronic liver
disease. Liver Int 2020 Dec;40(12):3071–3082.

[5] Newsome P, Francque S, Harrison S, Ratziu V, Van Gaal L, Calanna S, et al.
Effect of semaglutide on liver enzymes and markers of inflammation in
subjects with type 2 diabetes and/or obesity. Aliment Pharmacol Ther 2019
Jul;50(2):193–203.

[6] Rinella ME, Dufour JF, Anstee QM, Goodman Z, Younossi Z, Harrison SA,
et al. Non-invasive evaluation of response to obeticholic acid in patients
with NASH: results from the REGENERATE study. J Hepatol 2022
Mar;76(3):536–548.
-- 2023. vol. - j 1–11 9

mailto:access@ukbiobank.ac.uk
https://doi.org/10.1016/j.jhep.2023.05.046
https://doi.org/10.1016/j.jhep.2023.05.046
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref1
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref1
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref2
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref2
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref3
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref3
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref3
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref4
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref4
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref4
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref4
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref5
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref5
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref5
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref5
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref6
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref6
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref6
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref6


A UK Biobank study
[7] Harrison SA, Ruane PJ, Freilich BL, Neff G, Patil R, Behling CA, et al.
Efruxifermin in non-alcoholic steatohepatitis: a randomized, double-blind,
placebo-controlled, phase 2a trial. Nat Med 2021 Jul;27(7):1262–1271.

[8] Harrison SA, Rossi SJ, Paredes AH, Trotter JF, Bashir MR, Guy CD, et al.
NGM282 improves liver fibrosis and histology in 12 Weeks in patients with
nonalcoholic steatohepatitis. Hepatology 2020 Apr;71(4):1198–1212.

[9] 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 2018 Jan;67(1):328–357.

[10] Cusi K, Isaacs S, Barb D, Basu R, Caprio S, Garvey WT, et al. American
association of clinical endocrinology clinical practice guideline for the
diagnosis and management of nonalcoholic fatty liver disease in primary
care and endocrinology clinical settings: Co-sponsored by the American
association for the study of liver diseases (AASLD). Endocr Pract 2022
May;28(5):528–562.

[11] Schaapman JJ, Tushuizen ME, Coenraad MJ, Lamb HJ. Multiparametric MRI
in patients with nonalcoholic fatty liver disease. J Magn Reson Imaging 2021
Jun;53(6):1623–1631.

[12] Simon TG, Roelstraete B, Hagström H, Sundström J, Ludvigsson JF. Non-
alcoholic fatty liver disease and incident major adverse cardiovascular
events: results from a nationwide histology cohort. Gut [Internet] 2021 Sep 6
[cited 2022 Apr 26]; Available from: https://gut.bmj.com/content/early/2021/
09/06/gutjnl-2021-325724.

[13] Byrne CD, Targher G. Non-alcoholic fatty liver disease-related risk of car-
diovascular disease and other cardiac complications. Diabetes Obes Metab
2022;24(S2):28–43.

[14] Chang WH, Mueller SH, Chung SC, Foster GR, Lai AG. Increased burden of
cardiovascular disease in people with liver disease: unequal geographical
variations, risk factors and excess years of life lost. J Transl Med 2022
Jan 3;20(1):2.

[15] European association for the study of the liver (EASL), European association
for the study of diabetes (EASD), European association for the study of
obesity (EASO). EASL-EASD-EASO clinical practice guidelines for the
management of non-alcoholic fatty liver disease. J Hepatol 2016
Jun;64(6):1388–1402.

[16] Duell PB, Welty FK, Miller M, Chait A, Hammond G, Ahmad Z, et al.
Nonalcoholic fatty liver disease and cardiovascular risk: a scientific state-
ment from the American heart association. Arterioscler Thromb Vasc Biol
2022 Jun;42(6):e168–e185.

[17] Przybyszewski EM, Targher G, Roden M, Corey KE. Nonalcoholic fatty liver
disease and cardiovascular disease. Clin Liver Dis 2021;17(1):19–22.

[18] Mack CL, Adams D, Assis DN, Kerkar N, Manns MP, Mayo MJ, et al.
Diagnosis and management of autoimmune hepatitis in adults and children:
2019 practice guidance and guidelines from the American association for the
study of liver diseases. Hepatology 2020 Aug;72(2):671–722.

[19] Treeprasertsuk S, Björnsson E, Enders F, Suwanwalaikorn S, Lindor KD.
NAFLD fibrosis score: a prognostic predictor for mortality and liver compli-
cations among NAFLD patients. World J Gastroenterol 2013 Feb
28;19(8):1219–1229.

[20] Baratta F, Pastori D, Angelico F, Balla A, Paganini AM, Cocomello N, et al.
Nonalcoholic fatty liver disease and fibrosis associated with increased risk of
cardiovascular events in a prospective study. Clin Gastroenterol Hepatol
2020 Sep;18(10):2324–2331.e4.

