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H epatic steatosis is characterized by abnormal accumu-
lation of lipids, especially triglycerides, in hepatocytes 

cytoplasm (1). Hepatic steatosis is one of the histologic 
characteristics of nonalcoholic fatty liver disease (NAFLD) 
and is the leading cause of chronic liver disease globally 
(2). Hepatic steatosis is known to progress into more se-
rious liver diseases, including nonalcoholic steatohepatitis 
(NASH), liver fibrosis and cirrhosis, and even cancer (3).

Due to recent advancements in imaging technology, 
liver fat content can be measured noninvasively and quan-
titatively. Among various imaging modalities, MRI proton 
density fat fraction (PDFF) has demonstrated the high-
est diagnostic precision and has been used extensively in 
early-phase clinical trials for NASH to assess treatment ef-
fectiveness (4). Liver MRI PDFF provides valuable infor-
mation regarding triglyceride accumulation within hepatic 
tissue. Importantly, reductions in MRI PDFF have shown 
a strong correlation with improvements in hepatic steatosis 

and other histologic features like fibrosis, ballooning de-
generation, and lobular inflammation (5,6).

The UK Biobank, which contains genetic and health-
related information from over 500 000 volunteers in  Scot-
land, Northern Ireland, Wales, and England, contains MRI 
and other medical imaging data for several organs (7). In 
hepatology, liver MRI functional phenotypes such as liver 
iron and MRI PDFF have demonstrated potential clinical 
value (8–10). Mendelian randomization analysis, an ap-
proach that uses instrumental variables and summary-level 
data, helps determine causal effects while minimizing con-
founding and reverse causality biases (11). A recent study 
(12) showed a causal association between liver MRI PDFF 
and type 2 diabetes mellitus.

Epidemiologic studies have highlighted the importance 
of risk factors such as serum lipids, body composition, and 
insulin resistance in the progression of NAFLD, which also 
may impact MRI PDFF (13). It is relevant to investigate 
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Conclusion:  This study provided evidence of the association between genetically predicted liver MRI PDFF and liver health.
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the effects of fat metabolism because there are intricate metabolic 
and endocrine links between other fat-related factors and liver 
health. We proposed a hypothesis that likens the relationship be-
tween the risk factors, liver MRI PDFF, and liver disease to that 
of fertilizers, soils, and vegetation; liver MRI PDFF may serve 
as a crucial intermediate link. Yet, investigations of such causal 
associations are lacking.

In this study, a two-sample mendelian randomization frame-
work was systematically performed to investigate the causal 
association between liver MRI PDFF and liver disease risk. A 
two-step mendelian randomization and a multivariable mende-
lian randomization analyses were also conducted to investigate 
the mediating pathways from potential risk factors of liver dis-
ease by using liver MRI PDFF because these pathways may be 
crucial in the prevention and treatment of liver diseases.

Materials and Methods

Data Sources and Study Participants
For summary-level data, analysis was performed using publicly 
available summary statistics. The inclusion and exclusion crite-
ria remained consistent with previous publications; the study 
was approved by the institutional review boards and written 
informed consent was obtained from all participants (10,14). 
This study adheres to the Strengthening the Reporting of Ob-
servational Studies in Epidemiology using Mendelian Ran-
domization guideline (15).

Descriptions of all phenotypes are in Table 1 and Appendix 
S1. All summary-level data are from individuals with European 
ancestry without a known sample overlap. The 11 potential 
risk factors for liver MRI PDFF can be summarized as insu-
lin resistance, body composition, and serum lipids. The liver 
MRI PDFF phenotype was based on 32 859 individuals of Eu-
ropean ancestry in the UK Biobank (10). The summary-level 
data from 12 liver diseases were collected from the FinnGen 
(seventh release), a database of genotype and health registry 
data of volunteers in Finland, including 309 154 individuals of 

Abbreviations
NAFLD = nonalcoholic fatty liver disease, NASH = nonalcoholic 
steatohepatitis, OR = odds ratio, PDFF = proton density fat fraction, 
PRS = polygenic risk score, SNP = single nucleotide polymorphism

Summary
Liver MRI proton density fat fraction demonstrated a causal 
association with liver disease risk and may serve as a mediator of 
metabolic phenotypes.

Key Results
	■ Liver MRI proton density fat fraction (PDFF) was associated with 
increased risks of malignant liver neoplasm, alcoholic liver disease, 
fibrosis and cirrhosis of liver, fibrosis of liver, cirrhosis of liver, 
nonalcoholic steatohepatitis, and nonalcoholic fatty liver disease 
(NAFLD) (P < .004).

