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Bidirectional two-sample mendelian
randomization analysis identifies causal
associations of MRI-based cortical thickness
and surface area relation to NAFLD

Zun Mao', Zhi-xiang Gao', Tong Ji', Sheng Huan?, Guo-ping Yin>" and Long Chen'"

Abstract

Background Non-alcoholic fatty liver disease (NAFLD) patients have exhibited extra-hepatic neurological changes,
but the causes and mechanisms remain unclear. This study investigates the causal effect of NAFLD on cortical
structure through bidirectional two-sample Mendelian randomization analysis.

Methods Genetic data from 778,614 European individuals across four NAFLD studies were used to determine
genetically predicted NAFLD. Abdominal MRI scans from 32,860 UK Biobank participants were utilized to evaluate
genetically predicted liver fat and volume. Data from the ENIGMA Consortium, comprising 51,665 patients, were
used to evaluate the associations between genetic susceptibility, NAFLD risk, liver fat, liver volume, and alterations in
cortical thickness (TH) and surface area (SA). Inverse-variance weighted (IVW) estimation, Cochran Q, and MR-Egger
were employed to assess heterogeneity and pleiotropy.

Results Overall, NAFLD did not significantly affect cortical SA or TH. However, potential associations were noted
under global weighting, relating heightened NAFLD risk to reduced parahippocampal SA and decreased cortical TH

in the caudal middle frontal, cuneus, lingual, and parstriangularis regions. Liver fat and volume also influenced the
cortical structure of certain regions, although no Bonferroni-adjusted p-values reached significance. Two-step MR
analysis revealed that liver fat, AST, and LDL levels mediated the impact of NAFLD on cortical structure. Multivariable
MR analysis suggested that the impact of NAFLD on the cortical TH of lingual and parstriangularis was independent of
BMI, obesity, hyperlipidemia, and diabetes.

Conclusion This study provides evidence that NAFLD causally influences the cortical structure of the brain,
suggesting the existence of a liver-brain axis in the development of NAFLD.
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Background

Non-alcoholic fatty liver disease (NAFLD), which
accounts for a considerable percentage of chronic liver
diseases worldwide and affects about 25% of the global
population, is characterized by hepatic fat accumulation
unrelated to excessive alcohol consumption [1-3]. This
can incite inflammation, fibrosis, and ultimately leads
to cirrhosis and hepatocellular carcinoma [1]. Numer-
ous lines of investigation have suggested a relationship
between NAFLD and extrapatic effects, namely neuro-
pathological alterations, raising concerns over potential
complications [4-7].

Patients with NAFLD demonstrate cognitive and neu-
ral characteristics similar to those seen in Alzheimer’s
disease (AD), vascular dementia, and diabetes-associ-
ated cognitive decline [5-7]. NAFLD affects the cen-
tral nervous system (CNS) via a variety of mechanisms,
including metabolic disruptions, blood-brain barrier
impairment, systemic inflammation, gut microbiota
imbalances, and bile acid abnormalities [4, 8]. One study
found specific dietary interventions with certain oils
could regulate the expression of some genes to preserve
neuron quantity and synaptic density in a porcine model
of NAFLD [9]. Neurodegenerative diseases often involve
neuronal loss and abnormalities in cortical structure,
identifiable through T1-weighted MRI [10, 11]. Research
indicated a significant association between NAFLD and
reduced total brain volume, independent of confound-
ers [6]. NAFLD animal models further corroborated this
association [12]. However, linking NAFLD to cortical
alterations has remained difficult owing to constraints in
current research.

Individual risk for NAFLD and associated compli-
cations differs substantially, contingent on interplay
between environmental exposures and polygenic host
susceptibility factors [13]. Genome-wide association
studies (GWAS) have uncovered robust and reproduc-
ible links between polymorphisms in PNPLA3, TM6SF2,
MBOAT7, GCKR, HSD17B13 and NAFLD pathogenesis
[14, 15]. Fine mapping of these genomic loci underscored
the role of risk genes, such as MBOAT?7, in cortical brain
injury. MBOAT?7, critical in murine neurodevelopment,
may confer resilience against cortical and hippocampal
decay alongside impeded neuron relocation [16]. Fur-
thermore, PNPLA3 has been associated with carotid
atherosclerosis and white matter hyperintensity (WMH)
microbleeds, long considered important in the pathogen-
esis of cerebrovascular disease [17].

Neuropathological changes in NAFLD often precede
clinical symptoms, such as AD or hepatic encephalopa-
thy (HE) [6], suggesting that cortical structural changes
could be an early indicator of hepatic dysfunction-
related encephalopathy. Nevertheless, age-linked brain
variations and comorbid conditions such as diabetes or
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obesity confound associations between NAFLD, neu-
rodegeneration, and cortical architecture [18, 19]. Prior
observational analyses sought to elucidate connections
between cortical injury and NAFLD but were often con-
strained by aspects such as study design, sample size,
and possible confounders [20, 21]. Mendelian Random-
ization (MR) provides an approach to surmount these
barriers. This approach uses single nucleotide polymor-
phisms (SNPs) from GWAS as instrumental variables
(IVs) to yield reliable causal inferences, assuming certain
non-violable conditions are met [22]. Additionally, this
technique precludes reverse causation since disease phe-
notypes do not impact genotypes. Previous MR studies,
for example, have confirmed a potential causal associa-
tion between NAFLD and stroke [23].

Here, we implement bidirectional two-sample MR to
explore causal links between NAFLD and cortical struc-
ture. This was done to gain a deeper understanding of the
etiology and progression of neurodegenerative changes
induced by NAFLD.

Methods

This study was conducted per STROBE-MR guidelines to
ensure rigorous adherence to Mendelian randomization
analysis protocol [24].

Data sources for NAFLD, liver fat, and liver volume

A large pooled GWAS meta-analysis was conducted
using data from over 778,000 individuals across four
cohort studies to analyze genetic predictors of NAFLD
risk [25]. The GWAS data was adjusted to account for
potential confounding factors like age, gender, BMI,
genotyping site, and ancestry. Data from GWAS on
liver fat and liver volume were garnered from an earlier
study involving abdominal MRI scans of 32,860 UK Bio-
bank participants [26]. This GWAS data controlled for
variables including age, sex, imaging center details, and
genotyping batch. All participants involved in the afore-
mentioned study were of European descent. NAFLD rep-
resents a physician-diagnosed chronic hepatic disorder.
Hepatic lipid content, specifically liver fat, constitutes a
primary characteristic and severity biomarker of NAFLD,
with heterogeneity contingent on regional damage. Liver
volume serves as a subtle but significant indicator of
underlying liver damage, particularly reflecting the sever-
ity of liver fibrosis, tissue scarring, and fat accumulation
[27, 28]. The challenge of accurately assessing NAFLD
liver function stems from the complexity and multiplic-
ity of liver functions. Accordingly, quantification of liver
fat and volume proves critical for precise appraisal of
NAFLD severity and hepatic functional effects.



