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Abstract

Background: Liver steatosis and fibrosis are emerging as risk factors for multiple extrahepatic
health conditions; however, their relationship with Alzheimer’s disease pathology is unclear.

Objective: To examine whether non-alcoholic fatty liver disease (NAFLD) and FIB-4, a non-
invasive index of advanced fibrosis, are associated with brain amyloid-p (AB) and tau pathology.

Methods: The study sample included Framingham Study participants from the Offspring and
Third generation cohorts who attended exams 9 (2011-2014) and 2 (2008-2011), respectively.
Participants underwent 11C-Pittsburgh Compound-B amyloid and 18F-Flortaucipir tau positron
emission tomography (PET) imaging and abdomen computed tomography, or had information on
all components of the FIB-4 index. Linear regression models were used to assess the relationship
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of NAFLD and FIB-4 with regional tau and Ap, adjusting for potential confounders and multiple
comparisons.

Results: Of the subsample with NAFLD information (N = 169; mean age 52 + 9 y; 57% males),
57 (34%) had NAFLD. Of the subsample with information on liver fibrosis (N = 177; mean

age 50 £ 10 y; 51% males), 34 (19%) had advanced fibrosis (FIB-4 > 1.3). Prevalent NAFLD

was not associated with Ap or tau PET. However, FIB-4 index was significantly associated with
increased rhinal tau (p = 1.03 = 0.33, p=0.002). Among individuals with prevalent NAFLD,
FIB-4 was related to inferior temporal, parahippocampal gyrus, entorhinal and rhinal tau ( = 2.01
+0.47, p<0.001; p=1.60 £ 0.53, p=0.007, and p = 1.59 + 0.47, p=0.003 and B = 1.60

+0.42, p=0.001, respectively) and to AP deposition overall and in the inferior temporal and
parahippocampal regions (f = 1.93 £ 0.47, p<0.001; p =1.59 + 0.38, p<0.001,and p = 1.52 +
0.54, p=10.008, respectively).

Conclusion: This study suggests a possible association between liver fibrosis and early
Alzheimer’s disease pathology, independently of cardio-metabolic risk factors.

Keywords

Alzheimer’s disease; amyloid-B; liver fibrosis; non-alcoholic fatty liver disease; positron emission
tomography

INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver condition,
affecting approximately 25% of the population in the developed world [1]. Metabolic
dysregulation, including type 2 diabetes, insulin resistance, and hyperlipidemia are closely
associated with NAFLD in a bidirectional manner [2]. Thus, NAFLD prevalence may reach
68% in individuals with type 2 diabetes [3] and up to 80% in those with morbid obesity

[4]. Evidence suggests that NAFLD may be directly related to multiple extra hepatic health
conditions [5], which include measures of vascular dysfunction [6-8], and cardiovascular
morbidity and mortality [9, 10]. Furthermore, an increasing amount of evidence suggests
that NAFLD is independently associated with measures of brain health. Indeed, NAFLD has
been previously related to smaller brain volume in the Framingham Study’s Offspring cohort
[11] as well as in other populations [12]. In addition, individuals with NAFLD demonstrated
poorer cognitive function [13] and reduced brain activity [14]. In contrast, other studies have
failed to identify a link of NAFLD with cognitive function [15] and incident dementia [16].

The natural history of NAFLD is diverse and can include various stages of liver fibrosis
[17]. Histologically, NAFLD encompasses a broad range of pathologies ranging from
simple steatosis, with no or minimal inflammation, to nonalcoholic steatohepatitis that is
characterized by necroinflammation and an increased progression of fibrosis [18]. Similarly
to NAFLD, liver fibrosis is often clinically silent, and is present in up to 9% of individuals
without known liver disease [19]. It is increasingly recognized that liver fibrosis, rather
than the existence of hepatic steatosis per se, is a strong prognostic factor for long-term
complications including liver-related outcomes, cardiovascular mortality [20] and stroke
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[21]. Recent evidence also stresses the possible important role of liver fibrosis in cognitive
function and dementia risk [22, 23].

Despite the growing support for the implications of NAFLD and liver fibrosis to brain
health, the connection with Alzheimer’s disease (AD) is unknown. /n vivo quantification of
amyloid-B (ApB) and tau deposition are valid biomarkers for prodromal AD and can emerge
decades prior to AD clinical diagnosis [24]. Thus, in the current study, we utilized data
from PET imaging to examine the association of NAFLD and liver fibrosis with regional
AP and tau deposition. We hypothesized that NAFLD and liver fibrosis will be associated
with increased AP and tau PET retention in brain regions in which AD pathology initially
emerges, and that these associations will be independent of cardio-metabolic measures.

Study sample

The study sample is based on participants from the Offspring [25] and third generation
[26] of the Framingham Heart Study (FHS). Figure 1 presents a flow chart of the study
sample. We included a total of 5,841 participants, of them 2,430 Offspring and 3,411

third generation, who attended exams 9 (2011-2014) and 2 (2008-2011), respectively. Of
these, 4,991 participated in the multi-detector CT 2 sub-study for evaluation of ectopic

fat, including liver fat, between September 2008 and December 2011 or had information
on all components of the liver fibrosis score (FIB-4). We excluded 803 participants with
excessive alcohol consumption defined as self-report of >14 alcoholic drinks/week for men
and >7 alcoholic drinks/week for women because we were interested in non-alcoholic
fatty liver disease. Thus, 4,188 were eligible for inclusion, among them PET imaging

was obtained for a representative sample (with respect to vascular risk) of 230 eligible
participants. Of them, 169 (73%) had information on NAFLD, 177 (77%) had information
on all components of FIB-4, and 116 (50%) had information on both NAFLD and

all components of FIB-4. Eligibility for the PET imaging sub-study included absence

of significant neurological conditions including clinical stroke, dementia, and multiple
sclerosis. As previously described, FHS participants undergo routine cognitive screening
and comprehensive monitoring for continual surveillance of dementia [27], which was
exclusionary for participation in the PET imaging sub-study and therefore also in the current
study. Data were obtained under a protocol approved by the institutional review board of
the Boston University Medical Center, and written informed consent was obtained from all
participants.

Assessment of fatty liver

Multi-detector CT was performed using 8-slice MDCT technology (LightSpeed Ultra,
General Electric, Milwaukee, WI, USA). A calibration phantom (Image Analysis,
Lexington, KY, USA) with a water equivalent compound (CT-Water, Light Speed Ultra,
General Electric, Milwaukee, WI, USA) and calcium hydroxyapatite at 0, 75, and 150
mg/cm3 was placed under each participant [28]. Three areas from the liver and one from an
external phantom were measured, and the average of the liver measures were then calculated
and used to create liver/phantom ratios. NAFLD was defined as having a liver/phantom ratio
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<0.33, consistent with prior FHS publications [29]. Additional details on multi-detector CT
scan protocol and measurement of fatty liver can be found elsewhere [29].

Assessment of liver fibrosis

The FIB-4 index was calculated using the following formula: age(years) x AST[U/L]/
(platelets [10%/L] x (ALT[U/L])Y/2) [30]. The components of the FIB-4 index derive from
readily available blood tests that are routinely measured [31]. FIB-4 index have been shown
high validity compared to liver biopsy [31]. In addition, FIB-4 have also been demonstrated
in a general population to predict cardiovascular disease [32, 33] and increased overall and
liver disease-specific mortality [34]. FIB-4 score is categorized into three categories (low,
inconclusive, and advanced), according to NAFLD recommended cut-off values of <1.3 to
rule out advanced fibrosis, >1.3 and <2.67 as intermediate, and =2.67 to suggest advanced
fibrosis [35].

Assessment of AB and tau pathology

Consented participants underwent Ap and tau PET imaging using 11C-Pittsburgh Compound
B (PiB) and 18F-Flortaucipir (FTP), respectively. PET data were acquired using either a
Siemens/CTI ECAT HR+ scanner (3D mode; 63 image planes; 15.2 cm axial field of view;
5.6 mm transaxial resolution; 2.4 mm slice interval) or a Discovery Ml (GE Healthcare)
PET/CT scanner. For the latter, the full width half maximum spatial resolutions measured at
the center of the axial field of view (radial position = 1 cm) were 4.3 mm and 5.1 mm in
transverse and axial directions respectively. 10-min transmission scans were collected at the
beginning of each HR+ scan for attenuation correction, and low-dose CT acquisitions were
performed before each Discovery Ml scan for the same purpose. After injection of 8.5-15
mCi of PiB, 60 min of dynamic data were acquired in 3D acquisition mode. These data were
reconstructed in 39 frames (8 x 15s, 4 x 60s, and 27 x 120 s). FTP was prepared with a
mean radiochemical yield of 14 + 3% and specific activity of 216 + 60 GBg/mol (5837 +
1621 mCi/mol) at the end of synthesis (60 min) and validated for human use [36]. After a
10.0 £ 1.0 mCi bolus injection, images were acquired from 80 to 100 minutes in 4 x 5 min
frames.