	■ High-density lipoprotein cholesterol, type 2 diabetes mellitus, and 
waist-to-hip ratio (mediation effects, 25.1%–46.3%) were related 
to fibrosis and cirrhosis of liver, cirrhosis of liver, and NAFLD at 
liver MRI PDFF (P < .05).

European ancestry. Liver diseases were defined as binary out-
comes from the 10th edition of the international classification 
of diseases codes (Fig 1).

At individual-level data (application number 45611), 502 528 
individuals between the ages of 40 and 69 years were recruited 
in the prospective population-based UK Biobank. A total of 
378 436 participants were analyzed after the following quality 
control procedures were implemented: excluding individuals 
with sex discrepancies; excluding outliers for genotype missing-
ness or excess heterozygosity; retaining unrelated participants; 
restricting to “White British” individuals of European ancestry; 
removing individuals who refused to participate in the program; 
and excluding the individuals without liver diseases informa-
tion (Fig S1). The remaining 378 436 participants were used for 
developing the liver MRI PDFF–weighted polygenic risk score 
(PRS) (Appendix S2). We summed 10 liver MRI PDFF–asso-
ciated single nucleotide polymorphisms (SNPs), weighted by 
corresponding effect sizes (Table S1). Between August 2020 
and December 2020, individual data were downloaded and 
underwent quality control. The previous data set was used to 
investigate the association between circulating vitamin E and 10 
common cancers, unrelated to the current study (16). A current 
analysis of the individual data was conducted between October 
2022 and April 2023.

Mendelian Randomization Study Design

Study pipeline.—The following three fundamental presump-
tions were considered when conducting Mendelian randomiza-
tion: that the genetic variants are strongly associated with the 
exposure, that the genetic variants are not associated with any 
potential confounder of the exposure-outcome association, and 
that the variants do not affect outcome independently of expo-
sure. Figure 1 shows the analysis flowchart, including the analy-
sis of summary-level and individual-level data.

Selection of genetic instrumental variables.—SNPs that reached 
genome-wide significance of P < 5 × 10−8 were selected as in-
strumental variables. A strict cut-off of linkage disequilibrium  
(r2 < 0.001) within a window of 10 000 kb was implemented 
for independent SNPs. The effects of SNPs on exposure and 
outcome were then harmonized, and palindromic and outlier 
SNPs (P < .05) were removed by the mendelian randomization-
pleiotropy residual sum and outlier method. The remaining 
SNPs were used to perform mendelian randomization analysis 
(Appendix S2).

Statistical Analysis
The inverse variance–weighted method with a random-effects 
model was used as the primary analysis of univariable men-
delian randomization, and weighted median and mendelian 
randomization–Egger methods were used as supplements. 
The Cochrane Q statistic was used to assess the heterogeneity 
(P < .05). The mendelian randomization–Egger method was 
used to assess potential pleiotropy (P < .05). If heterogene-
ity existed, a random-effects inverse variance–weighted men-
delian randomization analysis was used for consideration of 
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potential heterogeneity among multiple different SNPs. Ad-
ditionally, a leave-one-out analysis, bidirectional mendelian 
randomization analysis, and Steiger direction test for statisti-
cal significance were performed to evaluate influential outli-
ers and determine the direction of a causal effect. Bonferroni 
correction was used to adjust for multiple testing of liver MRI 
PDFF and liver disease with P < .004 (.05/12) indicating sta-
tistical significance, and P < .05 was regarded as indicating 
nominal significance in two-sample mendelian randomiza-
tion analysis. The genetic collection was examined by linkage 
disequilibrium score regression (17). The mRnd (https://shiny.
cnsgenomics.com/mRnd/) was used to calculate the statistical 
power (18). The association of the PRS of liver MRI PDFF 
with liver disease risk was evaluated by logistic regression with 
adjustment for sex, age, smoking status, drinking status, and 
the first 10 principal components. Bonferroni correction was 
used to adjust for multiple testing of PRS and liver disease, 
with P < .05/12 (.004).

Multivariable mendelian randomization with the inverse vari-
ance–weighted method was performed to estimate the indepen-
dent effect of liver MRI PDFF on each outcome after adjusting 
for each risk factor. This was performed only when the pathway 
of mediation (the univariable mendelian randomization results 
of exposure mediator and mediator outcome) was statistically 
significant (P < .05).

