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Abstract

Background and Objectives

Prospective measures of plasma and cerebral MRI biomarkers of Alzheimer disease (AD) and
vascular neuropathology provide an opportunity to investigate possible mechanisms linking
liver disease and dementia. We aimed to quantify the association of midlife nonalcoholic fatty
liver disease (NAFLD) with change in plasma and brain MRI biomarkers of AD and vascular
neuropathology.

Methods

We included participants from the Atherosclerosis Risk in Communities Study with brain MRI
measurements of white matter hyperintensity (WMH) volume and temporal-parietal lobe
cortical thickness meta region of interest (ROI) at up to 2 different visits, in 2011-13 and
2016-19, and plasma biomarkers of B-amyloid (AB)42:40, phosphorylated tau at threonine
181, and neurofilament light (NfL) were measured up to 3 times in 1993-95, 2011-13, and
2016-19. NAFLD was categorized using the fatty liver index in 1990-92. Multivariate linear
regression was performed for associations between midlife NAFLD and change in plasma and
brain MRI biomarkers of AD and vascular neuropathology. The primary models adjusted for
demographics, Apolipoprotein E, alcohol use, and kidney function.

Results

Among 1,706 participants (mean age S6 years, 62% female, 28% Black), midlife NAFLD vs no
NAFLD was associated with greater late-life WMH volume (difference per SD 0.19, 95% CI
0.06-0.31) and faster late-life WMH increase over 6 years (difference in annual change, SD 0.28,
95% CI 0.05-0.51), suggesting accumulating vascular pathology. Midlife NAFLD vs no NAFLD
was also associated with AD biomarkers in midlife (lower AB42:40 [SD -0.21, 95% CI —0.39 to
—0.04] measured in 1993-95) and late life (lower AB42:40 [SD —0.13, 95% CI —0.23 to —0.03]
and lower temporal-parietal lobe cortical thickness meta ROI [SD -0.16, 95% CI —0.28 to —0.05]
measured in 2011-13). Although midlife NfL was lower in individuals with vs without midlife
NAFLD, those with NAFLD exhibited a faster rate of NfL increase that accelerated over time.

Discussion

Midlife NAFLD shows associations with AD and accumulating vascular pathology, revealing
potential pathways linking liver function to dementia. Plasma biomarkers of neuropathology
and neuronal injury may serve as easily measurable and dynamic indicators for monitoring the
impacts of impaired liver function on brain health.
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Glossary

AP = p-amyloid; AD = Alzheimer disease; ARIC = Atherosclerosis Risk in Communities; BMI = body mass index; eGFR =
estimated glomerular filtration; FLAIR = fluid-attenuated inversion recovery; FLI = fatty liver index; IGF = insulin-like growth
factor; LRP1 = lipoprotein-related protein-1; MPRAGE = magnetization-prepared rapid acquisition gradient echo; NAFLD =
nonalcoholic fatty liver disease; NfL = neurofilament light; p-taul81 = phosphorylated tau at threonine 181; ROI = region of

interest; WMH = white matter hyperintensity.

Introduction

Nonalcoholic fatty liver disease (NAFLD) affects 20%-35%
of the US population. Animal studies have demonstrated that
hepatic and metabolic dysfunction associated with NAFLD
can trigger inflammation, cerebrovascular dysfunction, and
neuronal apoptosis”® decrease peripheral clearance of total
B-amyloid (AB) and increase brain AB deposition.”* The
human evidence, however, is limited. It is not clear whether
NAFLD and liver fibrosis is associated with dementia-related
brain AR deposition and vascular changes.>""

This study focused on understanding the mechanisms un-
derlying the relationship between NAFLD and dementia using
repeated measures of plasma and cerebral MRI biomarkers of
Alzheimer disease (AD) and vascular neuropathology (2 pri-
mary pathways to dementia'”), obtained from the community-
based Atherosclerosis Risk in Communities (ARIC) Study.
Our primary aim sought to quantify the relationship between
midlife NAFLD and brain imaging and plasma biomarkers of
neuropathology. Secondarily, we examined the mediating role
of change in plasma biomarkers in the association between
midlife NAFLD and late-life MRI markers.

Methods

Study Population

ARIC is a prospective community-based cohort that enrolled
15,792 participants aged 45-64 years from 4 US communities
(Forsyth County, NC; Minneapolis, MN; Washington
County, MS; and Jackson, MS) in 1987-89." In 2011-13
(visit §), a cohort subset (N = 1,973) was selected for 3T MRI
brain scans if they (1) participated in the 2004-2006 brain
MRI examination; (2) had evidence of low cognitive test
scores or cognitive decline; or (3) were randomly selected
from cognitively unimpaired participants.'* Sampling weights
were assigned to each participant to take into account the
MRI selection criteria and the probability of refusal to par-
ticipate for eligible participants.15 Plasma biomarkers of
neuropathology were assayed for this subcohort on stored
specimens obtained in 1993-95 (visit 3) and 2011-13 (visit
5). Between 2016 and 2019 (visit 6 and 7), 785 participants
received another brain MRI scan, and plasma biomarkers of
neuropathology were measured.