All PET data was co-registered to the corresponding T1 images for each participant using
SPM12. FreeSurfer v6.0 was used to derive 215 regions of interest (ROIs) [37]. Images
were inspected for adequate count statistics, and head motion between frames, if any, were
compensated in the software. PET data were evaluated without partial volume correction
given the relatively young age of the sample with minimal atrophy. PiB retention was
expressed as the distribution volume ratio (DVR) using the cerebellar cortex as a reference.
A PiB summary measure, frontal, lateral, and retrosplenial cortices (FLR), was derived from
the mean of superior frontal, inferior frontal, rostral middle frontal, rostral anterior cingulate,
medial orbitofrontal, inferior and middle temporal, inferior parietal, and precuneus regions
[38]. Tau measurement parameters were expressed as the standardized uptake value ratio
(SUVr) and included assessment of uptake at pre-defined ROIs in the entorhinal cortex,
inferior temporal lobe and parahippocampal gyrus (compared to cerebellar cortex) [39]. A
rhinal region that overlaps the entorhinal region was included because it has been shown to
more accurately assess the earliest stage of temporal lobe tauopathy [40].
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Covariate assessment

Covariates were chosen based on prior knowledge on their associations both with liver
traits and AD risk. All covariates were assessed at the second examination cycle (May
2008 to March 2011) for the Third Generation and the ninth examination cycle (April
2011- March 2014) for the Offspring Cohort participants. Serum ALT, AST, platelets,
HDL and total cholesterol levels were obtained from fasting morning samples using an
automated Roche method (Roche cobas 501). The HDL to total cholesterol ratio rather
than the inclusion of each measure separately was used as a covariate to avoid collinearity
in the regression models and due to the high correlation of the ratio with cardiometabolic
risk [41]. Alcohol use and smoking status were assessed using physician-administrated
questionnaires. Participants were considered current smokers if they had smoked at least
one cigarette per day in the year preceding the FHS examination. Using standard protocols,
trained technicians measured blood pressure, height, and weight in all participants as has
been previously reported [42]. Body mass index (BMI) was defined as weight (kg)/height?
(m?2). The physical activity index (PAl) is a composite score of self-reported total physical
activity, constructed for each participant by weighting each hour in a typical day based

on their activity level [43]. Diabetes was defined as a fasting plasma glucose =126 mg/dL
or treatment with a hypoglycemic agent or insulin. Hypertension was defined as systolic
blood pressure 2140 mm Hg, diastolic blood pressure =90 mm Hg, or on treatment with an
antihypertensive agent. Volume of visceral adipose tissue was assessed using a 8-slice supine
multidetector CT as previously described [44]. Serum C-reactive protein was measured
using high-sensitivity assay. Cardiovascular disease was considered as present (yes versus
no) if a person had at least one of the following conditions: cardiovascular death, fatal or
nonfatal myocardial infarction, stroke, angina pectoris, unstable angina (prolonged ischemic
episode with documented reversible ST-segment changes), transient ischemic attack, heart
failure and intermittent claudication.

Statistical analysis

Statistical analysis was performed using SAS version 9.4 between February 25, 2021

and April 1, 2021. Descriptive statistics were calculated in the total sample and stratified
by prevalent NAFLD, with values presented as mean and SD, median and interquartile
range (IQR) or frequency and percent for continuous, skewed continuous, and categorical
variables, respectively. p-values comparing characteristics between participants with and
without prevalent NAFLD are presented from a £test, non-parametric Wilcoxon rank

sum test, or Chi-square test. Linear regression models were constructed to estimate beta
coefficients and SE for the association between prevalent NAFLD (exposure) and amyloid
and tau PET (outcome). Similarly, we assessed liver fibrosis as both a continuous, log-
transformed measure, and as a dichotomous predictor in linear regression models. A FIB-4
cutoff of 1.3 was chosen because it is an established threshold for which values below it
indicate the lack of advanced fibrosis in NAFLD patients who are under the age of 65
years [45, 46]. First, the associations between liver fibrosis and AP and tau deposition were
tested in the total sample. All models were adjusted for age, sex, time between exposure and
PET, and camera (Model 1). An additional model (Model 2) also adjusted for BMI, alcohol
consumption, smoking, cardiovascular disease, C-reactive protein, total to HDL cholesterol
ratio, diabetes, and hypertension. Second, we examined the association between fibrosis
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and PET in a subsample of individuals with prevalent NAFLD. Due to the small sample
size of this analysis, only covariates included in model 1 were adjusted for. In all models,
FLR and inferior temporal amyloid were log transformed due to skewness. As sensitivity
analyses, we 1) reran the association between fibrosis and PET but excluded subjects with
missing information on prevalent NAFLD; 2) reran the association of NAFLD and fibrosis
with PET while additionally adjusting for visceral adipose tissue; and 3) examined the
relationships between liver fibrosis and A deposition in additional brain regions (i.e.,
caudal anterior cingulate, isthmus cingulate, medial orbitofrontal, posterior cingulate and
rostral anterior cingulate). The selection of these regions was based on recent evidence
suggesting that Ap pathology appears in these regions at early disease stages [47], and all
were log transformed due to skewness. A p-value below 0.05 was considered statistically
significant. We also applied correction for multiple testing using the Benjamini-Hochberg
False Discovery Rate (FDR) procedure [48], which controls for the expected proportion of
falsely rejected hypotheses. We indicated those considered statistically significant using the
FDR method (FDR p-value < 0.05) in the table footnotes.

The characteristics of the total study sample (N = 230) and of those who were not included
in our analyses are presented in Supplementary Table 1, and the characteristics of subgroups
with NAFLD, fibrosis and both conditions are presented in Supplementary Table 2. The age
of the participants in the study sample who had information on NAFLD or fibrosis (n7=230)
was 50 £ 10 years, and 112 (49%) were women. The prevalence of NAFLD was 34% (57
out of 169). Intermediate or high risk for advanced fibrosis (FIB-4 > 1.3) was present in 19%
of the total sample with FIB-4 information (34 of 177) and in 17% in those with prevalent
NAFLD (7 out of 41).

Table 1 presents the characteristics of participants with and without NAFLD. Those

with NAFLD were more likely to be men and to have diabetes, insulin resistance, and
hypertension. In addition, compared to individuals without NAFLD, those with NAFLD had
higher BMI and visceral adipose tissue volume, as well as increased systolic blood pressure
and higher levels of total and HDL cholesterol, serum C-reactive protein and ALT and AST.
There were no significant differences in liver fibrosis index between those with and without
NAFLD (Table 1). Additionally, individuals with intermediate or high risk for advanced
fibrosis (FIB-4 > 1.3) were older, had lower C-reactive protein levels, and as expected, had
higher ALT and AST, lower platelets levels and higher fibrosis score compared to those with
lower risk for advanced fibrosis (Supplementary Table 3).

The association between NAFLD prevalence and PET A and tau

In our sample, there were no differences in AR and tau PET deposition between participants
with and without NAFLD (Table 2).

The association between liver fibrosis and PET AB and tau in the general sample

After adjusting for all the study’s covariates, each 1-unit increment in FIB-4 index was
significantly associated with increased tau deposition in the inferior temporal ( = 0.80 =
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0.31; p=0.01), parahippocampal (f = 0.88 £ 0.32; p=0.01), entorhinal (p = 0.82 + 0.35;
p=0.02), and rhinal brain regions (f = 1.03 + 0.33; p=0.002). The association with

Rhinal tau remained also after accounting for multiple comparisons (Table 3, Model 2).

No significant differences were observed when individuals with increased risk for fibrosis
(FIB-4 > 1.3) were compared with those with lower risk. In a sensitivity analysis restricting
the sample to participants who had information on NAFLD we found similar findings (7=
116; Supplementary Table 4). Results were also similar after controlling for visceral adipose
tissue in addition to previously mentioned covariates (Supplementary Table 5). There was
no significant relationship between liver fibrosis and AP deposition overall and in the
inferior temporal, parahippocampal and entorhinal regions (Table 3, Supplementary Tables
4 and 5). In addition, no significant associations were found between liver fibrosis and AB
deposition in the caudal anterior cingulate, isthmus cingulate, medial orbitofrontal, posterior,
and rostral cingulate regions (Supplementary Table 6).