The mediated effect was calculated after the product of 
the coefficient method. Standard errors were estimated with 
the Δ method, in which effect estimates were calculated from 
univariable mendelian randomization (exposure outcome, ex-
posure mediator) or multivariable mendelian randomization 
(mediator outcome). The Sobel test was used to evaluate the 
proportion of the mediation effect (P < .05). The proportion 
of the effect mediated was calculated by dividing the indirect 
effect by the total effect. The mendelian randomization analysis 
was performed using R packages (TwoSampleMR and ldscr; R 
Project for Statistical Computing). All statistical analyses were 

Table 1: Characteristics of Genome-wide Association Studies of Phenotypes Included

Phenotype Unit Cohort Sample Size PMID
Image phenotype 34128465
  Liver MRI PDFF SD UK Biobank 32 858
Serum lipids GLGC 24097068
  Total cholesterol SD … 94 595 …
  Triglycerides SD … 94 595 …
  HDL-C SD … 94 595 …
  LDL-C SD … 94 595 …
Liver disease (code) FinnGen NA
  C22: Malignant liver neoplasm LogOR … 309 154 …
  D13.4 or D13.5: Benign liver neoplasm LogOR … 309 154 …
  K70: alcoholic liver disease LogOR … 303 167 …
  K71: Toxic liver disease LogOR … 301 301 …
  K72: Hepatic failure LogOR … 301 737 …
  K73: Chronic hepatitis LogOR … 301 713 …
  K74: Fibrosis and cirrhosis of liver LogOR … 302 376 …
  K75: Other inflammatory liver diseases LogOR … 302 424 …
  K74.0: Fibrosis of liver LogOR … 306 256 …
  K74.6: Cirrhosis of liver LogOR … 306 971 …
  K75.8: NASH LogOR … 309 154 …
  K76.0: NAFLD LogOR … 309 154 …
Body composition
  BMI SD GIANT 322 154 25673413
  Waist-to-hip ratio SD GIANT 224 459 25673412
  Body fat percentage SD NA 65 831 26833246
Insulin resistance
  Fasting glucose SD MAGIC 58 074 22581228
  Fasting insulin SD MAGIC 51 750 22581228
  HbA1C SD MAGIC 46 368 20858683
  T2DM LogOR DIAGRAM 69 033 22885922

Note.—Data are numbers of participants. The entire study population was of European ancestry. Codes are from 10th edition of the 
International Classification of Diseases. BMI = body mass index, DIAGRAM = Diabetes Genetics Replication and Meta-analysis, GIANT = 
Genetic Investigation of Anthropometric Traits, GLGC = Global Lipids Genetics Consortium, HbA1C = hemoglobin A1C, HDL-C = high-
density lipoprotein cholesterol, LDL-C = low-density lipoprotein cholesterol, LogOR = the logarithm of odds ratio, MAGIC = Meta-analyses 
of Glucose and Insulin-Related Traits Consortium, NA = not available, NAFLD = nonalcoholic fatty liver disease, NASH = nonalcoholic 
steatohepatitis, PDFF = proton density fat fraction, PMID = PubMed Unique Identifier, T2DM = type 2 diabetes mellitus.
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performed in by using statistical software (R version 4.2.2; 
https://www.r-project.org/).

Results

Relationship between Liver MRI PDFF and Liver  
Disease Risk
The number of SNPs of liver MRI PDFF used for univariable 
mendelian randomization ranged from eight to 10, with F 
statistics ranging from 57 to 148. Univariable mendelian ran-
domization analysis showed a causal association with a higher 
odds ratio (OR) of genetically predicted liver MRI PDFF in 
several liver diseases, including malignant liver neoplasm (OR, 
4.5; 95% CI: 2.7, 7.4; P < .001), alcoholic liver disease (OR, 
1.9; 95% CI: 1.4, 2.7; P < .001), fibrosis and cirrhosis of the 
liver (OR, 3.0; 95% CI: 2.3, 4.0; P < .001), fibrosis of the liver 
(OR, 3.6; 95% CI: 1.6, 8.3; P = .002), cirrhosis of the liver 
(OR, 3.8; 95% CI: 2.4, 5.9; P < .001), NASH (OR, 7.7; 95%  
CI: 3.7, 15.7; P < .001), and NAFLD (OR, 4.4; 95% CI: 2.6, 7.5;  
P < .001) (Table 2, Fig 2).