Midlife NAFLD was assessed in 1990-92 (visit 2), when the
average age of participants was 55.6 (SD 5.2) years. Visit 2
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served as the baseline visit. Baseline study exclusions are
displayed in Figure 1. The median follow-up durations be-
tween the baseline visit and visit 3, visit 3 and visit 5, and visit S
and visit 6/7 are 3.0, 17.7, and 6.3 years, respectively.

Standard Protocol Approvals, Registrations,
and Patient Consents

The study protocol was approved by the Institutional Review
Boards of all ARIC study sites, and all participants provided
written informed consent.

NAFLD Classification

NAFLD was quantified using the validated fatty liver index
(FLI),'¢ following the equation shown below. FLI< 30, 30-
<60, and >60 was used to classify no NAFLD, indeterminate
NAFLD, and NAFLD, respectively.

o
FLI =

x 100
eV +1
where y = 0.953 x In (triglycerides, mg/dL) + 0.139 x body
mass index (BMI), kg/m* + 0.718 x In (gamma-glutamyl
transferase, U/L) + 0.053 x waist circumference, cm — 15.745

Plasma Biomarkers of Neuropathology

AD pathology (AB40, AB42, phosphorylated tau at threonine
181 [p-taul81]) and neurodegeneration (neurofilament light
[NfL]) were measured using commercially available ultra-
sensitive single-molecule array (Simoa) assays from Quan-
terix using stored plasma (visits 3, S, and 6/ 7). AP40, Ap42,
and NfL were measured using the Neurology 4-PLEX E. Glial
fibrillary acidic protein was excluded from the study because
of our specific focus on AD-related neuropathology and
neurodegeneration. AP42:40 ratio was calculated by dividing
AP42 over AP40. Biomarkers of p-taul81 and NfL were right
skewed and base 2 log transformed. Lower plasma AB42:40
levels and higher p-taul81 levels reflect greater AP pathology
in early stages of AD development, and higher and faster
increasing levels of NfL reflect greater neurodegeneration.'®

MRI-Based Biomarkers of Neuropathology

Brain morphology was measured with 3T MRI in 2011-13
(visit §), with quantification at a central image processing
center at the Mayo Clinic."” Magnetization-prepared rapid
acquisition gradient echo (MPRAGE) and sagittal T2 fluid-
attenuated inversion recovery (FLAIR) were obtained.
FLAIR images assessed white matter hyperintensities
(WMHs) in 2-dimension using a semiautomated algorithm,
and MPRAGE images assessed brain volume and thickness in
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Figure 1 Study Timeline and Study Eligibility Criteria

Continuous surveillance for all deaths, hospitalizations, cardiovascular events, diabetes, kidney disease,
hypertension, and other conditions

Visit 1 Visit 2 Visit 3 Visit 4
1987-89 1990-92 1993-95 1996-98
(n=15,792) (n=14,348) (n=12,887) (n=11,656)
Age Age Age Age
45-64years  48-67years  51-70years  54-73years
Plasma biomarkers
of neuropathology v (n=1,534)

Brain MRI

Visit 2 participants with at least 1 brain MRI
measurement at visit 5
(n=1,973)

v
Excluded (n = 265):
» Not Black or White (39)
» Dementia (0)
« Liver-related hospitalization (1)
« Stroke (20)
« Significant alcohol use (39)
* Missing ALT or AST (99)
+ ALT and AST 2300 U/L (0)
+ Missing covariates of interests (67)

!

Excluded (n = 2):
* Missing NAFLD (2)

v

NAFLD with Brain MRI
« At visit 5 (n =1,706)
* At visit 6/7 (n = 615)

Visit 5 Visit 6 Visit 7
2011-13 2016-18 2018-19
(n=6,538) (n=4,214) (n=3,589)
Age Age Age
66-90 years 71-94 years 73-95 years

v (n=1,829) v (V6/V7,n =661)

v/ (n=1 v (V6/V7, n = 785)

©

73)

Visit 2 participants with at least 1 plasma
biomarkers of neuropathology measurement
(n=1,829)

v
Excluded (n = 243):
» Not Black or White (36)
» Dementia (0)
+ Liver-related hospitalization (1)
« Stroke (14)
« Significant alcohol use (35)
* Missing ALT or AST (93)
+ ALT and AST 2300 U/L (0)
+ Missing covariates of interests (64)

!

