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Abstract

Objective—To assess associations between nonalcoholic fatty liver disease (NAFLD) and 

measures of brain health in a population-based sample of adults.

Methods—Participants from the CARDIA study (Y25 exam; age 43–55 years) with concurrent 

CT quantification of liver fat, visceral adipose tissue (VAT) and brain magnetic resonance (MR) 

images were included (n=505). NAFLD was identified after exclusion of other causes of liver fat. 
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Total tissue volume (TTV) and gray matter cerebral blood flow (GM-CBF) were estimated using 

3T brain MR images.

Results—NAFLD prevalence was 18%. NAFLD was associated with lower TTV and GM-CBF 

after adjusting for intracranial volume, demographics, and health behaviors (p<0.04 for all). In 

models with additional adjustment for cardiovascular risk factors the association of NAFLD with 

GM-CBF remained significant (p=0.04), but was attenuated after adjustment for VAT (p=0.06), 

and eliminated with BMI (p=0.20). NAFLD was not associated with TTV after adjustment for 

cardiovascular risk factors (p=0.10), or additional adjustment for VAT (p=0.14) or BMI (p=0.05).

Conclusions—NAFLD is negatively associated with early brain health as assessed by MR 

measures of structure (TTV) and perfusion (GM-CBF). BMI and VAT attenuated this relationship 

providing insight into the potential metabolic role of liver fat in brain health and disease.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is an obesity-related condition and the most 

common cause of chronic liver disease in the United States(1). In North America, 24% of 

the general population is estimated to have NAFLD, and NAFLD prevalence is as high as 

90% among those with morbid obesity(2). NAFLD can progress to cirrhosis, liver cancer(3), 

and need for liver transplantation(4). NAFLD is a systemic disease associated with the 

metabolic syndrome(5), subclinical(6–8) and incident cardiovascular disease (CVD)(9), and 

in the presence of liver fibrosis is an independent risk factor for cardiovascular mortality(10, 

11). In fact, CVD is the leading cause of death in persons with NAFLD and among those 

who receive a liver transplantation(12, 13).

Cognitive decline with age is common and may be caused by a variety of conditions, 

including Alzheimer’s disease and vascular dementia. A growing body of literature now 

recognizes that deterioration in vascular function over time is a major contributor to the 

process of cognitive aging. Liver disease, particularly NAFLD, may be involved in the 

process of cognitive aging through several potential mechanisms (Figure 1). First, persons 

with NAFLD have a high prevalence of individual vascular risk factors (e.g., hypertension) 

that contribute to the progression of cognitive aging. Additional risk factors that may 

accelerate vascular aging include microvascular endothelial dysfunction in concert with high 

levels of liver-derived gamma glutamyltransferase (GGT) and insulin-like growth factor-1 

(IGF-1)(14). Second, the concurrent presence of chronic systemic inflammation and the 

metabolic syndrome, which are highly prevalent in NAFLD, have been shown to contribute 

to cognitive impairment in older persons(15). Finally, obesity, in particular visceral 

adiposity, is related to neurodegenerative, vascular, and metabolic processes that affect brain 

structures underlying cognitive function(16, 17). Despite these associations, there is little 

evidence for whether presence of NAFLD per se is associated with markers of early brain 

health independent of visceral adiposity and metabolic risk factors.
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Our central hypothesis is that prevalent NAFLD is a marker for underlying pathologic 

processes that lead to vascular cognitive aging independent of general measures of adiposity 

and cardiovascular risk factors. Thus, the objective of the current study was to quantify 

associations between presence of NAFLD and global imaging measures of brain structure 

and physiology. We further aimed to investigate whether obesity and other components of 

the metabolic syndrome attenuate this association.

Methods

Study Population

Participants were enrolled in the Coronary Artery Risk Development in Young Adults 

(CARDIA) Study, a longitudinal study to investigate the determinants and development of 

CVD in young adults. Details of the recruitment of the study sample have been previously 

described(18). Of the 5,115 adults enrolled in CARDIA, 3,498 (72% of survivors) were 

evaluated at the 25-year (Y25) follow-up exam (2010–2011) where a sub-sample 

participated in the CARDIA Brain Magnetic Resonance Imaging (MRI) sub-study. The 

sample was enrolled at the time Y25 appointments were made, with the aim of achieving a 

balance within four strata of ethnicity/race (black, white) and sex from three of the CARDIA 

field centers: Birmingham, AL, Minneapolis, MN, and Oakland, CA. The CARDIA Brain 

MRI sub-study was designed to investigate the morphology, pathology, physiology and 

function of the brain with MRI technology. Exclusion criteria were a contraindication to 

MRI or a body size that was too large for the MRI scanner. Of those who were eligible for 

the sub-study, our target was scans in 700 individuals; we obtained brain MRI scans of 719 

individuals. The present study includes participants from the CARDIA Brain sub-study who 

also underwent concurrent computed tomography (CT) scanning of the abdomen as part of 

the Y25 core examination. Participants were excluded from the CT exam if they were 

pregnant or were unable to fit within the CT gantry.

Of 679 participants with available brain MRI and abdominal CT images, we further 

excluded participants with a medically verified history of stroke (n=4), a self-reported 

history of hepatitis C or cirrhosis (n=21), a risk factor for chronic liver disease or with a 

potential cause of secondary hepatic steatosis: alcohol consumption ≥ 20 g/day in women 

and ≥ 30 g/day in men(1) (n=108), self-reported human immunodeficiency virus (n=6), prior 

intravenous drug use (n=28), and medications known to cause hepatic steatosis (e.g. valproic 

acid, methotrexate, tamoxifen or amiodarone) (n=7). The remaining 505 participants formed 

the sample population (Figure 2).

All participants provided written informed consent at each exam, including separate 

participant consent for the CARDIA Brain sub-study. Institutional review boards (IRB) from 

each field center, the coordinating center and the Intramural Research at the National 

Institute on Aging annually approved the CARDIA study.