The weighted median and mendelian randomization–Egger 
methods provided consistent findings with the relationships. 
The Cochran Q statistic indicated no evidence of heterogeneity 
across instrument effects (all P > .05). No evidence of directional 
pleiotropy was identified by mendelian randomization–Egger 
intercept analysis (all P > .05). The associations between liver 

MRI PDFF and mentioned liver disease risk and leave-one-out 
analysis are in Figures S2 and S3. There were genetic correlations 
between liver MRI PDFF and outcome phenotypes of alcoholic 
liver disease (correlation coefficient, 0.29; P = .02) and NAFLD 
(correlation coefficient, 0.74; P < .001) (Table S2). The statisti-
cal powers for alcoholic liver disease and fibrosis of the liver were 
only 61% and 50%, with other phenotypes ranging from 99% 
to 100% (Table S3).

Moreover, the inverse variance–weighted results indicated 
nominally significant associations between liver MRI PDFF 
and the effect of chronic hepatitis (OR, 1.7; 95% CI: 1.2, 2.6;  
P = .007) and other inflammatory liver diseases (OR, 1.3; 95% 
CI: 1.03, 1.6; P = .03). There was no evidence of an association 
between liver MRI PDFF and the effect of benign liver neo-
plasm (OR, 1.2; 95% CI: 0.8, 1.9; P = .35), toxic liver disease 
(OR, 1.3; 95% CI: 0.4, 4.2; P = .34), and hepatic failure (OR, 
1.7; 95% CI: 0.8, 3.4; P = .14).

In the validation stage at the individual-level data, data of 
378 436 participants (mean age, 57 years ± 8 [SD]; 203 108 
women) were obtained. The results of logistic regression 
based on liver MRI PDFF indicated that PRS of MRI PDFF 
was significantly associated with malignant liver neoplasm 
(OR, 3.7; 95% CI: 2.8, 5.0), alcoholic liver disease (OR, 
3.8; 95% CI: 3.0, 4.7), hepatic failure (OR, 2.8; 95% CI: 
2.1, 3.9), fibrosis and cirrhosis of the liver (OR, 4.2; 95% 
CI: 3.4, 5.1), other inflammatory liver diseases (OR, 2.8;  

Figure 1:   Study data and analysis flowchart. Genome-wide association study summary-level data were acquired from the UK Biobank, FinnGen, and other consor-
tiums. For individual-level data, liver MRI proton density fat fraction (PDFF) polygenic risk score (PRS) was constructed as the exposure from the UK Biobank. For summary-
level data, mendelian randomization analysis was conducted for the exposure of liver MRI PDFF and the outcomes of liver diseases (bottom right). The lines represent the 
steps of the study. In the summary-level outcomes (lower left) and the resulting liver disease (lower right), data associated with the disease are codes from the 10th edition of 
the International Classification of Diseases. ALD = alcoholic liver disease, DIAGRAM = Diabetes Genetics Replication and Meta-analysis, GIANT = Genetic Investigation 
of Anthropometric Traits, GLGC = Global Lipids Genetics Consortium, MAGIC = Meta-analyses of Glucose and Insulin-Related Traits Consortium, NA = not available, 
NAFLD = nonalcoholic fatty liver disease, NASH = nonalcoholic steatohepatitis, ncase = number of cases, ncontrol = number of control cases.
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Table 2: Univariable Mendelian Randomization Results for the Relationship between Liver MRI Proton Density Fat 
Fraction and Liver Disease