Excluded (n = 2):
* Missing NAFLD (2)

v

NAFLD with plasma biomarkers of neuropathology
+ Atvisit 3 (n=1,333)
+ At visit 5 (n = 1,584)
« At visit 6/7 (n = 574)

Liver-related hospitalization was identified by hospital discharge diagnoses (International Classification of Diseases, Ninth Revision, Clinical Modification codes
571.0-571.9); dementia and stroke were ascertained through follow-up visits, annual follow-up contacts, and community-wide hospital surveillance; reported
significant alcohol consumption was defined as current alcohol consumption of >21 standard drinks per week for men and >14 standard drinks per week for
women. ALT = alanine aminotransferase; AST = aspartate aminotransferase; NAFLD = nonalcoholic fatty liver disease.

3-dimension.”® The Freesurfer atlas was used to quantify re-
gional brain volume and thickness.”' Participants with a
2016-19 MRI follow-up adhered to visit 5 methodology,
except that WMH was quantified using 3-dimension tech-
nology. Brain MRI data were reanalyzed in 2020 to produce
harmonized measures to reconcile inconsistency across visits.

WMH volume was summed over the frontal, parietal, temporal,
and occipital lobes and log transformed because of a right skewed
distribution. The brain cortical thickness was quantified for the
temporal-parietal lobe meta region of interest (ROI), which is
particularly vulnerable to age-related neurodegeneration. This
ROI encompasses entorhinal, fusiform, inferior temporal, middle
temporal, hippocampus, amygdala, and precuneus and performed
the best in the ROl selection studies conducted in the Mayo Clinic
Study of Aging and Mayo Alzheimer Disease Research Center to
discriminate between amyloid PET-negative cognitively un-
impaired and amyloid PET-positive cognitively impaired indi-
viduals.** The lower values of temporal-parietal lobe cortical
thickness meta ROI suggest greater AD-related atrophy.

Neurology.org/N

Covariates

Information about date of birth, sex, race, and years of edu-
cation was collected at visit 1 by interview (1987-1989). Years
of education was categorized as less than high school, high
school or vocational school, and at least some college. APOE
€4 was genotyped using the TagMan assay (Applied Bio-
systems, Foster City, CA) at visit 1.>> Participants’ behavioral
and clinical characteristics were assessed using standardized
protocols at visit 2."* Habitual alcohol use was self-reported
and categorized as current, former, or never. Standardized
anthropometric measurements of weight, height, and waist
circumference were obtained at examination visits. BMI was
calculated using weight in kilograms divided by the square of
height in meters. Sitting arm blood pressures were measured
after a S-minute rest using a standardized sphygmomanome-
ter.”* Three measures were taken for each individual, and the
average of the last 2 readings was calculated. Serum aspartate
aminotransferase, alanine aminotransferase, and gamma-
glutamyl transferase were measured on frozen specimens col-
lected from visit 2 using a kinetic rate reaction method on the
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Roche Cobas 6000 chemistry analyzer (Roche Diagnostics,
Indianapolis, IN) at the University of Minnesota in 2011-13.>
Total and high-density lipoprotein cholesterols and triglycer-
ides were measured using automated enzymatic methods.”®
Estimated glomerular filtration rate (eGFR) was calculated
using the CKD-EPI creatinine equation.”” Coronary heart
disease, heart failure, stroke, cancer, and chronic obstructive
pulmonary disease were ascertained through follow-up visits,
annual follow-up contacts, and community-wide hospital sur-
veillance.”® Glucose was measured by a hexokinase/glucose-6-
phosphate dehydrogenase method on a Coulter DACOS de-
vice (Beckman Coulter, Fullerton, CA).*® Diabetes was de-
fined as fasting glucose >126 mg/dL, nonfasting glucose >200
mg/dL, self-reported diagnosis of diabetes by a physician, or
using antidiabetic medications. Use of medications for hyper-
tension, dyslipidemia, and diabetes in the previous 2 weeks was
self-reported by the participants and validated by medication
containers brought to the ARIC clinic.

Statistical Evaluation

Baseline characteristics were summarized across midlife NAFLD
categories. We first quantified the cross-temporal associations of
(1) midlife NAFLD (visit 2) with brain MRI markers (visit 5)
and (2) midlife NAFLD (visit 2) with plasma biomarkers at
midlife (visit 3) and late life (visit S) using linear regression
models. Annual change rate in MRI measurements from visit 5
to visit 6/7 and of plasma biomarkers from visit 3 to visit S and
visit S to visit 6/7 were calculated by subtracting the measures
taken at the earlier visit from the latter visit then dividing by the
years between 2 measures. We examined midlife NAFLD in
relation to annual change rate using linear regression.