Measurements

Standardized protocols for data collection and quality control were used across study centers 

and have been described in detail previously(18). Obesity was defined as body mass index 
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(BMI) ≥ 30 kg/m2. The metabolic syndrome was defined according to Adult Treatment 

Panel III criteria(19). To quantify physical activity (reported as exercise units), the CARDIA 

physical activity history questionnaire was used, which was an interviewer-based self-report 

of duration and intensity of participation in 13 categories of exercise over the previous 12 

months(20). As a reference, 300 EU approximates 150 minutes of moderate-intensity 

activity per week(20).

Brain MRI Protocol

Brain MRI were acquired on 3T MR scanners (UCB: Siemens 3T Tim Trio/VB 15 platform; 

UMN: Siemens 3T Tim Trio/VB 15 platform and UAB: Philips 3T Achieva/2.6.3.6 

platform). Details of the training of MRI technologists at the different sites, implementation 

of study protocols, and quality assurance of scanner stability and performance have been 

previously published(21). Image processing was performed at a centralized reading center 

(University of Pennsylvania, Philadelphia, PA). A quality control protocol was employed 

prior to scan processing through an automated pipeline(21).

Structural MR brain images were processed using previously described methods(22–24). An 

automated multispectral computer algorithm classified total brain tissue volume (TTV) into 

gray matter (GM), white matter (WM), and cerebral spinal fluid (CSF). The GM of the brain 

contains the cell bodies, dendrites, and axon terminals of all the neurons in the brain, 

whereas the WM contains all the connecting tracts between the various GM regions of the 

brain. Total, GM and WM tissue volumes were further characterized as normal (NTV) and 

abnormal (ATV) tissue volumes, and then into specific regions of interest (98 in the normal 

tissue and 94 in the abnormal tissue). Abnormal WM includes tissue damage due to 

ischemia, demyelination and inflammation. Abnormal GM includes infarcted cortical tissue. 

NTV was adjusted for intracranial volume (ICV, total brain volume (TBV) plus CSF).

The imaging protocol also included an axial pseudo-Continuous Arterial Spin Labeling 

(pCASL), which measures cerebral blood flow (CBF)(25). CBF is the volume of blood 

traversing a brain region per unit of time (ml/100g/min). The mean perfusion volume from 

the pCASL was quantified into CBF units using the model and software described in Wang 

et al.(26) resulting in a CBF map. Due to technical difficulties, the CBF measures from the 

UAB site were not included in this analysis (n=131). Here we present the estimate for the 

GM-CBF as it is more reliably obtained than measures in WM. The technical error of 

measurement, an accuracy index that reflects measurement quality of both acquisition and 

processing of scans, was estimated from scans of 3 persons measured 3 times in the 3 

centers; results were 1.2% for TBV, 27.8% for Abnormal WM, and 7.3% for GM-CBF.

CT Imaging Protocol

The CT protocol included the heart and abdomen using a non-contrast CT scan performed 

using GE (GE 750HD 64 and GE LightSpeed VCT 64 Birmingham and Oakland Centers, 

respectively; GE Healthcare, Waukesha, Wisconsin) or Siemens (Sensation 64, Chicago and 

Minneapolis Centers; Siemens Medical Solutions, Erlangen, Germany) multidetector CT 

scanners and has been described previously(7). Quality control and image analysis was 
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performed at a core reading center (Wake Forest University Health Sciences, Winston-

Salem, North Carolina).

NAFLD was defined as liver attenuation (LA) < 51 Hounsfield Units (HU, equivalent to a 

liver/spleen ratio < 1.0) after exclusion of other causes of liver fat (Figure 2)(7, 8). 

Measurement of LA was performed in the right lobe of the liver using CT slices through the 

upper abdomen and was reported as the average of nine measurements on three slices using 

circular regions of interest of 2.6 cm2. The interclass correlation coefficient between 

different readers on a random selected sample of 156 participants was 0.975 for LA, 

indicating high reproducibility of CT measured LA in this study. The methods for 

assessment of adiposity within the CARDIA study have also been described previously(7).

Statistical Analysis

Participant characteristics were described using means and proportions as appropriate. Tests 

for differences by NAFLD status included t-test and Wilcoxon rank sum test for continuous 

variables and chi-square test for categorical variables. Linear regression models were used to 

quantify cross-sectional associations between the exposure (continuous CT LA or NAFLD), 

and the outcome variables (brain MRI measures). Covariates in the multivariable model 

were chosen a priori for clinical importance. Potential confounders included age, race, sex, 

study center, socioeconomic level, cardiovascular risk factors (e.g., smoking status, physical 

activity score, diabetes status, systolic blood pressure, high sensitivity c-reactive protein 

(hsCRP), cholesterol and antihypertensive medication use) and additional NAFLD risk 

factors (e.g., alcohol intake and HDL-cholesterol). Spearman correlation coefficients were 

computed between obesity measures and LA, and between obesity and brain MRI measures. 

We verified the model assumptions of linearity, normality of residuals, homoscedasticity, 

and absence of collinearity. In addition, the variance inflation factors were < 2 for models 

including LA and VAT or BMI., suggesting that multicollinearity did not interfere with 

model fit. All models for tissue volumes were adjusted for intracranial volume (ICV), as a 

measure of head size. Models for CBF were adjusted for TTV, as a measure of total brain 

tissue perfused. Five models were fitted: Model 1 (base model): ICV (tissue volume models) 

or TTV (cerebral blood flow models), study center, age, race, sex, education level, alcohol 

intake (mL/day), smoking status (current versus never/former) and physical activity score; 

Model 2: Base model + CVD risk factors (systolic blood pressure, diabetes status, HDL-

cholesterol, hsCRP and cholesterol and hypertension treatment); Model 3: Model 2 + VAT; 