Parameter No. of SNPs F Statistic Odds Ratio P Value Het-P Value Ple-P Value
Malignant liver neoplasm (C22) 8 106
  IVW 4.5 (2.7, 7.4) <.001 .60
  Weighted median 5.4 (3.0, 9.5) <.001
  MR-Egger 6.5 (3.1, 13.9) .003 .52 .25
Benign liver neoplasm (D13.4 or D13.5) 10 148
  IVW 1.2 (0.8, 1.9) .35 .84
  Weighted median 1.1 (0.7, 1.9) .67
  MR-Egger 1.4 (0.7, 2.6) .38 .89 .69
Alcoholic liver disease (K70) 8 106
  IVW 1.9 (1.4, 2.7) <.001 .13
  Weighted median 1.8 (1.3, 2.5) <.001
  MR-Egger 1.7 (0.97, 2.8) .12 .15 .51
Toxic liver disease (K71) 8 57
  IVW 1.3 (0.4, 4.2) .34 .08
  Weighted median 1.1 (0.4, 2.9) .79
  MR-Egger 0.5 (0.1, 3.3) .66 .045 .26
Hepatic failure (K72) 8 57
  IVW 1.7 (0.8, 3.4) .14 .04
  Weighted median 1.7 (0.9, 3.2) .07
  MR-Egger 1.7 (0.5, 5.9) .41 .06 .94
Chronic hepatitis (K73) 10 148
  IVW 1.7 (1.2, 2.6) .007 .12
  Weighted median 1.8 (1.2, 2.7) .005
  MR-Egger 1.4 (0.8, 2.7) .29 .14 .48
Fibrosis and cirrhosis of liver (K74) 9 105
  IVW 3.0 (2.3, 4.0) <.001 .28
  Weighted median 3.0 (2.2, 4.2) <.001
  MR-Egger 2.7 (1.8, 4.2) .003 .33 .51
Other inflammatory liver diseases (K75) 10 148
  IVW 1.3 (1.03, 1.6) .03 .48
  Weighted median 1.2 (0.9, 1.7) .19
  MR-Egger 1.2 (0.9, 1.8) .28 .57 .74
Fibrosis of liver (K74.0) 10 148
  IVW 3.6 (1.6, 8.3) .002 .27
  Weighted median 4.2 (1.5, 11.3) .006
  MR-Egger 2.3 (0.6, 8.9) .25 .30 .44
Cirrhosis of liver (K74.6) 8 106
  IVW 3.8 (2.4, 5.9) <.001 .37
  Weighted median 3.2 (2.0, 5.2) <.001
  MR-Egger 2.7 (1.4, 5.2) .03 .30 .24
NASH (K75.8) 10 148
  IVW 7.7 (3.7, 15.7) <.001 .41
  Weighted median 11.1 (4.3, 28.8) <.001
  MR-Egger 6.9 (2.2, 22.0) .01 .51 .83
NAFLD (K76.0) 8 57
  IVW 4.4 (2.6, 7.5) <.001 .08
  Weighted median 4.4 (2.8, 6.9) <.001
  MR-Egger 2.5 (1.2, 5.0) .043 .006 .08

Note.—Data in parentheses are 95% CIs. Het-P indicates the P value of Cochrane Q value in the heterogeneity test, and Ple-P indicates 
the P value of the mendelian randomization–Egger (MR-Egger) intercept. The codes in parentheses after the disease are from the 10th 
edition of the International Classification of Diseases. IVW = inverse variance–weighted, NAFLD = nonalcoholic fatty liver disease, NASH = 
nonalcoholic steatohepatitis, SNP = single nucleotide polymorphism.
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95% CI: 2.2, 3.5), fibrosis of the liver (OR, 
3.2; 95% CI: 1.8, 5.4), cirrhosis of the liver 
(OR, 5.4; 95% CI: 4.3, 6.8), NASH (OR, 9.3; 
95% CI: 6.5, 13.3), and NAFLD (OR, 3.6; 
95% CI: 3.1, 4.0) (all P < .004) (Table 3). Ac-
cording to cutoff values of 10% and 90%, PRS 
was divided into three groups: low PRS, inter-
mediate PRS, and high PRS. The risk of these 
liver diseases also increased with a higher PRS 
of MRI PDFF (Fig 3, Table S4).

Direction and Effect of Potential Risk Factors
Evidence for a causal effect of body mass index 
(β = 0.16; P < .001), waist-to-hip ratio (β = 0.27; 
P < .001), high-density lipoprotein cholesterol 
(β  = −0.05; P = .03), low-density lipoprotein 
cholesterol (β = −0.05; P = .02), and type 2 
diabetes mellitus (β = 0.08; P < .001) on liver 
MRI PDFF images was detected without pleiot-
ropy (Table S5). The Cochran Q statistic found 
heterogeneity across instrument effects for body 
mass index (P = .01) and high-density lipopro-
tein cholesterol (P < .001).

In bidirectional mendelian randomization 
analysis, evidence for a causal effect of liver MRI 
PDFF on low-density lipoprotein cholesterol  
β = 0.46; P < .001) was detected without het-
erogeneity and pleiotropy (Table S6). Stegier di-
rection test indicated the directions between risk 
factors and liver MRI PDFF (Table S7). Because 
of the bidirectional causality and pleiotropy, low-
density lipoprotein cholesterol and triglycerides 
were not analyzed subsequently.