Mao et al. Lipids in Health and Disease (2024) 23:58

Data sources for cortical surface area (SA) and cortical
thickness (TH)

Cortical architecture GWAS data were derived from the
ENIGMA consortium [29] entailing MRI-based cortical
TH and SA quantifications across 51,665 participants.
Most data (approximately 94%) derived from 60 Euro-
pean ancestry cohorts (Supplementary Table 1). The
Desikan-Killiany atlas provides the definition for the 34
regions, establishing a broad segmentation of the cortex
where the boundaries of each region are determined by
the gyrus anatomy marked in the depths of brain grooves.
Each value represents the average of measurements taken
from both hemispheres. Globally-weighted statistics cap-
ture region-specific cortical SA and TH measurements
adjusted for total brain parameters. Conversely, non-
globally weighted data represent region-restricted values
without whole brain correction.

Screening of genetic IVs

To determine the causal influence of NAFLD-related fac-
tors on cortical structure, we applied three groupings of
genetic IVs capturing different facets of NAFLD hepatic
pathobiology. These included: (i) index SNPs associated
with NAFLD, (ii) index SNPs related to liver fat, and (iii)
index SNPs pertaining to liver volume. All index SNPs
related to exposure are enumerated in Supplementary
Table 2. We clustered IV SNPs independently, utilizing
the “TwoSampleM” package, with P<5x107%. Stringent
R?<0.001 and 1 MB window thresholds were instituted,
with 1000 Genomes European data constituting the ref-
erence. When SNPs are in linkage disequilibrium, we
retained those with the lowest P values. To eliminate the
influence of other potential confounding factors on the
study outcome variables, we used the Phenotype Scan-
ner V2.0 database [30] to exclude SNPs associated with
aging, cognitive impairment, organic brain changes, and
mental disorders. After filtering out potential confound-
ing SNPs, we applied Mendelian Randomization Pleiot-
ropy RESidual Sum and Outlier (MR-PRESSO) to remove
potential outliers before each MR analysis [31].

The F statistic appraises instrument strength depen-
dent on the phenotypic variation attributable to
genetics (R%), sample size (N) and number of vari-
ables (k). The F statistic is calculated using the fol-
lowing equation: F=R}*N-k-1)/k(1-R%* [32]. To
determine the R? for the IV SNPs less than 10, this
formula is applied: 2XEAFx(1-EAF)xbeta’®. How-
ever, for the extended 10 IV SNPs, the following for-
mula is used: (2XEAFx(1—EAF)xbeta®)/[(2xEAFX(1
—EAF)xbeta?)+(2XEAFx(1 — EAF)XNxXSE(beta?)] [33].
The frequency of effect alleles is denoted by EAF, while
[ signifies the calculated genetic impact of exposure. A
F statistic of 10 or more suggests a reduced risk of weak
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instrument bias within the MR analysis.We calculated the
statistical power of the MR results using mRnd [34].

Statistical analysis

The flowchart of the study is shown in Fig. 1. We utilized
a two-sample MR approach which requires the exposure
and outcome variables to satisfy three vital assumptions
[35]: (i) there is a robust association between genetic
variants and exposure, (ii) no correlation exists between
genetic variants and any confounder associated with out-
come variables, and (iii) genetic variants influence the
outcome exclusively through exposure. We performed
initial bidirectional two-sample MR analyses to examine
causal associations of NAFLD, liver fat, liver volume with
cortical SA and cortical TH. For under three IV SNPs, we
employed either the Wald ratio or IVW method; for three
or more SNPs, we utilized IVW, MR-Egger, and weighted
median (WM) to improve result robustness and reduce
heterogeneity or pleiotropy [32]. We primarily utilized
IVW as the outcome measure, using MR-Egger and
WM as supplementary techniques to strengthen result
robustness across various conditions [35]. This approach
accounted for pleiotropic effects and allowed for the use
of potentially invalid instruments under specific circum-
stances [36, 37]. The IVW estimate was ascertained from
the slope of the regression model regressing SNP-out-
come on SNP-exposure effects. If inconsistent estimates
were obtained, we refined the instrument P-value thresh-
old and executed the MR analysis once more [38].

We conducted sensitivity analyses to gauge the validity
and robustness of the results, which included employ-
ing the MR-Egger intercept test for the assessment of
horizontal pleiotropy [36], and utilizing funnel plots to
evaluate potential directional pleiotropy. We evaluated
heterogeneity via Cochran’s Q test [39] and utilized MR-
PRESSO to identify prospective outliers or directional-
ity bias [31]. We implemented bidirectional MR and MR
Steiger tests to preclude reverse causation and confirm
directionality [40]. All above analyses were conducted
using the “TwoSampleMR” and “MR-PRESSO” pack-
age. We used MRlap [41], a recent method correcting
biases in Mendelian randomization analyses by address-
ing weak instrument bias and considering sample overlap
as a modifier of these biases. MR Robust adjusted profile
score (MR-RAPS) can provide a stable basis for inference
in MR analysis through many weak instruments, espe-
cially with complex exposure-outcome relationships. We
therefore conduct MR-RAPS as a supplementary method
to verify the results of IVW [42, 43]. For global-level
tests, a significant two-sided P-value was set at 0.05. For
regional-level analyses, taking into account the 408 MR
estimates, we applied the Bonferroni correction to set the
P-value at 0.05/408 (1.22x107%).
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Fig. 1 The flowchart of the Mendelian Randomization (MR) study. Based on mendelian assumption 1, NAFLD, liver fat and liver volume are significantly
related to genetic instrumental variables (IVs). Assumption 2 proposes that these IVs do not influence outcomes via confounding variables. Assumption 3
asserts that the genetic IVs do not directly impact the structure of cortex but exert influence only through indirect exposure

We conducted multivariable MR analyses to ascertain
whether the causal relationship between NAFLD and
cortical SA or TH was independent of other NAFLD-
associated factors including BMI, overweight status,
hyperlipidemia, and diabetes [44]. We combined the
genetic IVs from NAFLD and NAFLD-associated factors,
additionally aggregating them through linkage disequilib-
rium (within a 1 MB window at R*<0.001) to guarantee
SNP independence. Multivariable IVW, MR-Egger, WM
and Lasso analyses were performed to evaluate estimate
effect and correct for pleiotropy, with heterogeneity
detected by Cochrane’s Q test, using the “MendelianRan-
domization” package [45, 46]. Total F-value of exposure
variables was calculated with “MVMR” package [45, 46].