The association between liver fibrosis and PET AB and tau in persons with prevalent

NAFLD

After adjustment for age, sex, time between assessment of fibrosis and PET and camera,
increased FIB-4 index was significantly associated with higher levels of amyloid in FLR
(B =1.93£0.47; p<0.001), inferior temporal amyloid (p = 1.59 + 0.38; p< 0.001),
parahippocampal regions ( = 1.52 + 0.54; p=0.008), and tau in inferior temporal ( =
2.01 £ 0.47; p<0.001), parahippocampal (p = 1.60 £ 0.53; p=0.007), entorhinal (§ =
1.59 £ 0.47; p=0.003), and rhinal regions (p = 1.60 + 0.42; p=0.001) in individuals
with prevalent NAFLD (Table 4). Similarly, increased Ap and tau levels were observed in
individuals with intermediate/high versus low risk for advanced fibrosis (p = 1.33 = 0.44;
p=0.005,p=1.10=0.36; p=0.005, p = 2.57 £ 0.56; p< 0.001, =172 £ 0.70; p=
0.02,p=1.97 £0.58; p=0.003, and p = 1.59 £ 0.59; p=0.01, for FLR amyloid, interior
temporal amyloid, inferior temporal tau, parahippocampal tau, entorhinal tau and rhinal tau,
respectively). Visceral adipose tissue volume was strongly correlated with BMI (r = 0.67;
p<0.001), and similar results were obtained after further adjustment for visceral adipose
tissue volume (Supplementary Table 7).

DISCUSSION

Our study explored the association of NAFLD and non-invasive liver fibrosis index with

AP and tau deposition in the brain. We observed no associations between NAFLD and

brain Ap and tau. However, in the total sample, high risk for advanced liver fibrosis was
significantly related to tau deposition in the rhinal brain region. Among individuals with
NAFLD, advanced liver fibrosis was related to tau pathology in the inferior temporal,
parahippocampal, entorhinal and rhinal regions as well as to Ap deposition overall and in the
inferior temporal and parahippocampal brain regions.

In line with our findings, a recent review of the available evidence for cognitive dysfunction
in NAFLD concluded that despite insufficient evidence on the link between the whole
NAFLD spectrum and cognitive dysfunction, simple steatosis may not be an independent
risk factor for cognitive dysfunction and that a more severe NAFLD, with involvement of

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al.

Page 8

fibrosis and hepatitis may be required to affect cognition [13]. This includes a previous study
from our group, which found no significant association between NAFLD and cognitive
function, yet risk for advanced liver fibrosis assessed using the NAFLD fibrosis score was
associated with poorer executive function and abstract reasoning among individuals with
NAFLD [23]. Findings are also consistent with regard to dementia risk. Indeed, a cohort
study with histological data demonstrated no association between NAFLD and incident
dementia, yet, histological indicators of fibrosis improved dementia risk prediction beyond
that of conventional dementia risk factors [16]. Accordingly, a community-based cohort
study conducted in Germany found no significant link between NAFLD and all-cause or
vascular dementia [49], while in the Italian longitudinal study, NAFLD fibrosis score among
the general population (i.e., not restricted to NAFLD patients) was related to increased
dementia risk in those who were physically frail. Although the latter studies did not assess
NAFLD and fibrosis together, they imply that liver fibrosis rather than NAFLD per se is a
risk factor for dementia. Lastly, few studies exist showing that the presence of white matter
hyperintensities is associated with the fibrosis severity among patients with NAFLD [50,
51], which again, consistent with our report, highlights the importance of liver fibrosis to
brain health.

The pathophysiology of both NAFLD and AD are complex and multi-factorial, and the
mechanistic links between them are speculative. Moreover, it should be noted that the
assessment of liver fibrosis in our study is based on a non-invasive score that may

indicate liver function in general rather than liver fibrosis specifically. Because the liver

is responsible for activation, clearance, and processing of multiple molecules, there may

be various mechanisms in which liver dysfunction may affect the brain. For example, liver
damage may lead to change in cholesterol catabolism through its conversion to primary bile
acids, which in turn may be linked with increased AD risk, both in animals [52] and humans
[53].

One major hypothesis for the link between NAFLD and dementia to date was that dementia
risk in NAFLD is driven primarily by vascular forms. This hypothesis was based on

studies showing a direct association of NAFLD, and particularly NAFLD with advanced
fibrosis, with subclinical vascular damage including atherosclerosis, endothelial dysfunction,
arterial stiffness, vascular calcification [54-56], and cerebral small vessel disease [50, 51].
However, recent explorations of AD temporal dynamics suggest that accumulation of Ap
and tau precedes cerebral small vessel disease [57, 58]. Thus, the strong link between
fibrosis and AD pathology in our study may highlight the additional contribution of other
pathophysiological mechanisms. One possible pathway for the link of liver fibrosis with Ap
and tau deposition in our study may be through systemic inflammation, which characterizes
advanced liver fibrosis in particular [59]. Indeed, a network clustering and pathways
enrichment pointed to the Interleukin signaling pathway as a key pathway underlying both
NAFLD and AD [60]. Furthermore, according to preclinical studies, systemic inflammation
may increase dementia risk not only through elevation in atherosclerosis and cerebral small
vessel disease [20, 61], but also by triggering neuroinflammation that promotes cerebral
AP accumulation directly [62, 63]. Further support for this hypothesis arrives from the
Atherosclerosis Risk in Communities (ARIC) - PET Study, which demonstrated a link
between systemic inflammation and cerebral Ap deposition, albeit only in specific race and
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sex groups [64]. Moreover, a recent study among the Alzheimer’s Disease Neuroimaging
initiative (ADNI) participants with mild cognitive impairment demonstrated an association
between elevated inflammatory markers and tau, but not Ap pathology [65]. These results
are in accordance with the link of liver fibrosis with tau but not AR pathology in our
general sample, and may highlight the importance of inflammation as an underlying
mechanism. An additional explanation for our findings may be that hepatic dysfunction and
insulin resistance lead to insufficient Ap clearance in the blood, possibly through reduced
expression of Low-density lipoprotein receptor—related protein 1 (LRP1) [66], which in
turn contributes to brain Ap accumulation [67]. Lastly, toxic metabolites produced in the
injured liver may cross the blood brain barrier and lead to Ap and tau pathology. For
example, ceramides, bioactive sphingolipids, are activated in the course of NAFLD [68] and
liver fibrosis [69], and were recently linked with incident AD and A load on PET in the
Framingham Study [70].

We show that in the general sample (i.e., not restricting to those with NAFLD), higher
risk of advanced fibrosis is coupled with tau but not with Ap deposition. Although
previous studies demonstrated that amyloidosis is required for the subsequent elevation of
tauopathy [71, 72], recent PET assessments confirm autopsy studies [73] by highlighting
the contribution of the initial medial temporal tau deposition to AD natural history [40].
Specifically, the first signal of tau PET is thought to appear independently of Ap burden
in the rhinal cortex, which in our study showed strong association with FIB-4 index.
Subsequent to the tau deposition in the rhinal cortex, tau is thought to spread to temporal
neocortex but this stage is dependent on the primary tau accumulation and on global A
load [40]. Thus, our findings may advance the literature by showing that liver fibrosis is
linked with early markers of AD, upstream to the development of vascular pathology and Ap
aggregation. Furthermore, tau deposition in these brain regions are highly correlated with
early AD clinical phenotypes [72, 74-76].

Focusing on a subsample with confirmed NAFLD yielded a small sample size and therefore
limited power to adjust for the whole set of confounders. However, after adjustment for
age, sex, time between exposure and PET and camera, we found additional associations

of advanced fibrosis with overall Ap load as well as in the inferior temporal and
parahippocampal regions. Due to between-studies heterogeneity in Ap detection techniques
(e.g., PET versus autopsy) as well as in population characteristics and study settings, the
spatiotemporal ordering of Ap deposition is not fully understood [47]. Yet, recent PET
studies suggest that Ap accumulates initially in the medial frontal and cingulate regions [47]
which, in our sensitivity analysis, were not related to liver fibrosis. In contrast, overall Ap
load and its deposition in brain regions that were linked with liver fibrosis in our study
(e.g., middle temporal) are considered to accumulate in relatively later AD stages [77, 78].
However, these accumulations of Ap may be needed for the observed spread of tau beyond
the middle temporal lobe to neocortical regions [40, 72].