The inverse variance–weighted results for 
associations between potential risk factors and liver diseases 
showed a causal association between body mass index and 
NAFLD (OR, 1.8; 95% CI: 1.3, 2.6; P = .002); waist-to-hip ra-
tio and fibrosis and cirrhosis of the liver (OR, 2.1; 95% CI: 1.03,  
4.2; P = .04), fibrosis of the liver (OR, 19.8; 95% CI: 1.7, 
22.8; P = .02), cirrhosis of the liver (OR, 3.2; 95% CI: 1.4, 7.2;  
P = .006), NASH (OR, 15.7; 95% CI: 1.4, 178.9; P = .03), and 
NAFLD (OR, 2.8; 95% CI: 1.5, 5.5; P = .002); high-density 
lipoprotein cholesterol and NAFLD (OR, 0.7; 95% CI: 0.6, 
0.9; P = .01); and type 2 diabetes mellitus and NAFLD (OR, 
1.3; 95% CI: 1.1, 1.5; P = .004), all without heterogeneity and 
pleiotropy (Table S8).

Identifying the Causal Pathway by Liver MRI PDFF
After adjusting for waist-to-hip ratio, multivariable mendelian 
randomization analysis estimated that liver MRI PDFF was as-
sociated with fibrosis and cirrhosis of the liver (OR, 2.9; 95% 
CI: 1.9, 4.3; P < .001), cirrhosis of the liver (OR, 3.4; 95% CI: 
2.2, 5.5; P < .001), and NAFLD (OR, 4.4; 95% CI: 2.1, 9.4;  
P < .001). Liver MRI PDFF was associated with NALFD  
after adjusting for high-density lipoprotein cholesterol (OR, 4.3; 
95% CI: 2.3, 7.8; P < .001) and type 2 diabetes mellitus (OR, 
4.4; 95% CI: 2.1, 9.2; P < .001) (Table S9).

The indirect effect of potential risk factors (type 2 diabe-
tes mellitus, waist-to-hip ratio, and high-density lipoprotein 
cholesterol) on liver diseases (fibrosis and cirrhosis of liver, cir-
rhosis of liver, and NAFLD) with liver MRI PDFF was also 
assessed (Table  4), showing 25.1% mediation effects of high-
density lipoprotein cholesterol at liver MRI PDFF on NAFLD  
(P = .046) and 46.3% mediation effects of type 2 diabetes 
mellitus on NAFLD (P = .008). Moreover, waist-to-hip ratio 
(28.7%–38.4% mediation effects) was causally related to fibrosis 
and cirrhosis of the liver, cirrhosis of the liver, and NAFLD via 
liver MRI PDFF (all P < .05) (Fig 4). Figure 5 shows the causal 
associations and mediation role of liver MRI PDFF in the path-
way from potential risk factors to liver disease.

Discussion
Mendelian randomization analysis on a broad scale was used to 
fully pinpoint the relationship between liver MRI proton density 
fat fraction (PDFF) and liver disease risk. We found evidence of a 
significant positive genetic correlation between liver MRI PDFF 
and several liver disease risks (eg, malignant liver neoplasm, alco-
holic liver disease, fibrosis and cirrhosis of the liver, nonalcoholic 
fatty liver disease, and nonalcoholic steatohepatitis; all P < .004 

Figure 2:  Forest plot shows the association between liver MRI PDFF and liver disease by different 
mendelian randomization methods. Odds ratios are presented, with 95% CIs. The codes in parentheses 
after the disease are defined from the 10th edition of the International Classification of Diseases. IVW = 
inverse variance weighted, NAFLD = nonalcoholic fatty liver disease, NASH = nonalcoholic steatohepa-
titis, OR = odds ratio, SNP = single nucleotide polymorphism.
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in summary-level and individual-level data). Further mediation 
analysis suggested that liver MRI PDFF may serve as a possible 
“transfer station” between the etiologic factors (high-density li-
poprotein cholesterol, type 2 diabetes mellitus, and waist-to-hip 
ratio) and mentioned liver diseases (all P < .005). These findings 
are important for better prevention of liver health by MRI PDFF 
dynamic monitoring.

An imbalance between intrahepatic lipid formation and se-
cretion results in hepatic steatosis (19). In conditions where lipid 
balance is disrupted, inflammation, fibrosis, and even cancer 
may occur as damaged hepatocytes activate and cause hepatocyte 

regeneration (20). Conventional evaluation of the therapeutic 
efficacy of treatment for hepatic steatosis requires multiple liver 
biopsies, which have limitations such as invasiveness, sampling 
error, and interpretation variability (21).