In a two-step MR analysis, we examined potential
mediators demonstrating causal associations with both
NAFLD and cortical structural alterations. Using the
“GagnonMR” package, we implemented two-sample
MR analyses covering all European ancestry variables
(n=18,115) in OPEN GWAS to identify putative media-
tors concurrently representing NAFLD outcome and cor-
tical SA and TH exposure variables. We then employed

the “product of coefficients” and “delta” method to assess
the indirect influence of NAFLD on cortical SA and TH
through each potential mediating variable. Mediators
with a delta method P-value of less than 0.05 were ulti-
mately considered significant and retained in our study
[47, 48].

Results

Univariable MR

Using Phenotype Scanner, we identified associa-
tions between particular SNPs (rs429358, rs9274447,
rs4240624) and diseases including AD, schizophrenia,
epilepsy, among others (Supplementary Table 3). After
filtering these SNPs, we obtained 3, 10, and 10 IV SNPs
respectively appropriate for the genetic prediction of
NAFLD, liver fat, and liver volume, with no overlap-
ping IV SNPs. MR-PRESSO showed no outliers or causal
direction bias, and F statistics for all genetic IV SNPs
exceeded 10, showing no weak instrument bias (Supple-
mentary Table 2). We conducted a comprehensive MR
study on overall SA/TH and 34 functional gyrus, incor-
porating NAFLD-related indicators. In global analyses,
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despite NAFLD, liver fat, and liver volume showing no
significant causality with total cortical SA and TH, par-
ticular functional gyrus displayed nominally significant
effects (Fig. 2). NAFLD significantly decreased parahip-
pocampal SA without global weighting (b = -4.919 mm?,
95% CI: -9.024 to -0.814 mm, P=0.019). In addition, the
TH of the caudalmiddlefrontal (b = -0.005 mm, 95% CI:
-0.010 to -0.0001 mm, P=0.045), cuneus (b = -0.006 mm,
95% CIL: -0.012 to -0.001 mm, P=0.033), lingual (b =
-0.005 mm, 95% CIL: -0.010 to -0.0003 mm, P=0.040),
parstriangularis (b = -0.006 mm, 95% CI: -0.011 to
-0.0002 mm, P=0.040) was also effected. In non-global
analyses, NAFLD decreased the caudalmiddlefron-
tal TH (b = -0.008 mm, 95% CI: -0.016 to -0.0002 mm,
P=0.044), parstriangularis TH (b =-0.009, 95% CI: -0.016
to-0.001 mm, P=0.025), and superiotemporal SA (b =
-21.607 mm?, 95% CI: -42.732 to -0.483 mm? P=0.045).
Moreover, global weighting parahippocampal SA (b =
-5.643 mm?, 95% CI:-9.658 to -1.629 mm?, P=0.006) and
non-global weighted parahippocampal SA (b = -9.851
mm? 95% CI:-18.970 to -0.733 mm? P=0.034) were
decreased by liver fat and volume respectively. Several
other cortical regions, such as parsopercularis and isth-
muscingulate, were also effected by these two exposure
variables. Detailed information was shown in Table 1.
Unfortunately, no results attained statistical significance
after Bonferroni correction. The scatter plots demon-
strate consistent trends in the observed causal effects
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for MR-Egger, WM, and IVW methods (Supplementary
Fig. 1).

Although our MR analysis did not reveal significant
evidence of horizontal pleiotropy or heterogeneity (Sup-
plementary Table 4), we did observe slight asymmetry
in certain funnel plots (Supplementary Fig. 1). Addition-
ally, we did not detect any inproper directionality of the
causal relationship in the MR Steiger test analysis (Sup-
plementary Table 5). However, bidirectional MR results
suggested potential associations between non-global
weighing isthmuscingulate TH and cuneus TH and liver
fat, and between non-global parahippocampal SA and
liver volume (Supplementary Table 6).

With MRlap correction, associations of NAFLD with
decreased cortical TH and SA in the Caudalmiddle-
frontal, Cuneus, Parstriangularis, and Superiotemporal
regions were no longer significant (P>0.05), potentially
due to the limited number of IV SNPs. However, negative
correlations persisted across these regions (Supplemen-
tary Table 7). Critically, links between liver fat/volume
and cortical structure remained significant, affirming that
sample overlap likely does not substantially impact con-
clusions. Though some instruments displayed high F-sta-
tistics yet low statistical power (Supplementary Table 2),
MR-RAPS results aligned with inverse variance weighted
analysis (Supplementary Table 8).
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Fig. 2 Heatmap of the inverse variance weighted (IVW) P-values from NAFLD, liver fat, and liver volume to cortical structural changes via MR analysis.
The horizontal axis represents the corresponding brain regions being analyzed. The vertical axis indicates the exposure variables of interest - NAFLD, liver
fat, and liver volume - along with the analytical conditions applied during processing, namely whether global weighting was employed and whether
thickness or surface area of corresponding structural was examined. The color scale illustrates the P-values. Dark blue indicates lower p-values while white

indicates higher P-values
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Multivariable MR

Supplementary Table 1 shows the sources and details
of the GWAS information employed in the multivari-
able MR analyses. The independent IV SNPs for multi-
variable MR are documented in Supplementary Table
9. After adjusting for BMI, diabetes, hyperlipidemia,
and obesity, NAFLD continued exhibiting significant
impacts on global-weighted lingual TH and non-global
weighted parstriangularis TH, with the corresponding
regression coefficients and confidence interval as fol-
lows: BMI (b = -0.004 mm, 95% CI: -0.008 to -0.001 mm,
P=0.013 & b =-0.007 mm, 95% CI: -0.012 to -0.001 mm,
P=0.018), Diabetes (b = -0.006 mm, 95% CI: -0.011 to
-0.001 mm, P=0.012 & b = -0.007 mm, 95% CI: -0.015
to 0.000 mm, P=0.047), Hyperlipidemia (b = -0.006 mm,
95% CI: -0.012 to -0.001 mm, P=0.014 & b =-0.009 mm,
95% CI: -0.017 to -0.001 mm, P=0.022), and Obesity (b
= -0.006 mm, 95% CI: -0.011 to -0.002 mm, P=0.008 &
b = -0.007 mm, 95% CI: -0.015 to -0.000 mm, P=0.045).
The confidence interval derived from the multivariable
MR-Egger and WM were broader as compared to those
from the multivariable IVW, which provided more robust
estimates in a broader context. Furthermore, Under cer-
tain conditions, NAFLD might exert an independent
causal effect on other cortical structures. For example,
after adjusting for BMI, the impact of NAFLD on cuneus
TH, lingual TH, caudal middle frontal TH, and parstri-
angularis TH remained significant. Similar results were
observed after other factor adjustments. The LASSO
regression results were almost consistent with those of
the MVMR-IVW analyses. Detailed information can be
found in Table 2. The MVMR-RAPS results demonstrate
that NAFLD exhibits independent effect on the previ-
ously identified cortical structural alterations from two-
sample MR analyses, after adjusting for BMI, diabetes,
hyperlipidemia and obesity (Supplementary Table 10).
This could be explained by MR-RAPS being less subject
to conditionally weak instrument bias.