[21] Vieira Barbosa J, Milligan S, Frick A, Broestl J, Younossi Z, Afdhal N, et al.
Fibrosis-4 index can independently predict major adverse cardiovascular
events in nonalcoholic fatty liver disease. Am J Gastroenterol 2022 Mar
1;117(3):453–461.

[22] Peng J, Liu MM, Jin JL, Cao YX, Guo YL, Wu NQ, et al. NAFLD fibrosis score
is correlated with PCSK9 and improves outcome prediction of PCSK9 in
patients with chest pain: a cohort study. Lipids Health Dis 2022
Jan 7;21(1):3.

[23] Higuchi M, Tamaki N, Kurosaki M, Inada K, Kirino S, Yamashita K, et al.
Longitudinal association of magnetic resonance elastography-associated
liver stiffness with complications and mortality. Aliment Pharmacol Ther
2022 Feb;55(3):292–301.

[24] Bull S, White SK, Piechnik SK, Flett AS, Ferreira VM, Loudon M, et al. Human
non-contrast T1 values and correlation with histology in diffuse fibrosis.
Heart 2013 Jul;99(13):932–937.

[25] Ferreira VM, Piechnik SK, Dall’Armellina E, Karamitsos TD, Francis JM,
Ntusi N, et al. Native T1-mapping detects the location, extent and patterns of
acute myocarditis without the need for gadolinium contrast agents.
J Cardiovasc Magn Reson 2014 May 23;16(1):36.
10 Journal of Hepatology, -
[26] Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T,
Kellman P, et al. Clinical recommendations for cardiovascular magnetic
resonance mapping of T1, T2, T2* and extracellular volume: a consensus
statement by the Society for Cardiovascular Magnetic Resonance (SCMR)
endorsed by the European Association for Cardiovascular Imaging (EACVI).
J Cardiovasc Magn Reson 2017 Oct 9;19(1):75.

[27] Dennis A, Kelly MD, Fernandes C, Mouchti S, Fallowfield JA, Hirschfield G,
et al. Correlations between MRI biomarkers PDFF and cT1 with histopath-
ological features of non-alcoholic steatohepatitis. Front Endocrinol (Lau-
sanne) 2020;11:575843.

[28] Andersson A, Kelly M, Imajo K, Nakajima A, Fallowfield JA, Hirschfield G,
et al. Clinical utility of magnetic resonance imaging biomarkers for identifying
nonalcoholic steatohepatitis patients at high risk of progression: a multi-
center pooled data and meta-analysis. Clin Gastroenterol Hepatol 2021 Oct
7;(21):S1542–S3565. 1056-1059.

[29] Jayaswal ANA, Levick C, Collier J, Tunnicliffe EM, Kelly MD, Neubauer S,
et al. Liver cT1 decreases following direct-acting antiviral therapy in patients
with chronic hepatitis C virus. Abdom Radiol (Ny) 2021
May;46(5):1947–1957.

[30] Janowski K, Shumbayawonda E, Dennis A, Kelly M, Bachtiar V, DeBrota D,
et al. Multiparametric MRI as a noninvasive monitoring tool for children with
autoimmune hepatitis. J Pediatr Gastroenterol Nutr 2021 Jan
1;72(1):108–114.

[31] Long MT, Noureddin M, Lim JK. AGA clinical practice update: diagnosis and
management of nonalcoholic fatty liver disease in lean individuals: expert
review. Gastroenterology 2022 Jul 13;(22):S0016–S5085. 628-X.

[32] Wong WJ, Emdin C, Bick AG, Zekavat SM, Niroula A, Pirruccello JP, et al.
Clonal haematopoiesis and risk of chronic liver disease. Nature 2023 Apr
12;616:747–754.

[33] Harrison SA, Gawrieh S, Roberts K, Lisanti CJ, Schwope RB, Cebe KM, et al.
Prospective evaluation of the prevalence of non-alcoholic fatty liver disease
and steatohepatitis in a large middle-aged US cohort. J Hepatol 2021
Aug;75(2):284–291.

[34] Sudlow C, Gallacher J, Allen N, Beral V, Burton P, Danesh J, et al. UK biobank:
an open access resource for identifying the causes of a wide range of complex
diseases of middle and old age. PLoS Med 2015 Mar;12(3):e1001779.

[35] Littlejohns TJ, Holliday J, Gibson LM, Garratt S, Oesingmann N, Alfaro-
Almagro F, et al. The UK Biobank imaging enhancement of 100,000 partic-
ipants: rationale, data collection, management and future directions. Nat
Commun 2020 May 26;11(1):2624.

[36] Bosco E, Hsueh L, McConeghy KW, Gravenstein S, Saade E. Major adverse
cardiovascular event definitions used in observational analysis of adminis-
trative databases: a systematic review. BMC Med Res Methodol 2021
Nov 6;21(1):241.