The inconsistency in results between the general sample and the NAFLD subsample (i.e.,
associations of FIB-4 with tau in the first and with tau and A in the latter) may imply
that AP deposition is influenced by a synergistic effect of liver steatosis and fibrosis.
Alternatively, the different findings may reflect the differential capacity of the FIB-4 index
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to non-invasively identify advanced fibrosis in these two samples. Of note, FIB-4 has been
extensively studied in ethnically diverse NAFLD populations where it showed good ability
to discriminate advanced versus non-advanced fibrosis [79, 80]. On the other hand, it may
have limited ability to estimate risk of advanced fibrosis in the general population [81]. In
addition, the FIB-4 cutoff for advanced fibrosis has been determined among persons with
NAFLD [45], which is in line with our findings that dichotomous FIB-4 using this cutoff

is related to AD markers only in the NAFLD subsample. Thus, despite the small sample of
participants who had both PET and NAFLD information, the significant link between FIB-4
and both Ap and tau may more specifically indicate the consequences of advanced liver
fibrosis.

The strengths of our study include the predominantly middle-aged sample with information
on AP and tau PET imaging, the CT-based ascertainment of NAFLD and the well-
characterized cohort of individuals with a wide variety of metabolic and lifestyle covariates,
including visceral adipose tissue. We also acknowledge several limitations of our study:
first, this is a cross-sectional design that does not allow inference on temporal relationship
between liver conditions and AD pathology. Second, liver fibrosis was assessed using a
non-invasive index with limited validity compared to liver biopsy as the gold standard,

and we lacked imaging information such as magnetic resonance elastography or ultrasound
elastography (i.e., FibroScan) [82]. However, FIB-4 has the advantage of being a simple
tool composed of routinely collected biochemical variables. Third, we lacked information
on fibrosis etiology other than NAFLD such as hepatotoxic medications, viral hepatitis,
autoimmune liver disease, or alcohol abuse (due to underreporting of alcohol consumption).
A fourth limitation is the restricted external validity of our results as the sample was
predominantly of European ancestry, from one geographic area and of a relatively high
socioeconomic status. Lastly, the statistical power was limited due to small number of
persons in some subgroup analyses, and residual confounding could exist due to incomplete
adjustment.

In conclusion, our study highlights the importance of liver fibrosis severity to extrahepatic
health conditions by demonstrating a link between liver fibrosis severity and early stages
of AD. If validated in other studies, these findings suggest that FIB-4 may improve risk
stratification models in AD and may help identifying individuals at risk for tau and Ap
accumulation, who may benefit from preventive strategies. The public health implications
of these findings may be particularly significant because liver fibrosis is prevalent and

yet often underdiagnosed. In addition, liver fibrosis can be managed through lifestyle
modifications as well as through existing therapeutics and numerous drugs that are currently
under development [18]. Future investigations are necessary to explore whether therapeutic
strategies that target liver fibrosis can lead to decreased AD burden and to clarify the
underlying mechanisms linking liver fibrosis to AD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al. Page 11

ACKNOWLEDGMENTS

This study was supported by grants from the National Institute on Aging (R01 AG054076, R01 AG049607,

RO1 AG033040, RO1 AG063507, U01 AG052409, RF1 AG061872, U01 AG049505, U01 AG058589, and P30
AG066546), the National Institute of Neurological Disorders and Stroke (R01 NS017950 and UH2 NS100605),
and the NHLBI contract for the Framingham Heart Study (contract no. N01-HC-25195, HHSN2682015000011, and
75N92019D00031).

REFERENCES

[1]. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M (2016) Global epidemiology
of nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and
outcomes. Hepatology 64, 73-84. [PubMed: 26707365]

[2]. Gaggini M, Morelli M, Buzzigoli E, DeFronzo RA, Bugianesi E, Gastaldelli A (2013) Non-
alcoholic fatty liver disease (NAFLD) and its connection with insulin resistance, dyslipidemia,
atherosclerosis and coronary heart disease. Nutrients 5, 1544-1560. [PubMed: 23666091]

[3]. Younossi ZM, Golabi P, de Avila L, Paik JM, Srishord M, Fukui N, Qiu Y, Burns L, Afendy A,
Nader F (2019) The global epidemiology of NAFLD and NASH in patients with type 2 diabetes:
A systematic review and meta-analysis. J Hepatol 71, 793-801. [PubMed: 31279902]

[4]. Polyzos SA, Kountouras J, Mantzoros CS (2019) Obesity and nonalcoholic fatty liver disease:
From pathophysiology to therapeutics. Metabolism 92, 82-97. [PubMed: 30502373]

[5]. Mantovani A, Scorletti E, Mosca A, Alisi A, Byrne CD, Targher G (2020) Complications,
morbidity and mortality of nonalcoholic fatty liver disease. Metabolism 111, 154170.

[6]. Sookoian S, Pirola CJ (2008) Non-alcoholic fatty liver disease is strongly associated with carotid
atherosclerosis: A systematic review. J Hepatol 49, 600-607. [PubMed: 18672311]

[7]. Jaruvongvanich V, Wirunsawanya K, Sanguankeo A, Upala S (2016) Nonalcoholic fatty liver
disease is associated with coronary artery calcification: A systematic review and meta-analysis.
Dig Liver Dis 48, 1410-1417. [PubMed: 27697419]

[8]. Salvi P, Ruffini R, Agnoletti D, Magnani E, Pagliarani G, Comandini G, Pratico A, Borghi C,
Benetos A, Pazzi P (2010) Increased arterial stiffness in nonalcoholic fatty liver disease: The
Cardio-GOOSE study. J Hypertens 28, 1699-1707. [PubMed: 20467324]

[9]. Chiu LS, Pedley A, Massaro JM, Benjamin EJ, Mitchell GF, McManus DD, Aragam J, Vasan
RS, Cheng S, Long MT (2020) The association of non-alcoholic fatty liver disease and cardiac
structure and function-Framingham Heart Study. Liver Int 40, 2445-2454. [PubMed: 32654390]

[10]. Targher G, Byrne CD, Tilg H (2020) NAFLD and increased risk of cardiovascular disease:
Clinical associations, pathophysiological mechanisms and pharmacological implications. Gut 69,
1691-1705. [PubMed: 32321858]

[11]. Weinstein G, Zelber-Sagi S, Preis SR, Beiser AS, DeCarli C, Speliotes EK, Satizabal CL, Vasan
RS, Seshadri S (2018) Association of nonalcoholic fatty liver disease with lower brain volume
in healthy middle-aged adults in the Framingham Study. JAMA Neurol 75, 97-104. [PubMed:
29159396]

[12]. Filipovi¢ B, Markovi¢ O,BPuri¢ V, Filipovi¢ B (2018) Cognitive changes and brain volume
reduction in patients with nonalcoholic fatty liver disease. Can J Gastroenterol Hepatol 2018,
9638797. [PubMed: 29682494]

[13]. Kjeegaard K, Mikkelsen ACD, Wernberg CW, Grankjer LL, Eriksen PL, Damholdt MF,
Mookerjee RP, Vilstrup H, Lauridsen MM, Thomsen KL (2021) Cognitive dysfunction in non-
alcoholic fatty liver disease-current knowledge, mechanisms and perspectives. J Clin Med 10,
673. [PubMed: 33572481]

[14]. Takahashi A, Kono S, Wada A, Oshima S, Abe K, Imaizumi H, Fujita M, Hayashi M, Okai K,
Miura I, Yabe H, Ohira H (2017) Reduced brain activity in female patients with nonalcoholic
fatty liver disease as measured by near-infrared spectroscopy. PLoS One 12, e0174169. [PubMed:
28376101]

[15]. Gerber Y, VanWagner LB, Yaffe K, Terry JG, Rana JS, Reis JP, Sidney S (2021) Non-alcoholic
fatty liver disease and cognitive function in middle-aged adults: The CARDIA study. BMC
Gastroenterol 21, 96. [PubMed: 33653293]

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al.