Two-steps MR

In two-step MR analyses, we investigated potential medi-
ators of the causal associations between NAFLD and
cortical structure. In the first step, we utilized genetic
instruments for NAFLD to evaluate its causal effects on
prospective mediators, and screened 1,368 potential out-
comes among 18,115 European ancestry variables. In the
second step, with above-mentioned influenced cortex as
the outcome variables, we screened 139, 244, 246, 175,
200, 297, 214, 272 potential exposure factors, respec-
tively. We took the intersection and excluded variables
of: i) drug use; ii) body characteristics; iii) common blood
test indices; iv) lipid micromorphology. Priority was
given to the most updated version or deeper sequenced
version. Supplementary Table 11 presents the sources
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and details of GWAS data for the potential mediators
after preliminary screening. Employing the ‘product
of coefficients’ and the ‘delta’ methods, we discerned a
significant mediating role of liver fat percentage in the
causal association between NAFLD and global weight-
ing parahippocampal SA IVW p = -4.766; 95% CI, -7.836
to -1.697; P=0.002), global weighting cuneus TH (IVW
B=-0.006; 95% CI: -0.010 to -0.002; P=0.07), and non-
global weighting parstriangularis TH (IVW p=-0.007;
95% CI: -0.013 to -0.001; P=0.017); AST had a significant
mediating effect in the causal association from NAFLD
to non-global weighting parstriangularis TH (IVW p =
-0.007; 95% CI: -0.011 to -0.002; P=0.002); LDL had a
significant mediating effect in the causal association from
NAFLD to non-global weighting caudalmiddlefrontal
TH (IVW =-0.0003; 95% CI: -5.650E-04 to -1.390E-
05; P=0.040) (Fig. 3; Table 3). All the mediation effect of
potential mediators were shown in Supplementary Table
12.

Discussion

Accumulated evidence indicates an association between
NAFLD and neuro-pathologies, impacting both cognitive
function and brain volume. Animal studies have demon-
strated NAFLD effects on thalamic energy metabolism
and hippocampal structure [6, 9, 49]. We used genetic
tools for liver fat and liver volume to represent the liver
health status in NAFLD [28, 29]. In MRI results, SA and
TH served as indicators of cortical structure and altera-
tions in neurological function. This study is the first
large-scale MR analysis to conclusively establish a causal
link between NAFLD, liver fat, liver volume, and corti-
cal structure. The association was established by using
genetic variations as unbiased proxies, an approach not
extensively used in previous cross-sectional or experi-
mental studies [7, 21, 49].

Cognitive and neuropsychiatric disturbances demon-
strate higher prevalence among NAFLD patients, how-
ever the distinct cortical substrates and pathogenesis
have not been fully elucidated [50, 51]. Specific attributes
of brain structure, including cortical SA and TH, might
serve as predictors for cognitive decline. While older
theories linked brain damage from liver disease to fac-
tors like ammonia toxicity and neurotransmitter changes
[52], the more recent liver-brain axis hypothesis suggests
direct communication pathways between liver disease
and brain injury. These pathways may involve liver-
derived substances modifying CNS proteins through
nitrotyrosine or nitrosamine, ammonia accumulation
triggering phagocytosis in brain glial cells, and systemic
inflammation affecting the integrity of the blood-brain
barrier [53-55]. In our MR analysis, we examined the
heterogeneity and severity of NAFLD, revealing its asso-
ciation with structural brain changes, including potential
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alterations to the cortical SA and TH in regions like the
parahippocampus. Despite statistical insignificance per
Bonferroni-corrected thresholds, associations surpass-
ing P<0.05 in IVW assessment deserve prudent exami-
nation. In concert with extant evidence, our research
underscore the import of cortical integrity to the pathol-
ogy underlying the hepatic-cerebral connection.

In our exposure instrumental variables, rs28601761,
rs73001065, and rs3747207 are three IV SNPs closely
associated with NAFLD. Positioned downstream of
the TRIB1 gene, rs28601761 is significantly correlated
with serum levels of glycine and tyrosine, suggesting its
potential involvement in NAFLD by influencing lipid
metabolism [56]. Located in the MAU2 gene, rs73001065
exhibits different genotypes associated with serum total
cholesterol, low-density lipoprotein cholesterol, apoli-
poprotein B, and triglyceride levels. It may contribute to
gene-gene and gene-environment interactions, influenc-
ing lipid levels and regulating the progression of NAFLD
[57]. Positioned within the PNPLA3 gene, rs3747207,
although unrelated to liver cancer susceptibility, is sig-
nificantly correlated with the severity and activity score
(NAS) of NAFLD. This SNP represents the strongest
genetic signal associated with NAFLD in the PNPLA3
gene region [58].

Our study identified a significant negative impact
of NAFLD, liver fat, and liver volume on the structure
of the parahippocampus, a crucial component of the
cortico-limbic subcortical loop that plays a role in emo-
tional behavior and memory processing. Reductions in
hippocampus and parahippocampal gyrus volumes are
observed in psychiatric conditions such as depression,
schizophrenia, and AD [59-61]. Additionally, abnormali-
ties in parahippocampal gyrus activity were noted in cir-
rhosis and hepatic HE patients [62, 63], possibly related
to glucose metabolism changes [64]. Moreover, Hepati-
tis C virus (HCV) patients showed noticeable grey mat-
ter atrophy in the left parahippocampal gyrus [65], while
better liver function correlates with larger parahippo-
campal volume [66]. Consistent with previous evidence
of superiortemporal gyrus atrophy in minimal hepatic
encephalopathy (MHE) [67], our findings revealed a
negative correlation between superiortemporal surface
area and NAFLD risk. Glucose metabolism decreased in
HCV patients’ superiortemporal region [64]. In cirrho-
sis patients, superiortemporal region fALFF significantly
increased 6 months post-TIPS surgery compared to 3
months [68].