MRI PDFF has the ability to help noninvasively quantify 
liver fat with high accuracy and reproducibility. We found a sta-
tistically significant genetic correlation between liver MRI PDFF 
and NAFLD (correlation coefficients, 0.74; P < .001). We also 
found that liver MRI PDFF showed a causal effect on the risk 
of NASH (P < .001) and NAFLD (P < .001). A decrease in 
liver MRI PDFF has shown predictive value for NAFLD activity 

Table 3: Results for the Relationship between Liver MRI Proton Density Fat Fraction Polygenic Risk Score and Liver 
Disease in UK Biobank

Liver Disease No. of Cases Odds Ratio* P Value
Malignant liver neoplasm (C22) 816 3.7 (2.8, 5.0) <.001
Benign liver neoplasm (D13.4 or D13.5) 141 1.4 (0.6, 2.9) .41
Alcoholic liver disease (K70) 1381 3.8 (3.0, 4.7) <.001
Toxic liver disease (K71) 109 1.9 (0.8, 4.5) .14
Hepatic failure (K72) 775 2.8 (2.1, 3.9) <.001
Chronic hepatitis (K73) 167 0.8 (0.4, 1.7) .63
Fibrosis and cirrhosis of liver (K74) 1747 4.2 (3.4, 5.1) <.001
Other inflammatory liver diseases (K75) 1330 2.8 (2.2, 3.5) <.001
Fibrosis of liver (K74.0) 243 3.2 (1.8, 5.4) <.001
Cirrhosis of liver (K74.6) 1271 5.4 (4.3, 6.8) <.001
NASH (K75.8) 481 9.3 (6.5, 13.3) <.001
NAFLD (K76.0) 4641 3.6 (3.1, 4.0) <.001

Note.— There are 378 436 participants total. The codes in parentheses after the disease are defined from the 10th edition of the 
International Classification of Diseases. NAFLD = nonalcoholic fatty liver disease, NASH = nonalcoholic steatohepatitis.
* Data in parentheses are 95% CIs. Odds ratios are adjusted for sex, age, study centers, smoking status, drinking status, and first 10 
principal components, when appropriate.

Figure 3:  Vertical bar plot of associations between the liver MRI proton density fat fraction polygenic risk score (PRS) 
groups and liver disease prevalence. The codes in parentheses after the disease are defined from the 10th edition of the 
International Classification of Diseases. Three PRS groups were formed by PRS cutoff values of 10% and 90%. The unit 
of the prevalence is permillages. NAFLD = nonalcoholic fatty liver disease, NASH = nonalcoholic steatohepatitis, PRS = 
polygenic risk score.
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score response (6). It also demonstrated medium-high diagnostic 
performance for identifying NASH (22).

Our study showed a positive causal effect of liver MRI PDFF 
on the presence of fibrosis and cirrhosis of liver. A recent study 
(23) reported that PDFF had a higher performance in diagnosis 
of NASH with any fibrosis stage than MR elastography. Another 
study (24) showed that higher liver MRI PDFF was related to 

the progression of fibrosis in patients who had undergone liver 
biopsies. Notably, we obtained evidence that liver fat content 
accumulation may lead to fibrosis and even cirrhosis of the liver 
regardless of etiology.

We also found that liver MRI PDFF showed a causal effect 
on the risk of alcoholic liver disease (P < .001) and malignant 
liver neoplasm (P < .001). Excess fat accumulation is the earliest 

Table 4: Proportion of Effect Mediated for Exposure-Mediator-Outcome Relationships

Exposure Mediator Outcome Proportion of Effect Mediated (%) P Value
HDL-C Liver  

MRI PDFF
NAFLD (K76.0) 25.1 (0, 56.7) .046

T2DM Liver  
MRI PDFF

NAFLD (K76.0) 46.3 (0, 92.8) .008

Waist-to-hip ratio Liver  
MRI PDFF

Fibrosis and cirrhosis of liver (K74) 37.0 (0, 79.0) .003

Waist-to-hip ratio Liver  
MRI PDFF

Cirrhosis of liver (K74.6) 28.7 (0.5, 56.9) .004

Waist-to-hip ratio Liver  
MRI PDFF

NAFLD (K76.0) 38.4 (0.4, 76.3) .01

Note.—The codes in parentheses after the disease are defined from the 10th edition of the International Classification of Diseases. Data 
in parentheses are 95% CIs. HDL-C = high-density lipoprotein cholesterol, NAFLD = nonalcoholic fatty liver disease, PDFF = proton 
density fat fraction, T2DM = type 2 diabetes mellitus.