Page 12

[16]. Shang Y, Nasr P, Ekstedt M, Widman L, Stal P, Hultcrantz R, Kechagias S, Hagstrém H (2021)

Non-alcoholic fatty liver disease does not increase dementia risk although histology data might
improve risk prediction. JHEP Rep 3, 100218. [PubMed: 33554097]

[17]. Pais R, Maurel T (2021) Natural history of NAFLD. J Clin Med 10, 1161. [PubMed: 33802047]
[18]. Powell EE, Wong VW, Rinella M (2021) Non-alcoholic fatty liver disease. Lancet 397, 2212—

2224. [PubMed: 33894145]

[19]. Caballeria L, Pera G, Arteaga I, Rodriguez L, Aluma A, Morillas RM, de la Ossa N, Diaz A,

Exposito C, Miranda D, Sanchez C, Prats RM, Urquizu M, Salgado A, Alemany M, Martinez A,
Majeed I, Fabrellas N, Graupera I, Planas R, Ojanguren |, Serra M, Toran P, Caballeria J, Ginés

P (2018) High prevalence of liver fibrosis among European adults with unknown liver disease: A
population-based study. Clin Gastroenterol Hepatol 16, 1138-1145.e1135. [PubMed: 29452268]

[20]. Angulo P, Kleiner DE, Dam-Larsen S, Adams LA, Bjornsson ES, Charatcharoenwitthaya P, Mills

PR, Keach JC, Lafferty HD, Stahler A, Haflidadottir S, Bendtsen F (2015) Liver fibrosis, but
no other histologic features, is associated with long-term outcomes of patients with nonalcoholic
fatty liver disease. Gastroenterology 149, 389-397.e310. [PubMed: 25935633]

[21]. Kim SU, Song D, Heo JH, Yoo J, Kim BK, Park JY, Kim DY, Ahn SH, Kim KJ, Han KH, Kim

YD (2017) Liver fibrosis assessed with transient elastography is an independent risk factor for
ischemic stroke. Atherosclerosis 260, 156-162. [PubMed: 28222857]

[22]. Solfrizzi V, Scafato E, Custodero C, Loparco F, Ciavarella A, Panza F, Seripa D, Imbimbo BP,

Lozupone M, Napoli N, Piazzolla G, Galluzzo L, Gandin C, Baldereschi M, Di Carlo A, Inzitari
D, Pilotto A, Sabba C (2020) Liver fibrosis score, physical frailty, and the risk of dementia in
older adults: The Italian Longitudinal Study on Aging. Alzheimers Dement (N Y) 6, e12065.
[PubMed: 32864415]

[23]. Weinstein G, Davis-Plourde K, Himali JJ, Zelber-Sagi S, Beiser AS, Seshadri S (2019) Non-

alcoholic fatty liver disease, liver fibrosis score and cognitive function in middle-aged adults: The
Framingham Study. Liver Int 39, 1713-1721. [PubMed: 31155826]

[24]. Jack CR Jr., Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, Holtzman

DM, Jagust W, Jessen F, Karlawish J, Liu E, Molinuevo JL, Montine T, Phelps C, Rankin

KP, Rowe CC, Scheltens P, Siemers E, Snyder HM, Sperling R (2018) NIA-AA Research
Framework: Toward a biological definition of Alzheimer’s disease. Alzheimers Dement 14, 535—
562. [PubMed: 29653606]

[25]. Feinleib M, Kannel WB, Garrison RJ, McNamara PM, Castelli WP (1975) The Framingham

Offspring Study. Design and preliminary data. Prev Med 4, 518-525. [PubMed: 1208363]

[26]. Splansky GL, Corey D, Yang Q, Atwood LD, Cupples LA, Benjamin EJ, D’Agostino RB Sr.,

Fox CS, Larson MG, Murabito JM, O’Donnell CJ, Vasan RS, Wolf PA, Levy D (2007) The
Third Generation Cohort of the National Heart, Lung, and Blood Institute’s Framingham Heart
Study: Design, recruitment, and initial examination. Am J Epidemiol 165, 1328-1335. [PubMed:
17372189]

[27]. Satizabal CL, Beiser AS, Chouraki V, Chéne G, Dufouil C, Seshadri S (2016) Incidence of

dementia over three decades in the Framingham Heart Study. N Engl J Med 374,523-532.
[PubMed: 26863354]

[28]. Speliotes EK, Massaro JM, Hoffmann U, Foster MC, Sahani DV, Hirschhorn JN, O’Donnell

CJ, Fox CS (2008) Liver fat is reproducibly measured using computed tomography in the
Framingham Heart Study. J Gastroenterol Hepatol 23, 894-899. [PubMed: 18565021]

[29]. Speliotes EK, Massaro JM, Hoffmann U, Vasan RS, Meigs JB, Sahani DV, Hirschhorn JN,

O’Donnell CJ, Fox CS (2010) Fatty liver is associated with dyslipidemia and dysglycemia
independent of visceral fat: The Framingham Heart Study. Hepatology 51, 1979-1987. [PubMed:
20336705]

[30]. Vallet-Pichard A, Mallet V, Nalpas B, Verkarre V, Nalpas A, Dhalluin-Venier V, Fontaine H, Pol

S (2007) FIB-4: An inexpensive and accurate marker of fibrosis in HCV infection. comparison
with liver biopsy and fibrotest. Hepatology 46, 32—-36. [PubMed: 17567829]

[31]. Lee J, Vali Y, Boursier J, Spijker R, Anstee QM, Bossuyt PM, Zafarmand MH (2021) Prognostic

accuracy of FIB-4, NAFLD fibrosis score and APRI for NAFLD-related events: A systematic
review. Liver Int 41, 261-270. [PubMed: 32946642]

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al.

Page 13

[32]. Sinn DH, Cho SJ, Gu S, Seong D, Kang D, Kim H, Yi BK, Paik SW, Guallar E, Cho J, Gwak

GY (2016) Persistent nonalcoholic fatty liver disease increases risk for carotid atherosclerosis.
Gastroenterology 151, 481-488 e481. [PubMed: 27283259]

[33]. Schonmann Y, Yeshua H, Bentov I, Zelber-Sagi S (2021) Liver fibrosis marker is an independent

predictor of cardiovascular morbidity and mortality in the general population. Dig Liver Dis 53,
79-85. [PubMed: 33144054]

[34]. Unalp-Arida A, Ruhl CE (2017) Liver fibrosis scores predict liver disease mortality in the United

States population. Hepatology 66, 84-95. [PubMed: 28195363]

[35]. Anstee QM, Lawitz EJ, Alkhouri N, Wong VW, Romero-Gomez M, Okanoue T, Trauner M,

Kersey K, Li G, Han L, Jia C, Wang L, Chen G, Subramanian GM, Myers RP, Djedjos CS, Kohli
A, Bzowej N, Younes Z, Sarin S, Shiffman ML, Harrison SA, Afdhal NH, Goodman Z, Younossi
ZM (2019) Noninvasive tests accurately identify advanced fibrosis due to NASH: Baseline data
from the STELLAR Trials. Hepatology 70, 1521-1530. [PubMed: 31271665]

[36]. Shoup TM, Yokell DL, Rice PA, Jackson RN, Livni E, Johnson KA, Brady TJ, Vasdev N

(2013) A concise radiosynthesis of the tau radiopharmaceutical, [(18) F]T807. J Labelled Comp
Radiopharm 56, 736—740. [PubMed: 24339014]

[37]. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, Buckner RL, Dale

AM, Maguire RP, Hyman BT, Albert MS, Killiany RJ (2006) An automated labeling system
for subdividing the human cerebral cortex on MRI scans into gyral based regions of interest.
Neuroimage 31, 968-980. [PubMed: 16530430]

[38]. Hanseeuw BJ, Betensky RA, Mormino EC, Schultz AP, Sepulcre J, Becker JA, Jacobs HIL,

Buckley RF, LaPoint MR, Vannini P, Donovan NJ, Chhatwal JP, Marshall GA, Papp KV,
Amariglio RE, Rentz DM, Sperling RA, Johnson KA (2018) PET staging of amyloidosis using
striatum. Alzheimers Dement 14, 1281-1292. [PubMed: 29792874]

[39]. Johnson KA, Schultz A, Betensky RA, Becker JA, Sepulcre J, Rentz D, Mormino E, Chhatwal J,

Amariglio R, Papp K, Marshall G, Albers M, Mauro S, Pepin L, Alverio J, Judge K, Philiossaint
M, Shoup T, Yokell D, Dickerson B, Gomez-Isla T, Hyman B, Vasdev N, Sperling R (2016) Tau
positron emission tomographic imaging in aging and early Alzheimer disease. Ann Neurol 79,
110-119. [PubMed: 26505746]

[40]. Sanchez JS, Becker JA, Jacobs HIL, Hanseeuw BJ, Jiang S, Schultz AP, Properzi MJ, Katz SR,

Beiser A, Satizabal CL, O’Donnell A, DeCarli C, Killiany R, El Fakhri G, Normandin MD,
Gomez-Isla T, Quiroz YT, Rentz DM, Sperling RA, Seshadri S, Augustinack J, Price JC, Johnson
KA (2021) The cortical origin and initial spread of medial temporal tauopathy in Alzheimer’s
disease assessed with positron emission tomography. Sci Transl Med 13, eabc0655. [PubMed:
33472953]

[41]. Millan J, Pint6 X, Mufioz A, Zafiga M, Rubiés-Prat J, Pallardo LF, Masana L, Mangas A,

Hernandez-Mijares A, Gonzalez-Santos P, Ascaso JF, Pedro-Botet J (2009) Lipoprotein ratios:
Physiological significance and clinical usefulness in cardiovascular prevention. Vasc Health Risk
Manag 5, 757-765. [PubMed: 19774217]