Cuneus and precuneus, crucial to visual and cognitive
processing. Irregularities in cortical brain regions, includ-
ing the cuneus and precuneus, persisted in patients with
cirrhosis and HE, even after undergoing liver transplan-
tation [69]. Meanwhile, patients with cirrhosis and HE
also demonstrate notable reductions in fALFF in regions
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such as the precuneus and cerebellum posterior lobe [62].
Of note, we observed that alterations in isthmuscingulate
and cuneus cortical thickness appeared to conversely
influence liver fat percentage, potentially attributable to
CNS-liver bidirectional signaling governing hepatic lipid
and lipoprotein regulation [70]. The relation between
NAFLD and the SA of the caudalmiddlefrontal gyrus is
yet to be established. Sun et al. reported heightened func-
tional connectivity in patients with cirrhosis, potentially
linked to liver dysfunction [71]. Cirrhosis patients were
found to have cerebral blood flow deficiencies in the
middlesuperiorfrontal and inferiorparietal lobe [72], with
neuropsychological performance and ammonia levels
linked to changes in the right middlefrontal gyrus [70].

The parstriangularis and parsopercularis have been
found associated with NAFLD and liver fat/volume,
respectively. These brain regions constitute the inferior
frontal gyrus, which plays critical roles in response inhi-
bition, motor inhibition, and social cognition [73]. Mul-
tiple studies have observed functional abnormalities in
the inferior frontal gyrus among HE patients, as well as
reduced functional connectivity between right dorsolat-
eral prefrontal cortex and inferior frontal gyrus among
cirrhotic patients [55, 74]. Additionally, superiorparietal
and precentral structures have shown vulnerability to
effects of liver fat and volume. Perfusion of the former
could be improved by branched-chain amino acid solu-
tions in cirrhotic patients [75]. Smaller volumes in the
latter have been associated with neurolesions related
to alcohol use disorders (AUD) [76]. Certain findings
appeared contradictory, including the observed positive
correlations between liver fat and cuneus TH, as well as
between liver volume and parahippocampus SA. These
relationships, absent of detected pleiotropy, may poten-
tially be explained by compensatory cortical hypertrophy
or cerebral edema induced by liver conditions [77].

Our two-step MR analyses implied liver fat may medi-
ate parahippocampal, cuneus, and parstriangularis struc-
tural alterations induced by NAFLD. NAFLD could also
affect parstriangularis and caudalmiddlefrontal corti-
cal thickness through changes in AST and LDL levels,
respectively. Studies in German and Netherlands obese
middle-aged/elderly cohorts evince liver fat-brain struc-
ture links independent of potential confounders [78,
79]. Elevated liver fat was found to correlate with lower
total brain and gray matter blood flow [80], suggest-
ing independent mechanisms affecting brain circulation
and structure. Regarding AST, its serum disorders were
linked with poorer clinical outcomes in stroke patients
[81], and an aging-related study showed aging and oxi-
dase may affect the brain starting from the liver [82].
Augmented AST and ALT manifest in depressed Korean
females, implicating AST in neurological comorbidities
[83]. Although LDL is considered risky for cardiovascular
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Fig. 3 The potential mediator mechanism (percent liver fat, aspartate aminotransferase, low-density lipoprotein) of cortical structure changes from

NAFLD via MR analysis

Table 3 The mediation effect of NAFLD on cortical construction via liver fat, LDL cholesterol and AST

Exposure-Outcome Mediator Total effect Direct effect A Direct effectB  Mediation effect Medi-
Beta (95% Cl) Beta(95%Cl) Beta(95%Cl) Beta(95% Cl) ated P
value
NAFLD-Parahippocampal SA (global weighting) Percent liver  -4.919 (-9.023, 0.786 (0.722, -6.064 (-9.939, -4.766 (-7.836, 0.002
fat -0.814) 0.850) -2.190) -1.697)
NAFLD-Cuneus TH (global weighting ) Percent liver  -0.006 (-0.012, 0.786 (0.722, -0.008 (-0.013, -0.006 (-0.010, 0.007
fat -0.001) 0.850) -0.002) -0.002)
NAFLD-Caudalmiddlefrontal TH (non-global LDL -0.008 (-0.016, -0.026 (-0.043, 0.0111 (0.004, -0.0003 (-5.650E-  0.040
weighting ) cholesterol -0.001) -0.009) 0.019) 04, -1.390E-05)
NAFLD-Parstriangularis TH (non-global weight-  Percent liver ~ -0.009 (-0.016, 0.786 (0.722, -0.009 (-0.016, -0.007 (-0.013, 0.017
ing) fat -0.001) 0.850) -0.002) -0.001)
NAFLD-Parstriangularis TH (non-global weight-  AST -0.009 (-0.016, 3.529 (3321, -0.002 (-0.003, -0.007 (-0.011, 0.002
ing) -0.001) 3.737) -0.001) -0.002)

NAFLD: Non-Alcoholic Fatty Liver Disease; LDL: Low-Density lipoprotein; AST: Aspartate aminotransferase; SA, surface area; TH, thickness

Acknowledgements

link between NAFLD and cortical structure warrants fur-  We would like to acknowledge FigDraw for providing the tool of creating the

ther research.

Supplementary Information

illustrative diagrams in this manuscript.

Author contributions
Guoping Yin, Sheng Huan and Zun Mao conceptualized and designed the

The online version contains supplementary material available at https://doi. study. Guoping Yin, Sheng Huan, Long Chen and Zun Mao contributed to

0rg/10.1186/512944-024-02043-x.

the design of methodology. Zun Mao and Zhixiang Gao conducted the
data collection and organization work. Zhixiang Gao and Tong Ji made

Supplementary Material 1

Supplementary Material 2

substantial contributions to data analysis. Zun Mao, Long Chen and Guoping
Yin contributed to revise the manuscript for grammar and writing style. Zun
Mao written the first version of the manuscript. Long Chen and Guoping Yin
was responsible for revising the manuscript, all authors read and approved the

final manuscript.


https://doi.org/10.1186/s12944-024-02043-x
https://doi.org/10.1186/s12944-024-02043-x

Mao et al. Lipids in Health and Disease (2024) 23:58

Funding

This work was supported in part by Postgraduate Research & Practice
Innovation Program of Jiangsu Province (KYCX22_1604 for Zun Mao). The
authors have no financial interests to declare.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethical approval

The GWAS summary statistics are public database. The patients involved in the
database received ethical approval. Users can download relevant data for free
for research and publication purposes.

Competing interests
The authors declare no competing interests.

Received: 8 December 2023 / Accepted: 5 February 2024
Published online: 23 February 2024

References

1. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-Meta-analytic assess-
ment of prevalence, incidence, and outcomes. Hepatology (Baltimore MD).
2016,64(1):73-84.