[37] Bots SH, Peters SAE, Woodward M. Sex differences in coronary heart dis-
ease and stroke mortality: a global assessment of the effect of ageing be-
tween 1980 and 2010. BMJ Glob Health 2017 Mar 1;2(2):e000298.

[38] Powell-Wiley TM, Poirier P, Burke LE, Després JP, Gordon-Larsen P,
Lavie CJ, et al. Obesity and cardiovascular disease: a scientific statement
from the American heart association. Circulation 2021 May
25;143(21):e984–e1010.

[39] Arndtz K, Shumbayawonda E, Hodson J, Eddowes PJ, Dennis A, Tho-
maides-Brears H, et al. Multiparametric magnetic resonance imaging,
autoimmune hepatitis, and prediction of disease activity. Hepatol Commun
2021 Jun;5(6):1009–1020.

[40] Banerjee R, Pavlides M, Tunnicliffe EM, Piechnik SK, Sarania N, Philips R,
et al. Multiparametric magnetic resonance for the non-invasive diagnosis of
liver disease. J Hepatol 2014 Jan;60(1):69–77.

[41] McDonald N, Eddowes PJ, Hodson J, Semple SIK, Davies NP, Kelly CJ,
et al. Multiparametric magnetic resonance imaging for quantitation of liver
disease: a two-centre cross-sectional observational study. Sci Rep 2018
Jun 15;8:9189.

[42] Expert panel on detection, evaluation, and treatment of high blood choles-
terol in adults. Executive summary of the third report of the national
cholesterol education program (NCEP) expert panel on detection, evaluation,
and treatment of high blood cholesterol in adults (adult treatment panel III).
JAMA 2001 May 16;285(19):2486–2497.

[43] Shah AG, Lydecker A, Murray K, Tetri BN, Contos MJ, Sanyal AJ. Use of the
FIB4 index for non-invasive evaluation of fibrosis in nonalcoholic fatty liver
disease. Clin Gastroenterol Hepatol 2009 Oct;7(10):1104–1112.

[44] Day J, Patel P, Parkes J, Rosenberg W. Derivation and performance of
standardized enhanced liver fibrosis (ELF) test thresholds for the detection
and prognosis of liver fibrosis. J Appl Lab Med 2019 Mar;3(5):815–826.
-- 2023. vol. - j 1–11

http://refhub.elsevier.com/S0168-8278(23)00420-8/sref7
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref7
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref7
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref8
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref8
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref8
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref9
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref9
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref9
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref9
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref10
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref10
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref10
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref10
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref10
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref10
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref11
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref11
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref11
https://gut.bmj.com/content/early/2021/09/06/gutjnl-2021-325724
https://gut.bmj.com/content/early/2021/09/06/gutjnl-2021-325724
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref13
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref13
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref13
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref14
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref14
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref14
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref14
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref15
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref15
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref15
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref15
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref15
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref16
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref16
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref16
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref16
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref17
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref17
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref18
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref18
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref18
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref18
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref19
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref19
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref19
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref19
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref20
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref20
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref20
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref20
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref21
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref21
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref21
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref21
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref22
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref22
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref22
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref22
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref23
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref23
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref23
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref23
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref24
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref24
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref24
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref25
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref25
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref25
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref25
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref26
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref26
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref26
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref26
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref26
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref26
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref27
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref27
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref27
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref27
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref28
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref28
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref28
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref28
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref28
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref29
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref29
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref29
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref29
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref30
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref30
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref30
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref30
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref31
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref31
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref31
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref32
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref32
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref32
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref33
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref33
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref33
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref33
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref34
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref34
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref34
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref35
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref35
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref35
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref35
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref36
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref36
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref36
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref36
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref37
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref37
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref37
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref38
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref38
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref38
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref38
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref39
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref39
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref39
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref39
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref40
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref40
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref40
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref41
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref41
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref41
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref41
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref42
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref42
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref42
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref42
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref42
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref43
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref43
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref43
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref44
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref44
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref44


Research Article
[45] Park JG, Jung J, Verma KK, Kang MK, Madamba E, Lopez S, et al. Liver
stiffness by magnetic resonance elastography is associated with increased
risk of cardiovascular disease in patients with non-alcoholic fatty liver dis-
ease. Aliment Pharmacol Ther 2021 May;53(9):1030–1037.