[42]. Long MT, Wang N, Larson MG, Mitchell GF, Palmisano J, Vasan RS, Hoffmann U, Speliotes

EK, Vita JA, Benjamin EJ, Fox CS, Hamburg NM (2015) Nonalcoholic fatty liver disease and
vascular function:; Cross-sectional analysis in the Framingham heart study. Arterioscler Thromb
Vasc Biol 35, 1284-1291. [PubMed: 25745056]

[43]. Spartano NL, Davis-Plourde KL, Himali JJ, Murabito JM, Vasan RS, Beiser AS, Seshadri S

(2019) Self-reported physical activity and relations to growth and neurotrophic factors in diabetes
mellitus: The Framingham Offspring Study. J Diabetes Res 2019, 2718465. [PubMed: 30729134]

[44]. Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu CY, Vasan RS, Murabito

JM, Meigs JB, Cupples LA, D’Agostino RB Sr., O’Donnell CJ (2007) Abdominal visceral
and subcutaneous adipose tissue compartments: Association with metabolic risk factors in the
Framingham Heart Study. Circulation 116, 39-48. [PubMed: 17576866]

[45]. Anstee QM, Lawitz EJ, Alkhouri N, Wong VWS, Romero-Gomez M, Okanoue T, Trauner

M, Kersey K, Li G, Han L (2019) Noninvasive tests accurately identify advanced fibrosis
due to NASH: Baseline data from the STELLAR trials. Hepatology 70, 1521-1530. [PubMed:
31271665]

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al.

Page 14

[46]. McPherson S, Hardy T, Dufour JF, Petta S, Romero-Gomez M, Allison M, Oliveira CP, Francque

S, Van Gaal L, Schattenberg JM, Tiniakos D, Burt A, Bugianesi E, Ratziu V, Day CP, Anstee QM
(2017) Age as a confounding factor for the accurate non-invasive diagnosis of advanced NAFLD
fibrosis. Am J Gastroenterol 112, 740-751. [PubMed: 27725647]

[47]. Fantoni E, Collij L, Alves IL, Buckley C, Farrar G (2020) The spatial-temporal ordering of

amyloid pathology and opportunities for PET imaging. J Nucl Med 61, 166-171. [PubMed:
31836683]

[48]. Benjamini Y, Hochberg Y (1995) Controlling the false discovery rate: A practical and powerful

approach to multiple testing. J R Stat Soc Series B Methodol 57, 289-300.

[49]. Labenz C, Kostev K, Kaps L, Galle PR, Schattenberg JM (2020) Incident dementia in elderly

patients with nonalcoholic fatty liver disease in Germany. Dig Dis Sci 66, 3179-3185. [PubMed:
33037968]

[50]. Petta S, Tuttolomondo A, Gagliardo C, Zafonte R, Brancatelli G, Cabibi D, Camma C, Di Marco

V, Galvano L, La Tona G, Licata A, Magliozzo F, Maida C, Marchesini G, Merlino G, Midiri

M, Parrinello G, Torres D, Pinto A, Craxa A (2016) The presence of white matter lesions is
associated with the fibrosis severity of nonalcoholic fatty liver disease. Medicine (Baltimore) 95,
e3446. [PubMed: 27100443]

[51]. Jang H, Kang D, Chang Y, Kim Y, Lee JS, Kim KW, Jang YK, Kim HJ, Na DL, Shin HY, Kang

M, Guallar E, Cho J, Seo SW (2019) Non-alcoholic fatty liver disease and cerebral small vessel
disease in Korean cognitively normal individuals. Sci Rep 9, 1814. [PubMed: 30755685]

[52]. Kaur H, Seeger D, Golovko S, Golovko M, Combs CK (2021) Liver bile acid changes in mouse

models of Alzheimer’s disease. Int J Mol Sci 22, 7451. [PubMed: 34299071]

[53]. Varma VR, Wang Y, An Y, Varma S, Bilgel M, Doshi J, Legido-Quigley C, Delgado JC,

Oommen AM, Roberts JA, Wong DF, Davatzikos C, Resnick SM, Troncoso JC, Pletnikova O,
O’Brien R, Hak E, Baak BN, Pfeiffer R, Baloni P, Mohmoudiandehkordi S, Nho K, Kaddurah-
Daouk R, Bennett DA, Gadalla SM, Thambisetty M (2021) Bile acid synthesis, modulation,

and dementia: A metabolomic, transcriptomic, and pharmacoepidemiologic study. PLoS Med 18,
€1003615. [PubMed: 34043628]

[54]. Mellinger JL, Pencina KM, Massaro JM, Hoffmann U, Seshadri S, Fox CS, O’Donnell CJ,

Speliotes EK (2015) Hepatic steatosis and cardiovascular disease outcomes: An analysis of the
Framingham Heart Study. J Hepatol 63, 470-476. [PubMed: 25776891]

[55]. Oni ET, Agatston AS, Blaha MJ, Fialkow J, Cury R, Sposito A, Erbel R, Blankstein R, Feldman

T, Al-Mallah MH, Santos RD, Budoff MJ, Nasir K (2013) A systematic review: Burden and
severity of subclinical cardiovascular disease among those with nonalcoholic fatty liver; should
we care? Atherosclerosis 230, 258-267. [PubMed: 24075754]

[56]. Chen 'Y, Xu M, Wang T, Sun J, Sun W, Xu B, Huang X, Xu Y, Lu J, Li X, Wang W, Bi Y, Ning G

(2015) Advanced fibrosis associates with atherosclerosis in subjects with nonalcoholic fatty liver
disease. Atherosclerosis 241, 145-150. [PubMed: 25988358]

[57]. Dadar M, Camicioli R, Duchesne S, Collins DL (2020) The temporal relationships between white

matter hyperintensities, neurodegeneration, amyloid beta, and cognition. Alzheimers Dement
(Amst) 12, €12091. [PubMed: 33083512]

[58]. Graff-Radford J, Lesnick T, Rabinstein AA, Gunter J, Aakre J, Przybelski SA, Spychalla AJ,

Huston J 3rd, Brown RD Jr., Mielke MM, Lowe VJ, Knopman DS, Petersen RC, Jack CR Jr.,
Vemuri P, Kremers W, Kantarci K (2020) Cerebral microbleed incidence, relationship to amyloid
burden: The Mayo Clinic Study of Aging. Neurology 94, e190-e199. [PubMed: 31801832]

[59]. Kershenobich Stalnikowitz D, Weissbrod AB (2003) Liver fibrosis and inflammation. A review.

Ann Hepatol 2, 159-163. [PubMed: 15115954]

[60]. Karbalaei R, Allahyari M, Rezaei-Tavirani M, Asadzadeh-Aghdaei H, Zali MR (2018) Protein-

protein interaction analysis of Alzheimer‘s disease and NAFLD based on systems biology
methods unhide common ancestor pathways. Gastroenterol Hepatol Bed Bench 11, 27-33.
[PubMed: 29564062]

[61]. Walker KA, Power MC, Hoogeveen RC, Folsom AR, Ballantyne CM, Knopman DS, Windham

BG, Selvin E, Jack CR Jr., Gottesman RF (2017) Midlife systemic inflammation, late-life white
matter integrity, and cerebral small vessel disease: The Atherosclerosis Risk in Communities
Study. Stroke 48, 3196-3202. [PubMed: 29101255]

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al.

[62].

[63].

[64].

[65].

[66].

[67].

[68].

[69].

[70].

[71].

[72].

[73].

[74].

[75].

[76].