2. Estes C, Razavi H, Loomba R, Younossi Z, Sanyal AJ. Modeling the epidemic
of nonalcoholic fatty liver disease demonstrates an exponential increase in
burden of disease. Hepatology (Baltimore MD). 2018;67(1):123-33.

3. Younossi Z, Anstee QM, Marietti M, et al. Global burden of NAFLD and NASH:
trends, predictions, risk factors and prevention. Nat Reviews Gastroenterol
Hepatol. 2018;15(1):11-20.

4. LombardiR, Fargion S, Fracanzani AL. Brain involvement in non-alcoholic fatty
liver disease (NAFLD): a systematic review. Digestive and liver disease: official
journal of the Italian Society of Gastroenterology and the Italian Association
for the study of the liver 2019; 51(9): 1214-22.

5. Kim DG, Krenz A, Toussaint LE, et al. Non-alcoholic fatty liver disease induces
signs of Alzheimer's disease (AD) in wild-type mice and accelerates patho-
logical signs of AD in an AD model. J Neuroinflamm. 2016;13:1.

6. Weinstein G, Zelber-Sagi S, Preis SR, et al. Association of Nonalcoholic Fatty
liver Disease with Lower Brain volume in healthy middle-aged adults in the
Framingham Study. JAMA Neurol. 2018;75(1):97-104.

7. Weinstein AA, de Avila L, Paik J, et al. Cognitive performance in individuals
with non-alcoholic fatty liver disease and/or type 2 diabetes Mellitus. Psycho-
somatics. 2018;59(6):567-74.

8. Vegas-Sudrez S, Simon J, Martinez-Chantar ML, Moratalla R. Metabolic dif-
fusion in Neuropathologies: the relevance of Brain-Liver Axis. Front Physiol.
2022;13:864263.

9. Maj MA, Gehani TR, Immoos C et al. Olive- and coconut-oil-enriched diets
decreased secondary bile acids and regulated metabolic and transcriptomic
markers of Brain Injury in the Frontal cortexes of NAFLD pigs. Brain Sci 2022;
12(9).

10. Lima JA, Hamerski L. Chapter 8 - Alkaloids as Potential Multi-Target Drugs to
Treat Alzheimer’s Disease. In: Atta ur R, ed. Studies in Natural Products Chem-
istry: Elsevier; 2019: 301 - 34.

11, Ashburner J, Friston KJ. Voxel-based morphometry—the methods. Neurolm-
age. 2000;11(6 Pt 1):805-21.

12. Nucera S, Ruga S, Cardamone A, et al. MAFLD progression contributes to
altered thalamus metabolism and brain structure. Sci Rep. 2022;12(1):1207.

13. Anstee QM, Seth D, Day CP. Genetic factors that affect risk of alcoholic and
nonalcoholic fatty liver disease. Gastroenterology. 2016;150(8):1728-44e7.

14. Trépo E, Valenti L. Update on NAFLD genetics: from new variants to the clinic.
J Hepatol. 2020;72(6):1196-209.

15. Eslam M, Valenti L, Romeo S. Genetics and epigenetics of NAFLD and NASH:
clinical impact. J Hepatol. 2018;68(2):268-79.

16.  Lee HC, Inoue T, Sasaki J, et al. LPIAT1 regulates arachidonic acid content in
phosphatidylinositol and is required for cortical lamination in mice. Mol Biol
Cell. 2012;23(24):4689-700.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 12 of 13

Parikh NS, Dueker N, Varela D, et al. Association between PNPLA3 rs738409
G variant and MRI cerebrovascular disease biomarkers. J Neurol Sci.
2020;416:116981.

Fjell AM, McEvoy L, Holland D, Dale AM, Walhovd KB. What is normal in nor-
mal aging? Effects of aging, amyloid and Alzheimer’s disease on the cerebral
cortex and the hippocampus. Prog Neurobiol. 2014;117:20-40.

Benedict M, Zhang X. Non-alcoholic fatty liver disease: an expanded review.
World J Hepatol. 2017;9(16):715-32.

Airaghi L, Rango M, Maira D, et al. Subclinical cerebrovascular disease

in NAFLD without overt risk factors for atherosclerosis. Atherosclerosis.
2018;268:27-31.

Xu JL, Gu JP, Wang LY, et al. Aberrant spontaneous brain activity and its asso-
ciation with cognitive function in non-obese nonalcoholic fatty liver disease:
a resting-state fMRI study. J Integr Neurosci. 2023;22(1):8.

Hemani G, Zheng J, Elsworth B et al. The MR-Base platform supports system-
atic causal inference across the human phenome. eLife 2018; 7.

Wu M, Zha M, Lv Q, et al. Non-alcoholic fatty liver disease and stroke: a men-
delian randomization study. Eur J Neurol. 2022;29(5):1534-7.

Skrivankova VW, Richmond RC, Woolf BAR, Yarmolinsky J, Davies NM, Swan-
son SA, VanderWeele TJ, Higgins JPT, Timpson NJ, Dimou N, et al. Strengthen-
ing the reporting of Observational studies in Epidemiology using mendelian
randomization: the STROBE-MR Statement. JAMA. 2021;326:1614-21.
Ghodsian N, Abner E, Emdin CA, et al. Electronic health record-based
genome-wide meta-analysis provides insights on the genetic architecture of
non-alcoholic fatty liver disease. Cell Rep Med. 2021;2(11):100437.

Liu'Y, Basty N, Whitcher B et al. Genetic architecture of 11 organ traits derived
from abdominal MRI using deep learning. eLife 2021; 10.

Bian H, Hakkarainen A, Zhou Y, Lundbom N, Olkkonen VM, Yki-Jarvinen H.
Impact of non-alcoholic fatty liver disease on liver volume in humans. Hepa-
tol Research: Official J Japan Soc Hepatol. 2015;45(2):210-9.

Starekova J, Hernando D, Pickhardt PJ, Reeder SB. Quantification of Liver Fat
content with CT and MRI: state of the art. Radiology. 2021;301(2):250-62.
Grasby KL, Jahanshad N, Painter JN et al. The genetic architecture of the
human cerebral cortex. Science (New York, NY). 2020; 367(6484).

Kamat MA, Blackshaw JA, Young R, et al. PhenoScanner V2: an expanded

tool for searching human genotype-phenotype associations. Bioinf (Oxford
England). 2019;35(22):4851-3.

Verbanck M, Chen CY, Neale B, Do R. Detection of widespread horizontal
pleiotropy in causal relationships inferred from mendelian randomization
between complex traits and diseases. Nat Genet. 2018;50(5):693-8.