Formal mediation analyses were performed using structural
equation modeling (Stata program “medeff”) to estimate the
indirect effects of NAFLD on MRI biomarkers, which were
attributed to variations in midlife and changes in plasma
biomarkers.*® This analysis was restricted to individuals who
had available plasma biomarkers at visit 3 and visit S, as well as
MRI biomarkers at visit 5. For a simplified mediation analysis,
we examined NAFLD as a binary exposure (NAFLD vs no
NAFLD). The final sample consisted of 426 individuals with
midlife NAFLD and 502 individuals without. The mediation
analysis framework is shown in Figure 2A.>"

To enable a direct comparison of the strength of the associ-
ations, the MRI and plasma biomarkers were scaled according
to the SDs at the earliest visit available. Primary models were
adjusted for age, sex, race center, education, APOE-g4 geno-
type, baseline alcohol use, and eGFR. Model 2 additionally
included baseline blood pressure, high density lipoprotein
cholesterol, total cholesterol, hypertension, diabetes, and
coronary heart disease. Model 2 was secondary because the
shared underlying pathophysiologic mechanisms and bi-
directional interactions may hinder the independence of those
baseline factors and NAFLD.** BMI was not included because
itis a component of the NAFLD assessment model and highly
correlated with NAFLD. Total intracranial volume was
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included as a covariate for WMH to adjust for differences in
participant head size. Sampling weights were incorporated
into all models to obtain inferences that generalize to the
ARIC cohort at visit 5."° To mitigate the concern of in-
formative attrition from visit S to visit 6/7 (60%) due to death
and nondeath dropout, we conducted a sensitivity analysis
using a combined weight that multiplied the sampling weight
by a stabilized inverse probability attrition weight. This weight
was used for the analyses with annual change rate in MRI and
plasma biomarkers from visit S to visit 6/7 as the outcomes

(details in the eMethods, links.lww.com/WNL/D469).>

All analyses were performed with Stata version 17.0 (Stata-
Corp LLC, College Station, TX). A p value <0.0S was con-
sidered nominally statistically significant.

Data Availability

Researchers can obtain ARIC data from the NIH public data
repository (BioLINCC, biolincc.nhlbi.gov/studies/aric/) by
signing a data use agreement.

Results

The brain MRI subcohort included 1,706 participants (mean
age 55.6 [SD 5.2] years, 61.6% female, 28.3% Black) at visit 2.
Among them, 36.7%, 29.0%, and 34.3% were classified as no
NAFLD, indeterminate NAFLD, and NAFLD, respectively.
Participants with NAFLD, compared with those without, were
more likely to be male and Black, less educated, more likely to
be APOE-€4 allele carriers, less likely to be current drinkers, and
had higher BMI, systolic and diastolic blood pressure, and tri-
glyceride levels. In addition, participants with NAFLD had a
higher prevalence of hypertension, diabetes, coronary heart
disease, and had lower cognitive function (Table 1).

Midlife NAFLD, Late-Life Brain MRI
Measurements, and Change

Compared with participants without NAFLD, those with
NAFLD had a 0.19 SD higher WMH volume (0.19, 95% CI
0.06-0.31) and a SD 0.16 lower temporal-parietal lobe cor-
tical thickness meta ROI (-0.16, 95% CI —0.28 to —0.05)
(Table 2). After adjusting for baseline cardiometabolic factors,
the association of NAFLD with WMH volume was attenuated
(SD 0.13, 95% CI -0.01 to 0.28), but mostly unchanged for
temporal-parietal lobe cortical thickness meta ROI (SD
-0.15, 95% CI -0.29 to —0.01) (eTable 1, links.Iww.com/
WNL/D470). Midlife NAFLD and indeterminate NAFLD
were associated with a faster rate of increase in WMH volume
over S years in late life (difference in annual change rate of
WMH volume for NAFLD vs no NAFLD, SD 0.28, 95% CI
0.05-0.51 and for indeterminate NAFLD vs no NAFLD, SD
0.26, 95% CI 0.01-0.51 in Table 2). These associations were
robust to adjustment for attrition (eTable 2). The difference
was slightly attenuated to borderline insignificant after
adjusting for baseline cardiometabolic factors (eTables 1 and
2). There were no differences in the annual change rate in the
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Figure 2 Mediation Analyses of Midlife Plasma Biomarkers of Neuropathology and Changes on the Midlife NAFLD Late-Life

Brain MRI Associations

Plasma biomarkers of AD
and neurodegeneration of:
1. Midlife level
#1 2. Annual change rate #2
from midlife to late life

#4

Annual NfL change rate
from visit 3 to visit 5
028(013 0.42) 011(005 0.18)
#4 Indirect

1. White matter hyperintensity 0.03(0.01, 0.06)
NAFLD (FLI 260) vs : NAFLD (FLI 260) vs
{ no NAFLD (FLI <30) ]—’[2 Ig;‘;?;rfglgsgfstg'r:fg: co! no NAFLD (FLI <30) Bron 7| White:matter hype””tens'ty
s 0.21(0.07, 0.36)

C

AB42:40 at visit 3 0
0.07 (0.0, 0.12)

#1
-0.22 (-0.40, -0.04;

0.29(0.14, 0.43)

D

Annual NfL change rate
#1 from visit 3 to visit 5 #2
-0.13(-0.20, -0.06)