Figure 4:  Mediation analysis of the effect of potential risk factors on liver diseases at liver MRI proton density fat fraction (PDFF). Analysis of the effect of  
(A) high-density lipoprotein cholesterol (HDL-C) and (B) type 2 diabetes mellitus (T2DM) on nonalcoholic fatty liver disease (NAFLD) as mediated at liver 
MRI PDFF. Analysis of the effect of waist-to-hip ratio on (C) fibrosis and cirrhosis of the liver, (D) cirrhosis of the liver, and (E) NAFLD as mediated at liver MRI 
PDFF, respectively. β and P values are calculated from univariable mendelian randomization (exposure outcome, exposure mediator) or multivariable (mediator 
outcome) mendelian randomization. The β value on the solid line represents the total effect and the product of the two β values on the dotted lines represents 
the indirect effect. The statistical significance of the mediation effect was tested by Sobel test. The codes in parentheses under the green dots are defined from 
the 10th edition of the International Classification of Diseases.
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and most typical hepatic reaction to alcohol, and hepatic steato-
sis commonly develops in alcohol-consuming individuals (25). 
Hepatocellular carcinoma, which is one of the most common 
liver malignancies and a leading cause of cancer-related mortality 
worldwide, has a predominance of NAFLD, NASH, and alco-
hol in European populations (26). Abnormal lipid metabolism 
promoting hepatocellular carcinoma is influenced by impaired 
immunologic function, pathologic inflammatory responses, and 
metabolic and oxidative stress specific to the liver (27).

Several major risk factors, including obesity, lipid metabo-
lism, and type 2 diabetes mellitus, contribute to abnormal liver 
lipid metabolism (13). Our findings aligned with previous men-
delian randomization studies that established causal associations 
between NAFLD risk and high-density lipoprotein cholesterol, 
type 2 diabetes mellitus, and waist-to-hip ratio (28,29). We fur-
ther found that the risk effects of these factors on NAFLD risk 
were mediated through liver MRI PDFF, ranging from 25.1% to 
46.3% (all P < .05). Additionally, the effects of waist-to-hip ratio 
on the risk of fibrosis and cirrhosis of the liver (P = .003) and cir-
rhosis of the liver (P = .004) were mediated through liver MRI 
PDFF with a mediation effect ranging from 28.7% to 37.0%. 
According to previous studies (30), adipose tissue generates the 
largest fatty acids found in liver triglycerides (59%) in people 
with NAFLD. Moreover, increased liver fat content was associ-
ated with an increased risk of liver fibrosis and cirrhosis (2).

Our mendelian randomization study addresses multiple 
important limitations of conventional observational studies. 
Nevertheless, our study also had several limitations. First, all data 
were from people of European ancestry. Therefore, the results of 
this study should be carefully generalized to other populations 
due to human genetic heterogeneity. Second, when implemented 

in clinical practice, the estimated effect needs to be treated with 
caution. Finally, the analysis was performed while assuming that 
liver MRI PDFF served as a mediator in our study. However, 
this assumption was reasonable because hepatic steatosis is the 
key point of occurrence of liver disease. Third, we were unable to 
completely rule out the possibility of unmeasured or unknown 
confounding factors that could influence the relationship be-
tween liver MRI PDFF and liver diseases. The number of SNPs 
was too few in each instrumental variable of liver disease to in-
vestigate the reverse causality.

In summary, our study included a comprehensive mendelian 
randomization analysis to infer the causal associations between 
liver MRI proton density fat fraction (PDFF) and liver health 
based on summary-level and individual-level data. We found 
evidence that liver MRI PDFF was a causal mediator between 
potential risk factors and several liver disease risks. Our study pro-
vides evidence that MRI PDFF has the potential to improve liver 
imaging–level prediction and interventions for liver health, which 
may have important implications in routine clinical practice.
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Figure 5:  Summary concept diagrams show liver MRI proton density fat fraction (PDFF) causal association with liver disease and possible mediating role in the dis-
ease pathway. (A) The causal association between liver MRI PDFF and liver disease is shown. The phenotypes on the top left are significant, the phenotypes on the right 
are nominally significant, and the phenotypes on the bottom are not significant. (B) Liver MRI PDFF as a mediator to trigger indirect effects between phenotypes. Codes 
in parentheses are defined from the 10th edition of the International Classification of Diseases. HDL-C = high-density lipoprotein cholesterol, NAFLD = nonalcoholic fatty 
liver disease, NASH = nonalcoholic steatohepatitis, T2DM = type 2 diabetes mellitus.
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In Figure 4C–E, there were mistakes in the β values 
and they were changed (from left to right on the Fig, 
respectively) to 0.77, 1.16, and 1.04.
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