Burgess S, Thompson SG. Avoiding bias from weak instruments in mendelian
randomization studies. Int J Epidemiol. 2011;40(3):755-64.

Shim H, Chasman DI, Smith JD, et al. A multivariate genome-wide association
analysis of 10 LDL subfractions, and their response to statin treatment, in
1868 caucasians. PLoS ONE. 2015;10(4):e0120758.

Brion MJ, Shakhbazov K, Visscher PM. Calculating statistical power in mende-
lian randomization studies. Int J Epidemiol. 2013;42:1497-501.

Sheehan NA, Didelez V, Burton PR, Tobin MD. Mendelian randomisation and
causal inference in observational epidemiology. PLoS Med. 2008;5(8):e177.
Bowden J, Davey Smith G, Burgess S. Mendelian randomization with invalid
instruments: effect estimation and bias detection through Egger regression.
Int J Epidemiol. 2015;44(2):512-25.

Bowden J, Davey Smith G, Haycock PC, Burgess S. Consistent estimation in
mendelian randomization with some Invalid instruments using a weighted
median estimator. Genet Epidemiol. 2016;40(4):304-14.

Chen X, Kong J, Pan J, et al. Kidney damage causally affects the brain cortical
structure: a mendelian randomization study. EBioMedicine. 2021,72:103592.
Bowden J, Del Greco MF, Minelli C, Davey Smith G, Sheehan N, Thompson J.
A framework for the investigation of pleiotropy in two-sample summary data
mendelian randomization. Stat Med. 2017;36(11):1783-802.

Hemani G, Tilling K, Davey Smith G. Orienting the causal relationship
between imprecisely measured traits using GWAS summary data. PLoS
Genet. 2017;13(11):21007081.

Mounier N, Kutalik Z. Bias correction for inverse variance weighting mende-
lian randomization. Genet Epidemiol. 2023;47:314-31.

Wu F,Huang Y, Hu J, Shao Z. Mendelian randomization study of inflammatory
bowel disease and bone mineral density. BMC Med. 2020;18:312.

Yang Z, Schooling CM, Kwok MK. Genetic evidence on the Association of
Interleukin (IL)-1-Mediated chronic inflammation with airflow obstruction: a
mendelian randomization study. Copd. 2021;18:432-42.



Mao et al. Lipids in Health and Disease

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

(2024) 23:58

Sanderson E, Davey Smith G, Windmeijer F, Bowden J. An examination of
multivariable mendelian randomization in the single-sample and two-
sample summary data settings. Int J Epidemiol. 2019;48(3):713-27.

Burgess S, Thompson SG. Multivariable mendelian randomization: the use
of pleiotropic genetic variants to estimate causal effects. Am J Epidemiol.
2015;181(4):251-60.

Rees JMB, Wood AM, Burgess S. Extending the MR-Egger method for
multivariable mendelian randomization to correct for both measured and
unmeasured pleiotropy. Stat Med. 2017;36(29):4705-18.

VanderWeele TJ. Mediation analysis: a practitioner’s guide. Annu Rev Public
Health. 2016;37:17-32.

Carter AR, Gill D, Davies NM, et al. Understanding the consequences of edu-
cation inequality on cardiovascular disease: mendelian randomisation study.
BMJ (Clinical Res ed). 2019;365:11855.

Gao XR, Chen Z, Fang K, Xu JX, Ge JF. Protective effect of quercetin against
the metabolic dysfunction of glucose and lipids and its associated learning
and memory impairments in NAFLD rats. Lipids Health Dis. 2021;20(1):164.
Hadjihambi A, Konstantinou C, Klohs J, et al. Partial MCT1 invalidation
protects against diet-induced non-alcoholic fatty liver disease and the associ-
ated brain dysfunction. J Hepatol. 2023;78(1):180-90.

Tan SY, Georgousopoulou EN, Cardoso BR, Daly RM, George ES. Associations
between nut intake, cognitive function and non-alcoholic fatty liver disease
(NAFLD) in older adults in the United States: NHANES 2011-14. BMC Geriatr.
2021,21(1):313.

Ahboucha S, Butterworth RF. Pathophysiology of hepatic encephalopathy: a
new look at GABA from the molecular standpoint. Metabolic brain disease.
2004; 19(3-4): 331-43.

Oja SS, Saransaari P, Korpi ER. Neurotox Ammonia Neurochemical Res.
2017:42(3):713-20.

Atanassov CL, Muller CD, Dumont S, Rebel G, Poindron P, Seiler N. Effect of
ammonia on endocytosis and cytokine production by immortalized human
microglia and astroglia cells. Neurochem Int. 1995;27(4-5):417-24.

Rama Rao KV, Jayakumar AR, Norenberg MD. Brain edema in acute liver
failure: mechanisms and concepts. Metab Brain Dis. 2014;29(4):927-36.
Teslovich TM, Kim DS, Yin X, Stancakova A, Jackson AU, Wielscher M, Naj

A, Perry JRB, Huyghe JR, Stringham HM, et al. Identification of seven novel
loci associated with amino acid levels using single-variant and gene-

based tests in 8545 Finnish men from the METSIM study. Hum Mol Genet.
2018;27:1664-74.

Deng GX, Yin RX, Guan YZ, Liu CX, Zheng PF, Wei BL, Wu JZ, Miao L. Associa-
tion of the NCAN-TM6SF2-CILP2-PBX4-SUGP1-MAU2 SNPs and gene-

gene and gene-environment interactions with serum lipid levels. Aging.
2020;12:11893-913.

Namjou B, Lingren T, Huang Y, Parameswaran S, Cobb BL, Stanaway 1B, Con-
nolly JJ, Mentch FD, Benoit B, Niu X, et al. GWAS and enrichment analyses
of non-alcoholic fatty liver disease identify new trait-associated genes and
pathways across eMERGE Network. BMC Med. 2019;17:135.

FrodI T, Jager M, Smajstrlova |, et al. Effect of hippocampal and amygdala
volumes on clinical outcomes in major depression: a 3-year prospec-

tive magnetic resonance imaging study. J Psychiatry Neuroscience: JPN.
2008;33(5):423-30.

McCarley RW, Shenton ME, O'Donnell BF, Nestor PG. Uniting Kraepelin and
Bleuler: the psychology of schizophrenia and the biology of temporal lobe
abnormalities. Harv Rev Psychiatry. 1993;1(1):36-56.

Salamon G, Salamon N, Johnson N, et al. [Magnetic resonance stud-

ies in Alzheimer's dementia. What routine scanning shows]. Rev Neurol.
2004;160(1):63-73.