#4 Indirect
NAFLD (FLI >60) vs _0?2(_?01__0?0) Temporal-parietal lobe
no NAFLD (FLI <30) #3 Total cortical thickness meta RO

#4 Indirect
NAFLD (FLI 260) vs '_9‘9?_(_'9'_0_7_'_‘_0_'91‘ Temporal-parietal lobe
| no NAFLD (FLI <30) cortical thickness meta ROI

#3 Total

-0.10(-0.23, 0.03)

-0.10(-0.23, 0.03)

Solid lines indicate significant pathway, whereas dashed lines represent nonsignificant pathways. (A) The framework for the mediation analysis. With
mediating influences, path 1 and 2 are present, and path 3 attenuates when additionally adjusting for the potential mediator. Path 4 indicates indirect
association through mediator. A significant path 4 is indicative of a mediation effect. (B) Mediating role of annual change rate of NfL in NAFLD-WMH
association. (C) Mediating role of midlife AB42:40 in NAFLD temporal-parietal lobe cortical thickness meta ROI association. (D) Mediating role of annual
change rate of NfL in NAFLD temporal-parietal lobe cortical thickness meta ROI association. AB = B-amyloid; NAFLD = nonalcoholic fatty liver disease; NfL =
neurofilament light; ROI = region of interest; WMH = white matter hyperintensity.

temporal-parietal lobe cortical thickness meta ROI for par-
ticipants with vs without NAFLD.

Midlife NAFLD, Midlife and Late-Life Plasma
Biomarkers, and Change

We estimated the associations of midlife NAFLD (visit 2) with
plasma biomarkers in midlife (visit 3) and late life (visit S).
Compared with participants without midlife NAFLD, those
with NAFLD had SD 0.21 lower AP42:40 levels in midlife
(=021, 95% CI —0.39 to —0.04) and SD 0.13 lower AB42:40
levels in late life (—0.13, 95% CI -0.23 to —0.03); NfL was SD
0.36 lower in midlife (—0.36,95% CI —0.49 to —0.23) (Table 2).
These estimates were robust to adjustment for baseline car-
diometabolic factors (eTable 1, links.lww.com/WNL/D470).
Individuals with midlife NAFLD vs without had a faster in-
crease in NfL, but not a faster decrease in Ap42:40, from midlife
to late-life. The difference in annual change rate of NfL was
even greater in late life (NAFLD vs no NAFLD, visit 3 to 5: SD
0.26, 95% CI 0.11-0.40, visit S to 6/7: SD 0.74, 95% CI
0.19-1.30 in Table 2 and materially unchanged after account-
ing for attrition in eTable 2). The difference in annual change
rate of NfL was no longer significant after adjustment for
baseline cardiometabolic factors (eTables 1 and 2). We did not
observe associations between midlife NAFLD and p-taul81.

Mediating Role of Plasma Biomarkers in
Associations Between Midlife NAFLD and Late-
Life Brain MRI Markers

Increased annual change rate of NfL because of midlife
NAFLD was associated with SD 0.03 higher WMH volume

Neurology.org/N

(path 4: 0.03,95% CI 0.01-0.06), which explained 15% of the
total association between midlife NAFLD and WMH volume
(Figure 2B, eTable 3, linkslww.com/WNL/D470). We also
observed a significant indirect effect of midlife AB42:40 (path
4:-0.02, 95% CI —0.04 to —0.00) or the annual change rate of
NfL (path 4: —0.04, 95% CI —0.07 to —0.01) on the associa-
tion between midlife NAFLD and temporal-parietal lobe
cortical thickness meta ROI (Figure 2, C and D).

Discussion

This study estimated associations between midlife NAFLD
and imaging and plasma biomarkers of neuropathology in the
community-based ARIC cohort. Participants with midlife
NAFLD had greater WMH volume and a faster increase in
WMH volume in late life compared with those without
midlife NAFLD, suggesting associations with accumulating
vascular pathology. Participants with NAFLD also had lower
temporal-parietal lobe cortical thickness meta ROI in late-life,
as well as lower levels of midlife and late-life AB42:40, sug-
gesting associations with AD pathology. Although midlife NfL
was lower in individuals with midlife NAFLD than those
without, there was a faster rate of increase in NfL from midlife
to late life among participants with midlife NAFLD. The as-
sociations of midlife NAFLD with imaging and plasma bio-
markers of AD neuropathology were consistent after
adjustment for baseline cardiometabolic risk factors. NfL also
partially mediated the association between midlife NAFLD
and late-life WMH volume.
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Table 1 Characteristics of Participants in the ARIC Study Visit 2 (1990-92) by Categories of NAFLD (N = 1,706)

Characteristics Total (n = 1,706)

No NAFLD (n = 626)

Indeterminate NAFLD (n = 494) NAFLD (n = 586)