Model 4: Model 2 + subcutaneous adipose tissue (SAT); Model 5: Model 2 + BMI. We 

tested for interactions between NAFLD and age, race, sex, systolic blood pressure or 

diabetes status and levels of VAT volume or BMI in terms of TTV, total-NTV, total-CBF and 

GM-CBF. Since no interactions approached significance p>0.2, we did not include these in 

the final models. A P value < 0.05 was considered statistically significant. Analyses were 

performed using SAS 9.4 (SAS institute, Cary, NC).
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Results

Clinical, Fat Distribution, and Metabolic Characteristics

Table 1 compares the clinical characteristics of NAFLD participants to those without 

NAFLD. NAFLD prevalence was 18.2%. Mean age across the population was 50.1 ± 3.6 

years, 55.8% female and 55.2% white. NAFLD participants had higher BMI (33.6 vs. 28.1 

kg/m2), waist circumference (105.5 vs. 88.9 mm), and obesity prevalence (76.1% vs. 29.1%) 

than non-NAFLD (p<0.0001 for all). NAFLD participants were also more likely to have 

dyslipidemia (e.g., high triglycerides, low HDL), hypertension and diabetes mellitus and 

37.0% met criteria for the metabolic syndrome (p<0.001 for all). When compared to 

participants without NAFLD, participants with NAFLD exhibited higher levels of hsCRP, 

fasting insulin, glucose, and insulin resistance as defined by the homeostatic model 

assessment of insulin resistance (HOMA-IR). Notably, there was no significant difference in 

low density lipoprotein (LDL), total cholesterol, or prevalence of cholesterol treatment use 

between NAFLD groups. Total physical activity level and median alcohol use were lower 

among participants with NAFLD. Finally, NAFLD participants had higher volumes of CT-

defined abdominal, subcutaneous, and visceral fat, and higher levels of liver fat indicated by 

lower levels of mean LA (p<0.0001).

Association of NAFLD with Brain MRI Measures of Structure and Physiology: Univariate 
Analyses

No significant differences in normal or abnormal tissue volumes were observed between 

participants with and without NAFLD (Table 2). Utilizing quartiles of Total-CBF, we 

assessed differences in the severity of subclinical changes in brain perfusion (Figure 3). 

NAFLD participants were more likely to have significantly lower levels of total-CBF than 

those without NAFLD (p=0.004).

Multivariable Analyses

In multivariable linear regression analyses lower LA (e.g., higher liver fat) was associated 

with lower TTV and total-NTV, and decreased total-CBF and GM-CBF after adjustment for 

ICV or TTV, demographics and health behaviors (Table 3). Lower LA remained associated 

with decreased total-CBF and GM-CBF after adjustment for CVD risk factors. After 

additional adjustment for VAT the association between LA and GM-CBF remained 

significant (p<0.04). Additional adjustment for SAT further attenuated associations between 

LA and measures of brain physiology (e.g., CBF) and when adjusted for BMI, LA was no 

longer statistically associated with CBF. In contrast, the relationship between LA and several 

measures of brain structure (e.g., TTV, total-NTV) was attenuated when adjusted for CVD 

risk factors and VAT, but remained significant when adjusted for CVD risk factors plus BMI 

or SAT (Table 3, Figure 4). In fully adjusted models for markers of adiposity that included 

both BMI and VAT, the associations between LA and total-CBF, GM-CBF, and NTV were 

further weakened (p=0.13, p=0.09, p=0.05, respectively).

Table 4 displays the associations between presence of CT-defined NAFLD and MRI 

measures of brain structure and physiology. Similar to the findings with continuous LA, CT-

defined NAFLD was associated with lower TTV and total-NTV and decreased total-CBF 
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and GM-CBF when adjusted for ICV, demographics, and health behaviors (Base model, 

p<0.04 for all). Associations of NAFLD with measures of brain physiology were attenuated 

when adjusted for CVD risk factors. Additional adjustment for VAT had little effect on the 

associations of NAFLD with CBF, but adjustment for BMI or SAT left the associations non-

significant. Associations of NAFLD with measures of brain structure (e.g., TTV, Total-NTV) 

were non-significant when adjusted for CVD risk factors or VAT, however there was a trend 

towards statistical significance when adjusted for SAT (p=0.06) or BMI (p=0.05). Finally, 

we examined associations between liver fat from any cause (e.g., including participants with 

heavy alcohol use) and brain MRI measures of structure and physiology. The pattern and 

magnitude of all observed associations were unchanged (Supplemental Table 1).

Discussion

In a large, population-based, cross-sectional study of black and white middle-aged adults 

without prevalent cerebrovascular disease, these data indicate that presence of NAFLD is 

associated with less favorable subclinical MRI measures of brain health even when 

controlled for traditional CVD risk factors and central adiposity. To the best of our 

knowledge, this is the first study to consider the effect of VAT, a potential effect modifier of 

the association between NAFLD and vascular cognitive aging, on these associations.

A growing body of literature demonstrates that asymptomatic patients who have risk factors 

for CVD, such as hypertension and diabetes, show significant structural and physiologic 

brain imaging changes(27). Furthermore, the presence of an increasing number of individual 

vascular risk factors (e.g., the metabolic syndrome) appears to increase the magnitude of 

these brain imaging changes(28). We now add the observation that degree of liver fat and 

presence of NAFLD, are associated with unfavorable brain imaging changes even when 

controlled for recognized vascular risk factors for cognitive aging.