Page 15

Carret-Rebillat AS, Pace C, Gourmaud S, Ravasi L, Montagne-Stora S, Longueville S, Tible M,
Sudol E, Chang RC, Paquet C, Mouton-Liger F, Hugon J (2015) Neuroinflammation and Ap
accumulation linked to systemic inflammation are decreased by genetic PKR down-regulation.
Sci Rep 5, 8489. [PubMed: 25687824]

Krstic D, Madhusudan A, Doehner J, Vogel P, Notter T, Imhof C, Manalastas A, Hilfiker M,
Pfister S, Schwerdel C, Riether C, Meyer U, Knuesel | (2012) Systemic immune challenges
trigger and drive Alzheimer-like neuropathology in mice. J Neuroinflammation 9, 151. [PubMed:
22747753]

Walker KA, Windham BG, Brown CH, Knopman DS, Jack CR, Mosley TH, Selvin E, Wong
DF, Hughes TM, Zhou Y, Gross AL, Gottesman RF (2018) The association of mid- and late-life
systemic inflammation with brain amyloid deposition: The ARIC-PET study. J Alzheimers Dis
66, 1041-1052. [PubMed: 30400093]

Clark AL, Weigand AJ, Thomas KR, Solders SK, Delano-Wood L, Bondi MW, Bernier RA,
Sundermann EE, Banks SJ, Bangen KJ (2021) Elevated inflammatory markers and arterial
stiffening exacerbate tau but not amyloid pathology in older adults with mild cognitive
impairment. J Alzheimers Dis 80, 1451-1463. [PubMed: 33682714]

Wang YR, Wang QH, Zhang T, Liu YH, Yao XQ, Zeng F, Li J, Zhou FY, Wang L, Yan JC,
Zhou HD, Wang YJ (2017) Associations between hepatic functions and plasma amyloid-beta
levels-implications for the capacity of liver in peripheral amyloid-beta clearance. Mol Neurobiol
54, 2338-2344. [PubMed: 26957302]

Xiang Y, Bu XL, Liu YH, Zhu C, Shen LL, Jiao SS, Zhu XY, Giunta B, Tan J, Song WH,

Zhou HD, Zhou XF, Wang YJ (2015) Physiological amyloid-beta clearance in the periphery
and its therapeutic potential for Alzheimer’s disease. Acta Neuropathol 130, 487-499. [PubMed:
26363791]

Nikolova-Karakashian M (2018) Alcoholic and non-alcoholic fatty liver disease: Focus on
ceramide. Adv Biol Regul 70, 40-50. [PubMed: 30455063]

Simon J, Ouro A, Ala-lbanibo L, Presa N, Delgado TC, Martinez-Chantar ML (2019)
Sphingolipids in non-alcoholic fatty liver disease and hepatocellular carcinoma: Ceramide
turnover. Int J Mol Sci 21, 40. [PubMed: 31861664]

McGrath ER, Himali JJ, Xanthakis V, Duncan MS, Schaffer JE, Ory DS, Peterson LR, DeCarli
C, Pase MP, Satizabal CL, Vasan RS, Beiser AS, Seshadri S (2020) Circulating ceramide ratios
and risk of vascular brain aging and dementia. Ann Clin Transl Neurol 7, 160-168. [PubMed:
31950603]

Reimand J, Collij L, Scheltens P, Bouwman F, Ossenkoppele R (2020) Association of amyloid-
B CSF/PET discordance and tau load 5 years later. Neurology 95, e2648—-e2657. [PubMed:
32913020]

Jack CR, Wiste HJ, Botha H, Weigand SD, Therneau TM, Knopman DS, Graff-Radford J, Jones
DT, Ferman TJ, Boeve BF, Kantarci K, Lowe VJ, Vemuri P, Mielke MM, Fields JA, Machulda
MM, Schwarz CG, Senjem ML, Gunter JL, Petersen RC (2019) The bivariate distribution of
amyloid-B and tau: Relationship with established neurocognitive clinical syndromes. Brain 142,
3230-3242. [PubMed: 31501889]

Braak H, Zetterberg H, Del Tredici K, Blennow K (2013) Intraneuronal tau aggregation precedes
diffuse plaque deposition, but amyloid-p changes occur before increases of tau in cerebrospinal
fluid. Acta Neuropathol 126, 631-641. [PubMed: 23756600]

Ossenkoppele R, Smith R, Ohlsson T, Strandberg O, Mattsson N, Insel PS, Palmgvist S, Hansson
O (2019) Associations between tau, AB, and cortical thickness with cognition in Alzheimer
disease. Neurology 92, e601—-e612. [PubMed: 30626656]

Knopman DS, Lundt ES, Therneau TM, Vemuri P, Lowe VJ, Kantarci K, Gunter JL, Senjem ML,
Mielke MM, Machulda MM, Boeve BF, Jones DT, Graff-Radford J, Albertson SM, Schwarz CG,
Petersen RC, Jack CR (2019) Entorhinal cortex tau, amyloid-B, cortical thickness and memory
performance in non-demented subjects. Brain 142, 1148-1160. [PubMed: 30759182]

La Joie R, Visani AV, Lesman-Segev OH, Baker SL, Edwards L, laccarino L, Soleimani-
Meigooni DN, Mellinger T, Janabi M, Miller ZA, Perry DC, Pham J, Strom A, Gorno-Tempini
ML, Rosen HJ, Miller BL, Jagust WJ, Rabinovici GD (2021) Association of APOE4 and clinical

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Weinstein et al.

Page 16

variability in Alzheimer disease with the pattern of tau- and amyloid-PET. Neurology 96, e650—
e661. [PubMed: 33262228]

[77]. Cho H, Choi JY, Hwang MS, Kim YJ, Lee HM, Lee HS, Lee JH, Ryu YH, Lee MS, Lyoo CH

(2016) In vivo cortical spreading pattern of tau and amyloid in the Alzheimer disease spectrum.
Ann Neurol 80, 247-258. [PubMed: 27323247]

[78]. Bullich S, Roé-Vellvé N, Marquié M, Landau SM, Barthel H, Villemagne VL, Sanabria A, Tartari

JP, Sotolongo-Grau O, Doré V, Koglin N, Miller A, Perrotin A, Jovalekic A, De Santi S, Tarraga
L, Stephens AW, Rowe CC, Sabri O, Seibyl JP, Boada M (2021) Early detection of amyloid load
using (18)F-florbetaben PET. Alzheimers Res Ther 13, 67. [PubMed: 33773598]

[79]. Guha IN, Parkes J, Roderick P, Chattopadhyay D, Cross R, Harris S, Kaye P, Burt AD, Ryder

SD, Aithal GP, Day CP, Rosenberg WM (2008) Noninvasive markers of fibrosis in nonalcoholic
fatty liver disease: Validating the European Liver Fibrosis Panel and exploring simple markers.
Hepatology 47, 455-460. [PubMed: 18038452]

[80]. (2016) EASL-EASD-EASO Clinical Practice Guidelines for the management of non-alcoholic

fatty liver disease. J Hepatol 64, 1388-1402. [PubMed: 27062661]

[81]. Hagstrom H, Talback M, Andreasson A, Walldius G, Hammar N (2020) Ability of noninvasive

scoring systems to identify individuals in the population at risk for severe liver disease.
Gastroenterology 158, 200-214. [PubMed: 31563624]

[82]. Honda Y, Yoneda M, Imajo K, Nakajima A (2020) Elastography techniques for the assessment of

liver fibrosis in non-alcoholic fatty liver disease. Int J Mol Sci 21, 40.

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Weinstein et al.

N=5,841
Attended study exams

Page 17

N=850
No information on NAFLD

v

N=4,991
With data on NAFLD or
liver fibrosis

or liver fibrosis

N=803
Significant alcohol

N=4,188
Meet inclusion criteria

v

consumption

N=3,958

N=230
Total sample with PET

N=169
Subgroup with
NAFLD
information

Fig. 1.

N=116
Subgroup
with both
NAFLD and

FIB-4
information

Flow chart of the study sample.

v

No PET scans

N=177
Subgroup
with FIB-4

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



Page 18

Weinstein et al.

'G0'0 >anjeA-d 81edIpUl SaNfeA plog “aseulwesuRl) sjeledse ‘| Sy ‘aselajsuesioulwe auluefe
17V {90UBISISA) UIINSUL JOJ JUBLUSSASSE [apOW J17e1S0aWoY ‘HI-VINOH ‘8buel ajienb-enur ‘YOI ‘AydesBowol uoissiwa uoaisod ‘| 34 ‘AydesBowol paindwod ‘1D ‘aseasip JaAll A1e) d1joyodfe-uou ‘14N

v2'0 (%LT)L (%L2)0T (%e2)Le 91T (%)u ‘(€'T <p-gId) s1so1qid paoueApy//ajeIpaW IRl
260 [cT'g0loT [71'80l60 [eT'g0l6°0 91T [4O1uepan ‘(7-a14)2109S F-sisoiqid
SO11SI4810BIRYD U0IdUNS J8AIT]