Age, y, mean (SD) 55.6 (5.2) 55.3 (5.1) 56.6 (5.3) 55.2 (5.0)
Female, n (%) 1,050 (61.5) 477 (76.2) 255 (51.6) 318 (54.3)
Race (center), n (%)
White (Forsyth County, NC) 401 (23.5) 197 (31.5) 115(23.3) 89 (15.2)
White (Minneapolis, MN) 384 (22.5) 155 (24.8) 91 (18.4) 138 (23.5)
White (Washington, MD) 439 (25.7) 136 (21.7) 129 (26.1) 174 (29.7)
Black (Forsyth County, NC) 32(1.9) 12(1.9) 13(2.6) 7(1.2)
Black (Jackson, MS) 450 (26.4) 126 (20.1) 146 (29.6) 178 (30.4)
Education, n (%)
<High school 237 (13.9) 63(10.1) 73 (14.8) 101 (17.2)
High school or vocational school 706 (41.4) 269 (43.0) 190 (38.5) 247 (42.2)
At least some college 763 (44.7) 294 (47.0) 231 (46.8) 238 (40.6)
APOE =4 status, n (%) 506 (29.7) 184 (29.4) 132 (26.7) 190 (32.4)
Alcohol use, n (%)
Current 990 (58.0) 399 (63.7) 281 (56.9) 310(52.9)
Former 288 (16.9) 79 (12.6) 85(17.2) 124 (21.2)
Never 428 (25.1) 148 (23.6) 128 (25.9) 152 (25.9)
eGFR, mL/min/1.73 m?, mean (SD) 98.0 (14.3) 98.2 (13.1) 97.2 (14.4) 98.5(15.2)
BMI, kg/mz, mean (SD) 27.5(5.1) 23.5(2.4) 27.0(2.3) 32.3(4.9)
SBP, mm Hg, mean (SD) 117.2 (15.9) 111.6 (15.2) 118.6 (15.5) 122.1 (15.1)
DBP, mm Hg, mean (SD) 71.4(9.7) 68.8 (9.7) 71.5(9.5) 74.2 (9.0)
Triglycerides, mg/dL, mean (SD) 125.4 (77.2) 88.7 (35.3) 119.7 (53.6) 169.4 (101.0)
Total cholesterol, mg/dL, mean (SD) 208.1 (37.1) 201.1 (34.2) 211.3 (37.5) 212.8 (38.6)
HDL, mg/dL, mean (SD) 52.3(17.0) 61.0(17.2) 50.3 (15.3) 44.9 (14.0)
Diabetes, n (%) 146 (8.6) 18 (2.9) 30 (6.1) 98 (16.7)
Hypertension, n (%) 434 (25.5) 91 (14.5) 127 (25.9) 216 (37.0)
Coronary heart disease, n (%) 21(1.2) 2(0.3) 7(1.4) 12 (2.0)
Cognitive factor score, mean (SD) 0.8 (0.8) 1.0 (0.8) 0.7 (0.9) 0.7 (0.8)

Abbreviations: ARIC = Atherosclerosis Risk in Communities; BMI = body mass index; DBP = diastolic blood pressure; eGFR = estimated glomerular filtration
rate; HDL = high-density lipoprotein cholesterol; NAFLD = nonalcoholic fatty liver disease; SBP = systolic blood pressure.

This study suggests that midlife NAFLD is associated with
both AD and vascular pathology. Previous studies have
reported associations between NAFLD and higher WMH
6710 NAFLD is closely associated with vascular
complications, in part because liver inflammation induces
persistent systemic inflammation,®* which manifests in the
brain as vascular endothelial cell proliferation, intimal thick-
ening, media fibrosis, lumen narrowing,34 and microvascular
hemodynamic change,* progressively causing brain lesions
and white matter alterations.”® Many shared cardiometabolic
risk factors between NAFLD and dementia, such as

volume.
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hypertension, insulin resistance, and dyslipidemia, also con-
tribute to cerebrovascular dysfunction.*® In addition, the
urea cycle occurs exclusively in the liver and is the primary
metabolic pathway for eliminating nitrogenous (ammonia)
waste. Loss of liver function results in systemic ammonia ac-
cumulation, crossing the blood-brain barrier and increasing
the brain’s susceptibility to inflammatory responses.”* Adding
to this feature, gut microbiota disturbance is often associated
with progressive liver injury. Intestinal metabolites and
proinflammatory bacterial products, including ammonia,
could return to the liver through the portal vein, initiating a
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Table 2 Difference (per SD, 95% Cl) in Levels and Changes of MRI and Plasma Biomarkers of Neuropathology by
Categories of NAFLD in the ARIC Study