Higher levels of adiposity including BMI, waist circumference, subcutaneous adipose tissue, 

and VAT have all been associated with lower total brain volume(16, 29). BMI, in particular, 

has been associated with regional brain GM volume decreases, although the location and 

magnitude of these decreases has been inconsistent(30–33). Some investigations report 

lower GM volume only in those with obesity (BMI ≥ 30 kg/m2)(29), whereas others report 

significant GM volume reductions in those who are merely overweight (BMI ≥ 25 kg/m2)

(30, 32). There is no consensus on the association of adiposity (particularly BMI) with WM 

volumetric changes(34). In the current study, there was no significant association between 

continuous LA or CT-defined NAFLD and GM or WM tissue volumes, nor was there an 

interaction between NAFLD status and BMI and tissue volumes. In contrast, CT-defined 

NAFLD was associated with global loss of brain tissue volume. After controlling for BMI, 

continuous LA remained associated with decreased total tissue volumes and there was a 

trend toward significance after adjustment for BMI in the models using CT-defined NAFLD. 

These findings suggest that the relationship between liver fat and decreased total brain tissue 

volume is not explained by global adiposity alone.

An important aspect of the present study was the inclusion of VAT as a potential effect-

modifying variable. Different fat compartments carry differential metabolic risks(35), and 
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there is evidence that abdominal obesity and visceral fat are more correlated with vascular 

risk than global body mass(36). In the Framingham Offspring study, the inverse association 

between VAT and total brain volume was the strongest and most robust compared to 

associations between total brain volume and BMI, waist circumference or SAT(37). 

However, the mechanisms underlying the inverse association between VAT with total brain 

volume are speculative, and have not included the potential role of liver fat. In the current 

study, the association between NAFLD and MR measures of brain structure was no longer 

statistically significant after adjustment for VAT. Thus, the association between NAFLD and 

decreased brain tissue volume is not wholly independent of VAT, and whether NAFLD is a 

mediator of the relationship between VAT and brain MR volume requires further study. On 

the other hand, the association of continuous LA with physiologic changes in brain imaging 

(e.g., total and GM-CBF) remained significant after adjusting for VAT and vascular risk 

factors, and there was a trend towards significance between NAFLD and GM-CBF when 

controlled for VAT. The direction of these associations was congruent between continuous 

LA and GM-CBF, and NAFLD and GM-CBF further strengthening the hypothesis that VAT 

may only partially explain the relationship between liver fat and measures of brain 

physiology. Notably, there was also no interaction between NAFLD and VAT in our analysis. 

In contrast, when vascular risk factor models were adjusted for BMI, NAFLD (and 

continuous LA) was no longer associated with decreased CBF. These observations provide 

important insight into the potential pathophysiologic mechanisms of increased adiposity in 

the development of vascular cognitive aging.

To date, few studies have been published evaluating the effects of adiposity on brain blood 

flow(38, 39). In one study of 36 adults, authors investigated the effects of high BMI on 

regional cerebral blood flow using single photon emission computed tomography (SPECT) 

imaging in healthy subjects(38). They observed that higher BMI is associated with lower 

CBF in the prefontal cortex, which is the area of the brain responsible for executive 

function(38). This finding is supported by other studies that report diminished metabolic 

activity in the prefrontal cortex with high BMI(40). In another study of 25 healthy lean 

participants and 23 participatns with overweight/obesity, investigators revealed significantly 

lower CBF in both the prefrontal cortex and the hypothalamus (area of brain that produces 

hormones that govern body weight hemostasis) after intranasal insulin administration 

compared with placebo, pointing to selective central insulin resistance(39). In this study, the 

magnitude of hypothalamic response correlated with the amount of VAT independent of 

other tissue volumes, though did not account for liver fat volume(39). We have observed an 

inverse association between NAFLD, a condition highly associated with systemic insulin 

resistance, and total and GM-CBF in a large population of asymptomatic adults. Our finding 

raises important questions about the potential role of central insulin resistance in the 

development of vascular cognitive aging (Figure 1).

This study has several strengths. It provides the first data on a large community-based 

biracial middle age (50 years) cohort on the relationship between NAFLD and a range of 

MRI characteristics in relation to key risk factors for cerebrovascular disease. In addition, 

we provide the modifying effects of total (BMI) and visceral adiposity (VAT) on these 

observed associations. Such studies on this age cohort are important as they will provide 

clues of early changes in the brain that may eventually predict who is at risk for vascular 
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cognitive decline. The main limitation in this study is its cross-sectional study design, for 

which we cannot infer causal direction and an additional follow-up is planned. We also 

cannot extrapolate the differential effects of VAT versus liver fat on brain structure and 

physiology and the distinctions between these relationships warrant further study. NAFLD 

prevalence in CARDIA is on the lower end of the reported spectrum of disease, which is 

likely attributable to differences in population-level reporting of NAFLD (e.g., ultrasound 

vs. CT imaging). In addition, those with morbid obesity in whom NAFLD is highly 

prevalent were excluded from analysis if they were unable to fit in the CT or MR scanner. 

Finally, brain physiology was only assessed by cerebral blood flow. The relationship 

between NAFLD and other markers of early brain dysfunction, such as alterations in default 

mode networks or functional connectivity, require further study.

Conclusion

In conclusion, presence of NAFLD is negatively associated with measures correlating with 

brain health in a population-based middle age sample of black and white adults. BMI 

attenuates the association between NAFLD and physiologic measures of brain health, 

whereas VAT attenuates the association between NAFLD and brain structure. An important 

clinical manifestation of vascular risk factor-related structural and physiologic brain imaging 

changes in otherwise healthy persons is cognitive impairment. The evolving body of 

literature in this area suggests that in asymptomatic at-risk persons, physiologic brain 

imaging changes compared with structural changes, specifically, reductions in CBF and 

glucose metabolism during rest, affect cerebral hemodynamics via impairment in the 

microcirculation before the occurrence of detectable structural changes, which can then lead 

to cognitive impairment. Future studies are needed to assess the longitudinal effect of 

NAFLD on progression of structural and physiologic brain changes and on cognitive 

function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors thank the participants of the CARDIA study for their long-term commitment and important 
contributions to the study.