G50 (29)s5¢e (29)Lve (¥9)052 LTT (1/60Tx) s1o1oreld
200 [9z 'sTlve [vz ‘21loz [sz ‘gtlTC 89T [4O1]uetpan ‘(/N) LSV
100°0> [og ‘0zl6e [9z ‘stlTZ [te ‘z1lez 891 [¥O1uepan ‘(/N) LIV
100°0> (%es)oe (%6T)T2 (%0€)1S 69T (%)u ‘uoisusuiadAH
8000 (%8T1)01 (%9)s (%6)ST 89T (%)u ‘'sa1eqel@
100°0> [6s'9clor [6zetlre [6€'sTlSC 891 [4O1]uepan "YI-YINOH
100°0> (6T¥T)692E (LTTT)OV8T (veeT)TIEC 19T (gWwo)anssn asodipe [eJadSIA JO BWN|OA
100°0> (e1)0S (21)19 ()s 69T (TIp/Bus)josesajoyo ursioadodi) Ansusp-ybiH
€00 (98)9.1T (9¢)881T (9e)v81T 69T (Ip/Bw)jose1s3]1042 [EI0L
100°0> [ev'otlte [e'z 's'0l6'0 [0 '9alzT 19T [HO1]uetpain ‘(7/Bw)utsiold aAoESI-O WINISS
8T°0 [2€ ‘0elve [6¢ ‘zelse [6€ ‘zelse 891 [4O1uepan ‘xapul Auanoy [edisAyd
900 (%TT1)9 (%e)e (%9)6 69T (%)u *aseasip senaserolpied
8T°0 %)y (%2)z (%t)9 69T (%)u ‘sxjows
7000 (sn)zet (omstT (en)L1T 691 (Ip/Bw)ainssaid poojg 21j01sAS
910 [v ‘ot [s ‘ale [s oz 69T  [4O1uerpain ‘(Aep sod sxjuLip) uondwnsuod [0yodIy
100°0> [og ‘22]ze [6z ‘v2l.z [z€ ‘szlsz 691 [4O1]uetpaiN ‘(zw/Bx)xepul sse Apog
80 (%L vy (%6.)88 (%8L)2eT 69T (%)u "Hoyod ¢ uonelauan
190 (28 (1)8 ()8 69T (A) 1L3d pue wexs usamiag awilL
6.0 (Ms (M8 (Ms 69T (A)13d pue 1.0 usamiag awiL
€00 (%89)6€ (%19).6 (%25)96 69T (%)u ‘areN
(040 (6)es (8)zs (6)zs 69T (K) aby
d (6=N) @1dvNwsersdd  (ZTT=N) QTdVNON (69T =N)ojdweselol N SO1IS14330RIRYD [eI3URD

Author Manuscript

T alqeL

Author Manuscript

d14vN Jo aouasaid 01 Buipaoade sansiialoeleyd ajduwres Apnis

Author Manuscript

Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



Page 19

Weinstein et al.

‘pawIojsue) mo_m

"uoISuaLadAy pue ‘saagelp ‘oel
10J81S8]0Yd-TT@H O} [B10} ‘U1a10id aAI3oRaI-O ‘aSeasip Jejnasencipled ‘Bupjows ‘uondwnsuod joyode ‘Xapul ssew Apog ‘esawed ‘] Jd pue ainsodxa usamiag awil ‘xas ‘abe 10} paisnipy iz [9pON "BJaWeD pue
‘1 3d pue ainsodxa Usamiaq awil ‘xas ‘abe 10y paisnlpy :T |9POIA ‘[elus|dsoias pue ‘[esare] ‘[eluoly ‘414 ‘Jolis paepurls ‘3S ‘Aydelbowo) uoissiwa uosod ‘] 34 ‘aseasip JaAl| Aey 91joyodje-uou ‘q14vN

690 VYZ0FOT0- TLO 0Z0%L00 ney [eutyy
960 SZTOFIO0- S80  TZOFH00 ne eulyioiu3
v80 vZ0FS00- €50 0ZOFETO- ne} fedwesoddiyesed
Zro  2Z0¥8T0  Zv0  6T0%STO ne} feJodwa} JoLiajul
0£0 6T0F0Z0 ¥E0  9T0FITO plojAure [eulyioius
050 0Z0¥ET'0 8.0 LT'0¥S00  piojAwre jedweooddiyered
£80 OTOFE00 090 ET0FL00- gPIOIALE [eilodwa joriaul
S0 BT0F900 260  9T0¥L00 g 14 proJAY
d 357y d 35%Y
Z 13PON TI2PON

(69T = N) ney pue d-piojAwy 13d pue a14VN UsaMIag UOIRI0SSY

¢ dlqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



Page 20

Weinstein et al.

"GO"0>aN[en-d 81edIpUI SBNJeA Plog “[aAS] G0"0="0 Pa10a.109-HQ4 e JuedyiublS

q
‘pawIojsues mo_m

‘uoisuauadAy

pue ‘sa1agelp ‘oljel |0431S3|0Yd-TAH O} 210} ‘Ua10d BAIOR8.-O ‘9SeasIp Je|naseAolp.ed ‘Bujows ‘uondwnsuod [oyode ‘xapul ssew Apoq ‘elawred ‘] 34 pue ainsodxa usamiag awil ‘xas ‘abe Joy paisnlpy iz
|9POIN "BJBWED pUE ‘] Jd pue 8insodxa Usamiaq sl ‘xas ‘afe 1oy paisnipy :T [8POIA ‘[elus|dsolial pue ‘[eisle| ‘ejuoly ‘Y4 HoLs prepue)s ‘JS '8109s p-s1solqid ‘p-g14 ‘AydeiBowoy uoissiwse uosnsod ‘1 3d

680 0£0¥920 890 0£0¥zT0 ¢000  ee0Fe0T 200  0E0FZL0 ne} feulyy
Zz0 TE0T6E0 IS0 TE0F0Z0 200  GE'0F80 020  OSOF6E0 ney [eulyio3
€T0 0S0FPY'0 820 0E0FZE0  TO0  2€0¥880 €00 620590 ne} edwresoddiyered
€80 8207820 950 8Z0FIT0  TO0  TIE0F080 900 [Z0FZS0 ne} [eiodwa) JoLiaju]
S50 TZOFET0- 2Zv0 0Z0F9T0- SO0  920%250- 910 b2 OFreo0- pIoJAWeE [eulyioT
9,0 TZ0¥900 960 0Z0FI00- vv'0  920%020- ¢90 Vg 0¥¢T0-  PprojAwe [edweooddiyeled
260 LTOFITO  SL0 OT0FS00 650  TZOFITO- 280 6T0F00- ePIOIAWE [eiodwal joliajul
€0 ZZO0FLTO 990 020600  TLO0  [Z0FOTO 280 +Z0F90°0 p¥ 14 plojAwy
d 35%Y d 3s¥Y d 357y d 3S7Y
Z I9POIN T 18POIN Z IBPOIN T I9POIN
€T <7 31098 7-ald
(£2T=N) ne1 pue g-p1ojAWy 1 3d YIM SISOIQI) J3AI] JO UOIIBIDOSSY
€ 9l|qel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



Page 21

Weinstein et al.

'G0"0> dNjeA- a1edIpUI SaNJBA Plog ‘|9A3] GO'0="0 P81081100-H4 18 JuediIubIS

q
QUETIISTEN @o_mv

“2JBWED PUB ‘] 3 pue ainsodxs

UsaMIBg B ‘xas ‘abe 1oy paisnipy ‘[elus|dsonal pue ‘[elaie] ‘[ewuol) ‘Y4 ‘101l plepuels ‘IS ‘8100 #-SIS0iqid ‘p-gld ‘9sessip Jaal] A1ey o1joyoofe-uou ‘g4wN ‘AydesBowoy uoissiwe uosysod ‘| 3d

g 100 650765 T ¢ 1000  Zp0¥09°T ney feulyy
g €000  ggor6 1 g €000  sp07egT ne} [eulyJo3
@00  0r0%2.T  qL000  ego709T ne} edweooddiye.ed
q1000> 95757 ¢ 1000> ,p07102 ne} [esoduis} JoLiapu|
€0 6S0FT90 SO0  vrO¥68°0 plojAwe [eulyio
500  6v'0700T ¢8000  p50FzsT  projAwe fedweooddiyered
qS000  ggsorT g T000> geozeg  pPIOMAWE eiodwa) ouiajul
qS000  pporeeT ¢ T000>  sp07e6T g4 pIoAWY
d 35+Y d 3S+Y
€T <v-ad 1095 7-01d

(Ty=N)a14wN 1usfensid yum syoslgns ui ney pue g-plojAwy 1 3d Yum sIsoiqly JaAI| JO UOIRI0SSY

¥ alqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2024 August 14.



	Abstract
	INTRODUCTION
	METHODS
	Study sample
	Assessment of fatty liver
	Assessment of liver fibrosis
	Assessment of Aβ and tau pathology
	Covariate assessment
	Statistical analysis

	RESULTS
	The association between NAFLD prevalence and PET Aβ and tau
	The association between liver fibrosis and PET Aβ and tau in the general sample
	The association between liver fibrosis and PET Aβ and tau in persons with prevalent NAFLD

	DISCUSSION
	References
	Fig. 1.
	Table 1
	Table 2
	Table 3
	Table 4