Per SD in levels® No NAFLD Indeterminate NAFLD  NAFLD
Brain MRI markers at visit 5 log(WMH) 0 (Ref.) 0.14(0.01 to 0.27) 0.19 (0.06 to 0.31)°
Temporal-parietal lobe cortical 0 (Ref.) —-0.04 (-0.16 to 0.08) -0.16 (-0.28 to -0.05)°
thickness meta ROI
Plasma biomarkers of neuropathology at visit 3~ AB42:40 0 (Ref.) -0.13 (-0.30 to 0.03) -0.21 (-0.39 to -0.04)°
log2(p-tau181) 0 (Ref.) 0.08 (-0.08 to 0.24) 0.15(-0.02 to 0.31)
log2(NfL) 0 (Ref.) —0.09 (-0.22 to 0.04) -0.36 (-0.49 to -0.23)°
Plasma biomarkers of neuropathology at visit 5  AB42:40 0 (Ref.) -0.10 (-0.19 to -0.01)°  -0.13(-0.23 to -0.03)"
log2(p-tau181) 0 (Ref.) 0.03 (-0.08 to 0.14) 0.10 (-0.01 to 0.21)
log2(NfL) 0 (Ref.) -0.03 (-0.15t0 0.10) -0.12 (-0.24 t0 0.01)
Per SD in annual change rates  No NAFLD Indeterminate NAFLD NAFLD
Annual change rate in brain MRl markers from log(WMH) 0 (Ref.) 0.26 (0.01 to 0.51)° 0.28 (0.05 to 0.51)°
visit 5 to visit 6/7
Temporal-parietal lobe cortical 0 (Ref.) 0.02 (-0.22 to 0.26) -0.01 (-0.23t0 0.22)
thickness meta ROI
Annual change rate in plasma biomarkers of AB42:40 0 (Ref.) 0.07 (-0.09 to 0.23) 0.10 (-0.08 to 0.28)
neuropathology from visit 3 to visit 5
log2(p-tau181) 0 (Ref.) -0.05 (-0.21 to 0.12) -0.03 (-0.19 to 0.13)
log2(NfL) 0 (Ref.) 0.06 (-0.09 to 0.21) 0.26 (0.11 to 0.40)°
Annual change rate in plasma biomarkers of AB42:40 0 (Ref.) 0.18 (-0.13 to 0.49) -0.01 (-0.30 to 0.28)
neuropathology from visit 5 to visit 6/7
log2(p-tau181) 0 (Ref.) 0.01 (-0.39 to 0.41) -0.00 (-0.37 t0 0.37)
log2(NfL) 0 (Ref.) -0.01 (-0.66 to 0.64) 0.74 (0.19 to 1.30)°

Abbreviations: A = B-amyloid; NAFLD = nonalcoholic fatty liver disease; NfL = neurofilament light; p-tau181 = phosphorylated tau at threonine 181; ROl =

region of interest; WMH = white matter hyperintensity.

Models were adjusted for age, sex, race center, education, APOE €4 genotype, alcohol use, estimated glomerular filtration rate, and total intracranial volume

for WMH.

21 SD in levels: log(WMH), 0.8942; temporal-parietal lobe cortical thickness meta ROI, 0.1358; AB42:40, 0.0185; log2(p-tau181), 0.8075; log2(NfL), 0.6671.

b Statistical significance at p < 0.05.

€1 SD in annual change rates: log(WMH), 0.0724; temporal-parietal lobe cortical thickness meta ROI, 0.0123; AB42:40, 0.0010; log2(p-tau181), 0.0453;

log2(NfL), 0.0364.

cascade of hepatic inflammation, lipogenesis, oxidative stress,
insulin resistance, and fibrogenesis. These disturbances, to-
gether with systemic inflammation, are central elements of the
gut-liver-brain axis, ultimately inducing neuroinflammation
and interfering with astrocytic-neuronal communication.’

Few studies have examined the relationship between
NAFLD and AD pathology. A cross-sectional study reported
an association between the severity of liver fibrosis and brain
AP and tau PET, independent of cardiometabolic factors.!!
By contrast, Peng et al.” did not find an association between
all-cause liver disease and changes in the volume of brain
regions specific to AD or with plasma biomarkers of AD and
neurodegeneration. Similar to the first study, our results
suggest a robust association between midlife NAFLD and
markers of AP pathology, including smaller temporal-
parietal lobe cortical thickness meta ROI and lower levels
of AP42:40. The discrepancy with the second study is likely
due to their use of a liver disease definition that was not
restricted to NAFLD.