Funding: The Coronary Artery Risk Development in Young Adults Study (CARDIA) is supported by contracts 
HHSN268201300025C, HHSN268201300026C, HHSN268201300027C, HHSN268201300028C, 
HHSN268201300029C, and HHSN268200900041C from the National Heart, Lung, and Blood Institute (NHLBI), 
the Intramural Research Program of the National Institute on Aging (NIA), and an intra-agency agreement between 
NIA and NHLBI (AG0005). Dr. VanWagner is supported by the National Institutes of Health’s National Center for 
Advancing Translational Sciences, Grant Number KL2TR001424. The content is solely the responsibility of the 
authors and does not necessarily represent the official views of the National Institutes of Health. Dr. Carr is 
supported by the National Institutes of Health (R01-HL-098445). Dr. Launer is supported by the National Institutes 
of Health (1ZIAAG007480).

Disclosures: Dr. VanWagner reports grants from NIH during the conduct of the study; grants from Novartis and is 
on the speaker’s bureau at Salix, outside the submitted work. Dr. Chow reports grants from NIH, grants from Eli 
Lilly, outside the submitted work. Dr. Lewis reports grants from NIH, during the conduct of the study; grants from 
Novo Nordisk, outside the submitted work.

VanWagner et al. Page 9

Obesity (Silver Spring). Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



References

1. Chalasani N, Younossi Z, Lavine JE, Diehl AM, Brunt EM, Cusi K, et al. The diagnosis and 
management of Non-alcoholic fatty liver disease: Practice Guideline by the American Association 
for the Study of Liver Diseases, American College of Gastroenterology, and the American 
Gastroenterological Association. Hepatology. 2012; 55(6):2005–23. DOI: 10.1002/hep.25762 
[PubMed: 22488764] 

2. Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global epidemiology of 
nonalcoholic fatty liver disease-Meta-analytic assessment of prevalence, incidence, and outcomes. 
Hepatology. 2016; 64(1):73–84. DOI: 10.1002/hep.28431 [PubMed: 26707365] 

3. Ascha MS, Hanouneh IA, Lopez R, Tamimi TA, Feldstein AF, Zein NN. The incidence and risk 
factors of hepatocellular carcinoma in patients with nonalcoholic steatohepatitis. Hepatology. 2010; 
51(6):1972–8. Epub 2010/03/09. DOI: 10.1002/hep.23527 [PubMed: 20209604] 

4. Charlton MR, Burns JM, Pedersen RA, Watt KD, Heimbach JK, Dierkhising RA. Frequency and 
outcomes of liver transplantation for nonalcoholic steatohepatitis in the United States. 
Gastroenterology. 2011; 141(4):1249–53. [PubMed: 21726509] 

5. Vernon G, Baranova A, Younossi ZM. Systematic review: the epidemiology and natural history of 
Non-alcoholic fatty liver disease and Non-alcoholic steatohepatitis in adults. Aliment Pharmacol 
Ther. 2011; 34(3):274–85. Epub 2011/06/01. DOI: 10.1111/j.1365-2036.2011.04724.x [PubMed: 
21623852] 

6. Volzke H, Robinson DM, Kleine V, Deutscher R, Hoffmann W, Ludemann J, et al. Hepatic steatosis 
is associated with an increased risk of carotid atherosclerosis. World J Gastroenterol. 2005; 11(12):
1848–53. Epub 2005/03/29. [PubMed: 15793879] 

7. VanWagner LB, Ning H, Lewis CE, Shay CM, Wilkins J, Carr JJ, et al. Associations between 
nonalcoholic fatty liver disease and subclinical atherosclerosis in middle-aged adults: The Coronary 
Artery Risk Development in Young Adults Study. Atherosclerosis. 2014; 235(2):599–605. Epub 
2014/06/24. DOI: 10.1016/j.atherosclerosis.2014.05.962 [PubMed: 24956534] 

8. VanWagner LB, Wilcox JE, Colangelo LA, Lloyd-Jones DM, Carr JJ, Lima JA, et al. Association of 
nonalcoholic fatty liver disease with subclinical myocardial remodeling and dysfunction: A 
population-based study. Hepatology. 2015; 62(3):773–83. DOI: 10.1002/hep.27869 [PubMed: 
25914296] 

9. Lu H, Liu H, Hu F, Zou L, Luo S, Sun L. Independent Association between Nonalcoholic Fatty 
Liver Disease and Cardiovascular Disease: A Systematic Review and Meta-Analysis. International 
journal of endocrinology. 2013; 2013:124958. Epub 2013/05/22. doi: 10.1155/2013/124958 
[PubMed: 23690766] 

10. Kim D, Kim WR, Kim HJ, Therneau TM. Association between noninvasive fibrosis markers and 
mortality among adults with nonalcoholic fatty liver disease in the United States. Hepatology. 
2013; 57(4):1357–65. Epub 2012/11/24. DOI: 10.1002/hep.26156 [PubMed: 23175136] 

11. Ekstedt M, Hagstrom H, Nasr P, Fredrikson M, Stal P, Kechagias S, et al. Fibrosis stage is the 
strongest predictor for disease-specific mortality in NAFLD after up to 33 years of follow-up. 
Hepatology. 2014; Epub 2014/08/16. doi: 10.1002/hep.27368

12. Vanwagner LB, Bhave M, Te HS, Feinglass J, Alvarez L, Rinella ME. Patients transplanted for 
nonalcoholic steatohepatitis are at increased risk for postoperative cardiovascular events. 
Hepatology. 2012; 56(5):1741–50. Epub 2012/05/23. DOI: 10.1002/hep.25855 [PubMed: 
22611040] 

13. VanWagner LB, Lapin B, Skaro AI, Lloyd-Jones DM, Rinella ME. Impact of Renal Impairment on 
Cardiovascular Disease Mortality After Liver Transplantation for Nonalcoholic Steatohepatitis 
Cirrhosis. Liver Int. 2015; Epub 2015/05/16. doi: 10.1111/liv.12872