Chen HJ, Zhu XQ, Jiao Y, Li PC, Wang Y, Teng GJ. Abnormal baseline brain
activity in low-grade hepatic encephalopathy: a resting-state fMRI study. J
Neurol Sci. 2012;318(1-2):140-5.

Zhang W, Ning N, Li X, et al. Impaired brain glucose metabolism in cirrhosis
without overt hepatic encephalopathy: a retrospective 18F-FDG PET/CT
study. NeuroReport. 2019;30(11):776-82.

Heeren M, Weissenborn K, Arvanitis D, et al. Cerebral glucose utilisa-

tion in hepatitis C virus infection-associated encephalopathy. J Cereb

Blood flow Metabolism: Official J Int Soc Cereb Blood Flow Metabolism.
2011;31(11):2199-208.

Prell T, Dirks M, Arvanitis D, et al. Cerebral patterns of neuropsychological
disturbances in hepatitis C patients. J Neurovirol. 2019;25(2):229-38.

Chen J, Liu S,Wang C, et al. Associations of serum liver function markers with
brain structure, function, and perfusion in healthy young adults. Front Neurol.
2021;12:606094.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

84.

85.

86.

87.

Page 13 of 13

Montoliu C, Gonzalez-Escamilla G, Atienza M, et al. Focal cortical damage par-
allels cognitive impairment in minimal hepatic encephalopathy. Neurolmage.
2012,61(4):1165-75.

Liu C, Wang HB, Yu YQ, et al. [Resting-state functional magnetic resonance
study of brain function changes after TIPS operation in patients with liver
cirrhosis]. Zhonghua Yi Xue Za Zhi. 2016,96(47):3787-92.

Cheng, Zhang G, Shen W, et al. Impact of previous episodes of hepatic
encephalopathy on short-term brain function recovery after liver trans-
plantation: a functional connectivity strength study. Metab Brain Dis.
2018;33(1):237-49.

Taher J, Farr S, Adeli K. Central nervous system regulation of hepatic lipid and
lipoprotein metabolism. Curr Opin Lipidol. 2017;28(1):32-8.

Sun Q, Fan' W, Ye J, Han P. Abnormal Regional Homogeneity and Functional
Connectivity of Baseline Brain Activity in Hepatitis B Virus-related cirrhosis
with and without minimal hepatic encephalopathy. Front Hum Neurosci.
2018;12:245.

Nakagawa Y, Matsumura K, Iwasa M, Kaito M, Adachi Y, Takeda K. Single
photon emission computed tomography and statistical parametric mapping
analysis in cirrhotic patients with and without minimal hepatic encephalopa-
thy. Ann Nucl Med. 2004;18(2):123-9.

Adolfi F, Couto B, Richter F, Decety J, Lopez J, Sigman M, Manes F, Ibafez A.
Convergence of interoception, emotion, and social cognition: a twofold fMRI
meta-analysis and lesion approach. Cortex. 2017;88:124-42.

Yang ZT, Chen HJ, Chen QF, Lin H. Disrupted brain intrinsic networks and
executive dysfunction in cirrhotic patients without overt hepatic encepha-
lopathy. Front Neurol. 2018;9:14.

Zahr NM, Pohl KM, Pfefferbaum A, Sullivan EV. Central Nervous System cor-
relates of Objective Neuropathy in Alcohol Use Disorder. Alcohol Clin Exp Res.
2019;43:2144-52.

Iwasa M, Matsumura K, Watanabe Y, et al. Improvement of regional cerebral
blood flow after treatment with branched-chain amino acid solutions in
patients with cirrhosis. Eur J Gastroenterol Hepatol. 2003;15(7):733-7.

Choi JM, Chung GE, Kang SJ, Kwak MS, Yang JI, Park B, Yim JY. Association
between anxiety and depression and nonalcoholic fatty liver disease. Front
Med (Lausanne). 2020;7:585618.

Swain M, Butterworth RF, Blei AT. Ammonia and related amino acids in the
pathogenesis of brain edema in acute ischemic liver failure in rats. Hepatol-
ogy (Baltimore MD). 1992;15(3):449-53.

Beller E, Lorbeer R, Keeser D, et al. Hepatic fat is superior to BMI, visceral and
pancreatic fat as a potential risk biomarker for neurodegenerative disease.
Eur Radiol. 2019;29(12):6662-70.

Sala M, van der Grond J, de Mutsert R, et al. Liver Fat assessed with CT relates
to MRI' markers of Incipient Brain Injury in Middle-aged to Elderly overweight
persons. AJR Am J Roentgenol. 2016;206(5):1087-92.

VanWagner LB, Terry JG, Chow LS, et al. Nonalcoholic fatty liver disease and
measures of early brain health in middle-aged adults: the CARDIA study.
Obes (Silver Spring Md). 2017,25(3):642-51.

Tan G, Hao Z, Lei C, et al. Subclinical change of liver function could also
provide a clue on prognosis for patients with spontaneous intracerebral
hemorrhage. Neurol Sciences: Official J Italian Neurol Soc Italian Soc Clin
Neurophysiol. 2016;37(10):1693-700.

Lee BJ. Association of depressive disorder with biochemical and anthropo-
metric indices in adult men and women. Sci Rep. 2021;11(1):13596.
Radford-Smith DE, Yates AG, Rizvi L, Anthony DC, Probert F. HDL and LDL
have distinct, opposing effects on LPS-induced brain inflammation. Lipids
Health Dis. 2023;22(1):54.

Guo J, OuYang L, Wang X, et al. Preliminary study of subclinical brain
alterations in patients with asymptomatic carotid vulnerable plaques using
Intravoxel Incoherent Motion Imaging by Voxelwise comparison: a study of
whole-brain imaging measures. Front NeuroSci. 2020;14:562830.

Xia W, Zhang B, Yang Y, Wang P, Yang Y, Wang S. Poorly controlled cholesterol
is associated with cognitive impairment in T2DM: a resting-state fMRI study.
Lipids Health Dis. 2015;14:47.

Burgess S, Davies NM, Thompson SG. Bias due to participant overlap in two-
sample mendelian randomization. Genet Epidemiol. 2016;40:597-608.

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



	﻿Bidirectional two-sample mendelian randomization analysis identifies causal associations of MRI-based cortical thickness and surface area relation to NAFLD
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Data sources for NAFLD, liver fat, and liver volume
	﻿Data sources for cortical surface area (SA) and cortical thickness (TH)
	﻿Screening of genetic IVs
	﻿Statistical analysis

	﻿Results
	﻿Univariable MR
	﻿Multivariable MR
	﻿Two-steps MR

	﻿Discussion
	﻿Study strengths and limitations

	﻿Conclusion
	﻿References