Neurology.org/N

Some pathophysiologic mechanisms for our findings have
been proposed. AB deposition in the brain is the result of AB
overproduction and clearance deficiency that involves both
the brain and periphery.*® The liver is one of the main insulin-
responsive tissues controlling peripheral metabolism.* Pa-
tients with NAFLD often exhibit altered hepatic and periph-
eral insulin resistance and metabolic dysregulation, which
parallel the brain insulin and insulin-like growth factor (IGF-
I) resistance seen in dementia.>*** Aberrant brain insulin/
IGF signaling interferes with normal Ap and tau expression
and protein processing and inhibits intracellular degradation
of AB.** In addition, the key protein mediating the relation-
ship between liver and AP clearance is low-density
lipoprotein-related protein-1 (LRP1), which is abundantly
expressed in hepatocytes and sinusoidal cells.***"** Liver
dysfunction and hepatic insulin resistance appeared in
NAFLD could reduce hepatic expression of LRP1 and impede
translocation of LRP1 to the hepatocyte membrane,*
resulting in defective peripheral clearance of AB, which in turn
may contribute to AP deposition in the brain.
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Our study suggests that individuals with midlife NAFLD de-
velop AP pathology (lower midlife AB42:40) earlier than
those without NAFLD but that the rate of accumulation is not
accelerated. By contrast, we observed an accelerated increase
in WMH volume in late life in individuals with midlife
NAFLD. It is plausible to consider that in this middle-aged
cohort at baseline, even subclinical manifestations of NAFLD
and slightly compromised liver function contribute to the Ap
pathology. On the other hand, NAFLD may also contribute to
the development and accumulation of cardiometabolic risk
factors, which increase the risk of brain structural changes that
drive further dementia development, primarily through the
vascular pathway. This may also explain the null associations
between NAFLD and AD pathology in studies of older adults.

Our mediation analysis further supports this hypothesis by
showing that faster increase in NfL from midlife to late life in
individuals with midlife NAFLD accounts for approximately
15% of brain small vascular disease measures. Plasma NfL levels
serve as a marker of ongoing neurodegeneration broadly, re-
gardless of the underlying cause, and a faster increase in its levels
suggests a more rapid vascular disease progression."* We also
observed indirect-only mediators of midlife AB42:40 and NfL
change that mediate the association between midlife NAFLD
and temporal-parietal lobe cortical thickness meta ROL Taken
together, our findings suggest that timely intervention in the liver
in midlife can help preserve brain structural integrity, and the use
of NfL as a general neurodegeneration biomarker may help
monitor liver impact on brain health.

In this study, midlife NAFLD was associated with lower Ap42:
40, but not with p-taul81. Although both lower Ap42:40 and
higher p-taul81 are associated with brain Ap deposition,18 the
plasma AB42:40 ratio stands out for its ability to change in the
early stages of the disease, even before detectable alterations
in p-taul81 levels and in the absence of cognitive
impairment.*>*® This is consistent with our findings that only
a lower AB42:40, but not higher p-taul81, was observed in
individuals with midlife NAFLD. In addition, individuals with
NAFLD often have higher BMI (a proxy of larger blood
volume),*” which is negatively associated with plasma bio-
markers of neuropathology.48 This association may level out
the difference of p-taul81 in those with vs without NAFLD.
By contrast, the ratio of AB42 over AP40 uses AP40 as a
reference peptide to cancel out the impact of BMI on the
absolute levels of individual biomarker. Previous studies have
indeed shown that renal function and BMI affect plasma
AP40, AP42, NfL, and to a lesser extent, p-taul81 alone, but
not the AB42:40 ratio.*”*%°

Strengths of this study include the use of repeat imaging and
plasma biomarkers of neuropathology spanning midlife to late
life, collected from a well-characterized, community-based
prospective cohort. The sequence of measurements of midlife
NAFLD, midlife and late-life plasma biomarkers of neuropa-
thology, and late-life brain imaging allows a prospective
assessment.
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Our research has some limitations. Our study used a clinical
predictive model of FLI, which used easily measurable clinical
variables to identify NAFLD. Observed associations may have
been weakened because of possible misclassification. In ad-
dition, FLI has a moderate correlation with BMI and waist
circumference (variance inflation factor >2), precluding in-
clusion of these variables in our models. We therefore cannot
determine whether any liver contributions are independent of
body adiposity.” Furthermore, the severity of NAFLD, ranging
from simple steatosis to various stages of fibrosis, was not assessed
in this study but may be more pertinent to the development of
dementia-related pathology.'® The issue of large body mass as-
sociated with NAFLD potentially diluting the assessment of ab-
solute levels of plasma biomarkers is relevant to this study®’ and
reflected in our observations of lower NfL in individuals with
midlife NAFLD. However, this concern could be mitigated with
the use of AP42:40 ratio which dissects away the confounding
effect of the non—AD-associated factors or the use of rising NfL as
an indicator of disease progression with self-referencing,

In conclusion, our findings suggest associations between
midlife NAFLD and the presence of AD and accumulating
vascular pathology. Although midlife NAFLD is associated
with a pathologic Ap state early in midlife, it may also con-
tribute to the development and accumulation of car-
that drive further dementia
development through a vascular pathway. This study also
highlights the value of plasma biomarkers of neuropathology
as easily measurable and dynamic indicators for monitoring
impacts of impaired liver function on brain health.

diometabolic risk factors
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