14. Bach LA. Endothelial cells and the IGF system. J Mol Endocrinol. 2015; 54(1):R1–R13. DOI: 
10.1530/jme-14-0215 [PubMed: 25351818] 

15. Yaffe K, Kanaya A, Lindquist K, Simonsick EM, Harris T, Shorr RI, et al. The metabolic 
syndrome, inflammation, and risk of cognitive decline. JAMA. 2004; 292(18):2237–42. Epub 
2004/11/13. DOI: 10.1001/jama.292.18.2237 [PubMed: 15536110] 

VanWagner et al. Page 10

Obesity (Silver Spring). Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Debette S, Beiser A, Hoffmann U, Decarli C, O’Donnell CJ, Massaro JM, et al. Visceral fat is 
associated with lower brain volume in healthy middle-aged adults. Ann Neurol. 2010; 68(2):136–
44. Epub 2010/08/10. DOI: 10.1002/ana.22062 [PubMed: 20695006] 

17. Widya RL, Kroft LJ, Altmann-Schneider I, van den Berg-Huysmans AA, van der Bijl N, de Roos 
A, et al. Visceral adipose tissue is associated with microstructural brain tissue damage. Obesity 
(Silver Spring). 2015; 23(5):1092–6. Epub 2015/04/29. DOI: 10.1002/oby.21048 [PubMed: 
25919926] 

18. Friedman GD, Cutter GR, Donahue RP, Hughes GH, Hulley SB, Jacobs DR Jr, et al. CARDIA: 
study design, recruitment, and some characteristics of the examined subjects. J Clin Epidemiol. 
1988; 41(11):1105–16. Epub 1988/01/01. [PubMed: 3204420] 

19. Mertens I, Van Gaal LF. New International Diabetes Federation (IDF) and National Cholesterol 
Education Program Adult Treatment panel III (NCEP-ATPIII) criteria and the involvement of 
hemostasis and fibrinolysis in the metabolic syndrome. J Thromb Haemost. 2006; 4(5):1164–6. 
Epub 2006/05/13. doi: JTH1919 [pii] 10.1111/j.1538-7836.2006.01919.x. [PubMed: 16689783] 

20. Parker ED, Schmitz KH, Jacobs DR, Dengel DR, Schreiner PJ. Physical activity in young adults 
and incident hypertension over 15 years of follow-up: the CARDIA study. Am J Public Health. 
2007; 97(4):703–9. Epub 2007/03/03. DOI: 10.2105/ajph.2004.055889 [PubMed: 17329668] 

21. Launer LJ, Lewis CE, Schreiner PJ, Sidney S, Battapady H, Jacobs DR, et al. Vascular factors and 
multiple measures of early brain health: CARDIA brain MRI study. PLoS One. 2015; 
10(3):e0122138. Epub 2015/03/27. doi: 10.1371/journal.pone.0122138 [PubMed: 25812012] 

22. Shen D, Davatzikos C. HAMMER: hierarchical attribute matching mechanism for elastic 
registration. IEEE Trans Med Imaging. 2002; 21(11):1421–39. Epub 2003/02/11. DOI: 10.1109/
tmi.2002.803111 [PubMed: 12575879] 

23. Zacharaki EI, Kanterakis S, Bryan RN, Davatzikos C. Measuring brain lesion progression with a 
supervised tissue classification system. Med Image Comput Comput Assist Interv. 2008; 11(Pt 1):
620–7. Epub 2008/11/05. [PubMed: 18979798] 

24. Lao Z, Shen D, Liu D, Jawad AF, Melhem ER, Launer LJ, et al. Computer-assisted segmentation 
of white matter lesions in 3D MR images using support vector machine. Acad Radiol. 2008; 15(3):
300–13. Epub 2008/02/19. DOI: 10.1016/j.acra.2007.10.012 [PubMed: 18280928] 

25. Zaharchuk G. Arterial spin label imaging of acute ischemic stroke and transient ischemic attack. 
Neuroimaging Clin N Am. 2011; 21(2):285–301. x. Epub 2011/06/07. DOI: 10.1016/j.nic.
2011.01.003 [PubMed: 21640300] 

26. Wang Z, Aguirre GK, Rao H, Wang J, Fernandez-Seara MA, Childress AR, et al. Empirical 
optimization of ASL data analysis using an ASL data processing toolbox: ASLtbx. Magn Reson 
Imaging. 2008; 26(2):261–9. Epub 2007/09/11. DOI: 10.1016/j.mri.2007.07.003 [PubMed: 
17826940] 

27. Qiu C, Fratiglioni L. A major role for cardiovascular burden in age-related cognitive decline. 
Nature reviews Cardiology. 2015; 12(5):267–77. Epub 2015/01/15. DOI: 10.1038/nrcardio.
2014.223 [PubMed: 25583619] 

28. Dearborn JL, Schneider AL, Sharrett AR, Mosley TH, Bezerra DC, Knopman DS, et al. Obesity, 
Insulin Resistance, and Incident Small Vessel Disease on Magnetic Resonance Imaging: 
Atherosclerosis Risk in Communities Study. Stroke. 2015; 46(11):3131–6. Epub 2015/10/10. DOI: 
10.1161/strokeaha.115.010060 [PubMed: 26451022] 

29. Gunstad J, Paul RH, Cohen RA, Tate DF, Spitznagel MB, Grieve S, et al. Relationship between 
body mass index and brain volume in healthy adults. Int J Neurosci. 2008; 118(11):1582–93. Epub 
2008/10/15. DOI: 10.1080/00207450701392282 [PubMed: 18853335] 

30. Raji CA, Ho AJ, Parikshak NN, Becker JT, Lopez OL, Kuller LH, et al. Brain structure and 
obesity. Hum Brain Mapp. 2010; 31(3):353–64. Epub 2009/08/08. DOI: 10.1002/hbm.20870 
[PubMed: 19662657] 