[46] McCracken C, Raisi-Estabragh Z, Veldsman M, Raman B, Dennis A,
Husain M, et al. Multi-organ imaging demonstrates the heart-brain-liver axis
in UK Biobank participants. Nat Commun 2022 Dec 21;13(1):7839.

[47] Kivimäki M, Strandberg T, Pentti J, Nyberg ST, Frank P, Jokela M, et al.
Body-mass index and risk of obesity-related complex multimorbidity: an
observational multicohort study. Lancet Diabetes Endocrinol 2022
Apr;10(4):253–263.

[48] Mangla N, Ajmera VH, Caussy C, Sirlin C, Brouha S, Bajwa-Dulai S, et al.
Liver stiffness severity is associated with increased cardiovascular risk in
patients with type 2 diabetes. Clin Gastroenterol Hepatol 2020
Mar;18(3):744–746.e1.

[49] van Kleef LA, Lu Z, Arfan Ikram M, de Groot NMS, Kavousi M, de Knegt RJ.
Liver stiffness not fatty liver disease is associated with atrial fibrillation: the
Rotterdam study. J Hepatol 2022 Jun 7:S0168–S8278 (22)00352-X.

[50] Delgado GE, Kleber ME, Moissl AP, Yazdani B, Kusnik A, Ebert MP, et al.
Surrogate scores of advanced fibrosis in NAFLD/NASH do not predict
mortality in patients with medium-to-high cardiovascular risk. Am J Physiol
Gastrointest Liver Physiol 2021 Sep 1;321(4):G252–G261.
Journal of Hepatology, -
[51] Davies MJ, Aroda VR, Collins BS, Gabbay RA, Green J, Maruthur NM, et al.
Management of hyperglycaemia in type 2 diabetes, 2022. A consensus
report by the American diabetes association (ADA) and the European as-
sociation for the study of diabetes (EASD). Diabetologia [Internet] 2022 Sep
24. https://doi.org/10.1007/s00125-022-05787-2 [cited 2022 Sep 30].

[52] Jastreboff AM, Aronne LJ, Ahmad NN, Wharton S, Connery L, Alves B, et al.
Tirzepatide once weekly for the treatment of obesity. New Engl J Med 2022
Jul 21;387(3):205–216.

[53] Gastaldelli A, Cusi K, Landó LF, Bray R, Brouwers B, Rodríguez Á. Effect of
tirzepatide versus insulin degludec on liver fat content and abdominal adi-
pose tissue in people with type 2 diabetes (SURPASS-3 MRI): a substudy of
the randomised, open-label, parallel-group, phase 3 SURPASS-3 trial.
Lancet Diabetes Endocrinol 2022 Jun 1;10(6):393–406.

[54] Srivastava A, Gailer R, Tanwar S, Trembling P, Parkes J, Rodger A, et al.
Prospective evaluation of a primary care referral pathway for patients with
non-alcoholic fatty liver disease. J Hepatol 2019 Aug;71(2):371–378.

[55] Shah S, Dhami-Shah H, Kamble S, Shukla A. FIB-4 cut-off of 1.3 may be
inappropriate in a primary care referral pathway for patients with non-
alcoholic fatty liver disease. J Hepatol 2020 Jul;73(1):216–217.

[56] Alexander M, Loomis AK, Fairburn-Beech J, van der Lei J, Duarte-Salles T,
Prieto-Alhambra D, et al. Real-world data reveal a diagnostic gap in non-
alcoholic fatty liver disease. BMC Med 2018 Aug 13;16(1):130.
-- 2023. vol. - j 1–11 11

http://refhub.elsevier.com/S0168-8278(23)00420-8/sref45
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref45
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref45
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref45
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref46
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref46
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref46
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref47
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref47
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref47
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref47
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref48
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref48
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref48
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref48
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref49
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref49
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref49
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref50
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref50
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref50
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref50
https://doi.org/10.1007/s00125-022-05787-2
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref52
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref52
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref52
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref53
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref53
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref53
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref53
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref53
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref54
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref54
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref54
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref55
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref55
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref55
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref56
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref56
http://refhub.elsevier.com/S0168-8278(23)00420-8/sref56

	JHEPAT9213_proof.pdf
	Liver disease is a significant risk factor for cardiovascular outcomes – A UK Biobank study
	Introduction
	Patients and methods
	Study population
	Independent variables and outcomes
	Imaging protocol and analysis
	Statistical analysis

	Results
	Association between CVD and biomarkers (continuous variables)
	Atrial fibrillation
	Heart failure
	Hospitalisation due to cardiovascular events
	All-cause mortality
	Association between CVD outcomes and biomarkers with clinical thresholds
	CVD hospitalisation risk in individuals without metabolic disease

	Discussion
	Abbreviations
	Financial support
	Conflict of interest
	Authors’ contributions
	Data availability statement
	Ethics statement
	Supplementary data
	References