31. Taki Y, Kinomura S, Sato K, Inoue K, Goto R, Okada K, et al. Relationship between body mass 
index and gray matter volume in 1,428 healthy individuals. Obesity (Silver Spring). 2008; 16(1):
119–24. Epub 2008/01/29. DOI: 10.1038/oby.2007.4 [PubMed: 18223623] 

VanWagner et al. Page 11

Obesity (Silver Spring). Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



32. Pannacciulli N, Del Parigi A, Chen K, Le DS, Reiman EM, Tataranni PA. Brain abnormalities in 
human obesity: a voxel-based morphometric study. Neuroimage. 2006; 31(4):1419–25. Epub 
2006/03/21. DOI: 10.1016/j.neuroimage.2006.01.047 [PubMed: 16545583] 

33. Albanese E, Davis B, Jonsson PV, Chang M, Aspelund T, Garcia M, et al. Overweight and Obesity 
in Midlife and Brain Structure and Dementia 26 Years Later: The AGES-Reykjavik Study. Am J 
Epidemiol. 2015; 181(9):672–9. Epub 2015/03/27. DOI: 10.1093/aje/kwu331 [PubMed: 
25810457] 

34. Friedman JI, Tang CY, de Haas HJ, Changchien L, Goliasch G, Dabas P, et al. Brain imaging 
changes associated with risk factors for cardiovascular and cerebrovascular disease in 
asymptomatic patients. JACC Cardiovascular imaging. 2014; 7(10):1039–53. Epub 2014/10/18. 
DOI: 10.1016/j.jcmg.2014.06.014 [PubMed: 25323165] 

35. Fox CS, Massaro JM, Hoffmann U, Pou KM, Maurovich-Horvat P, Liu CY, et al. Abdominal 
visceral and subcutaneous adipose tissue compartments: association with metabolic risk factors in 
the Framingham Heart Study. Circulation. 2007; 116(1):39–48. Epub 2007/06/20. DOI: 10.1161/
circulationaha.106.675355 [PubMed: 17576866] 

36. Romero-Corral A, Montori VM, Somers VK, Korinek J, Thomas RJ, Allison TG, et al. Association 
of bodyweight with total mortality and with cardiovascular events in coronary artery disease: a 
systematic review of cohort studies. Lancet. 2006; 368(9536):666–78. Epub 2006/08/22. DOI: 
10.1016/s0140-6736(06)69251-9 [PubMed: 16920472] 

37. Debette S, Beiser A, Hoffmann U, DeCarli C, O’Donnell CJ, Massaro JM, et al. Visceral fat is 
associated with lower brain volume in healthy middle-aged adults. Ann Neurol. 2010; 68(2):136–
44. DOI: 10.1002/ana.22062 [PubMed: 20695006] 

38. Willeumier KC, Taylor DV, Amen DG. Elevated BMI is associated with decreased blood flow in 
the prefrontal cortex using SPECT imaging in healthy adults. Obesity (Silver Spring). 2011; 19(5):
1095–7. Epub 2011/02/12. DOI: 10.1038/oby.2011.16 [PubMed: 21311507] 

39. Kullmann S, Heni M, Veit R, Scheffler K, Machann J, Haring HU, et al. Selective insulin resistance 
in homeostatic and cognitive control brain areas in overweight and obese adults. Diabetes Care. 
2015; 38(6):1044–50. Epub 2015/03/22. DOI: 10.2337/dc14-2319 [PubMed: 25795413] 

40. Volkow ND, Wang GJ, Telang F, Fowler JS, Goldstein RZ, Alia-Klein N, et al. Inverse association 
between BMI and prefrontal metabolic activity in healthy adults. Obesity (Silver Spring). 2009; 
17(1):60–5. Epub 2008/10/25. DOI: 10.1038/oby.2008.469 [PubMed: 18948965] 

VanWagner et al. Page 12

Obesity (Silver Spring). Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Study Importance Questions

1. What is already known about this subject?

• Cardiovascular disease is the leading cause of morbidity and mortality in 

persons with nonalcoholic fatty liver disease (NAFLD).

• Obesity and the metabolic syndrome are risk factors for accelerated cognitive 

aging.

• NAFLD is highly associated with obesity and the metabolic syndrome but the 

association between NAFLD and markers of early vascular cognitive aging 

independent of overall adiposity is unknown.

2. What does your study add?

• NAFLD is negatively associated with brain health in a population-based 

middle age sample of black and white adults.

• Level of visceral adiposity attenuates this association providing insight into 

the potential role of metabolic activity of liver fat in brain health and disease.

VanWagner et al. Page 13

Obesity (Silver Spring). Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The Liver and Vascular Cognitive Aging: Proposed Pathophysiology.

There are several explanations on why the liver might be involved in the process of cognitive 

aging. The presence of an increasing number of individual vascular risk factors including 

increased liver-derived GGT and IGF-1, ongoing microvascular endothelial dysfunction and 

central insulin resistance in concert may contribute to the progression of vascular cognitive 

aging.
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Figure 2. 
Study sample—Abbreviations: CT, computed tomography; MRI, magnetic resonance 

imaging; HIV, human immunodeficiency virus
*Alcohol use was defined as ≥ 20 g/day in women, ≥ 30 g/day in men. †Medications = 

valproic acid, methotrexate, tamoxifen and amiodarone.
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Figure 3. 
Proportion of participants with NAFLD across Quartiles of Total-CBF (ml/100g/min). 

NAFLD participants were more likely to have significant subclinical decreases in total-CBF 

than those without NAFLD (p=0.0004 for NAFLD effect adjusted for total tissue volume).
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Figure 4. 
Multivariable* association between continuous liver attenuation and either GM-CBF (A–D) 

or total-NTV (E–H) adjusted for A,E) CVD risk factors alone B,F) CVD risk factors + 

BMI,C,G) CVD risk factors + VAT, and D,F) CVD risk factors + SAT *All models were 

adjusted for either TTV (GM-CBF models) or intracranial volume (total-NTV models), 

center, age, race, sex, education, smoking, physical activity, and alcohol (mL/day). CVD risk 

factors included systolic blood pressure, hypertension treatment, high density lipoprotein 

(HDL) cholesterol, cholesterol treatment, diabetes, and high sensitivity c-reactive protein 

(hsCRP).

Abbreviations: BMI, body mass index; CVD, cardiovascular disease; GM-CBF, gray matter 

cerebral blood flow; NTV, normal tissue volume; TTV, total tissue volume; VAT, visceral 

adipose tissue

VanWagner et al. Page 17

Obesity (Silver Spring). Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

VanWagner et al. Page 18

Table 1

Demographic, Behavioral and Clinical Participant Characteristics by NAFLD Status in the CARDIA Brain 

MRI Sub Study, Year 25 Exam (2010–2011)

Overall Sample
(n=505)

No NAFLD (n=413) NAFLD
(n=92)

P value*

Age, years 50.1(3.6) 50.0 (3.6) 50.7 (3.6) 0.13

Female, % 55.8% 57.9% 46.7% 0.05

White, % 55.2% 55.4% 54.3% 0.85

Education, years 15.5(2.4) 15.5(2.4) 15.5 (2.4) 0.84

Physical Activity, exercise units/week 285 (142.0, 510.0) 297.0 (144.0, 537.5) 237.5 (97.5, 410.5) 0.02

Smoking, % 0.79

 Never 64.5% 64.7% 63.3%

 Past 21.9% 21.4% 24.4%

 Current 13.6% 13.9% 12.2%

Alcohol drinkers, % 74.0% 74.0% 73.9% 0.98

Alcohol Use, mL/day 0 (0,9.2) 2.4 (0,9.7) 0.0 (0,7.4) 0.03

Anthropometric measures

 BMI, kg/m2 29.1 (5.9) 28.1 (5.4) 33.6 (5.5) <0.0001

 Waist circumference, mm 91.9 (13.6) 88.9 (12.1) 105.5 (11.6) <0.0001

CT Fat Measures

 Total Abdominal Fat, cm3 458.5 (196.2) 422.1 (182.6) 623.3 (170.3) <0.0001

 Subcutaneous Fat, cm3 319.3 (154.4) 298.8 (150.2) 412.1 (139.0) <0.0001

 Visceral Fat, cm3 122.4 (67.3) 108.2 (58.7) 186.6 (67.0) <0.0001

 Liver Attenuation, HU 56.9 (10.1) 60.4 (6.1) 40.8 (8.9) <0.0001

Comorbidities, %

 Obesity 37.6% 29.1% 76.1% <0.0001

 Diabetes 9.7% 6.3% 25.0% <0.0001

 Hypertension 28.5% 25.7% 41.3% 0.003

 Metabolic Syndrome† 15.2% 10.4% 37.0% <0.0001

Diastolic BP, mmHg 73.6 (11.0) 72.7 (10.9) 77.6 (10.8) 0.0001

Systolic BP, mmHg 118.0 (14.7) 117.1 (14.2) 121.8 (16.1) 0.01

HTN Treatment, % 23.0% 21.1% 31.5% 0.03

Metabolic Variables

 Total Cholesterol, mg/dl 193.2 (36.5) 194.5 (36.1) 187.4 (37.5) 0.10

 Triglycerides, mg/dl 89.0 (65.0, 129.0) 85.0 (62.0,123.0) 117.5 (84.5,166.0) <0.0001
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Overall Sample
(n=505)

No NAFLD (n=413) NAFLD
(n=92)

P value*

 LDL Cholesterol, mg/dl 114.0 (32.8) 114.9 (33.2) 110.2 (31.0) 0.21

 HDL Cholesterol, mg/dl 57.5 (16.9) 59.4 (17.2) 48.7 (12.4) <0.0001

 High TG/Low HDLC, % 32.1% 27.7% 52.2% <0.0001

 Cholesterol Treatment, % 13.1% 11.9% 18.5% 0.09

 Fasting Glucose+, mg/dl 91.3 (8.9) 90.7 (8.7) 94.8 (9.0) 0.005

 Fasting Insulin+, mg/dl 9.3 (6.8) 8.1 (5.6) 15.7 (9.1) <0.0001

 HbA1c, % 5.4 (0.4) 5.4 (0.4) 5.5 (0.3) 0.016

 HOMA-IR score+, mean 2.2 (1.0, 2.8) 1.9 (1.0, 2.4) 3.8 (2.2, 4.3) <0.0001

 hsCRP, mg/dl 1.2 (0.6,2.7) 1.0 (0.5,2.2) 2.6 (1.3,4.7) <0.0001

NAFLD = liver attenuation < 51 HU after exclusion for secondary causes of liver fat (alcohol/medications) Abbreviations: NAFLD, nonalcoholic 
fatty liver disease, LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein; hsCRP, high-sensitivity C-reactive protein.

*
Results are expressed as mean (standard deviation), median (25th, 75th percentile) or %; t test or Wilcoxon rank sum for continuous variables, 

chi-square test for categorical variables for the difference between NAFLD and no NAFLD.

†
Defined using the National Cholesterol Education Program’s Adult Treatment Panel III report (ATP III) criteria.

+
Participants with a diagnosis of diabetes or those on diabetes medications were excluded from analyses for glucose, insulin, HbA1c and HOMA-

IR score
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Table 2

Brain MRI Measures of Structure and Physiology by NAFLD Status in the CARDIA Brain MRI Sub Study, 

Year 25 Exam (2010–2011)

No NAFLD
(n=413)

NAFLD
(n=92)

P value*

Measures of Brain S tructure

Total Tissue Volume (TTV), cm3 979.1(1.4) 973.4(2.9) 0.08

Normal Tissue Volume, cm3

 Total-NTV 978.4(1.4) 972.9(2.9) 0.09

 GM-NTV 514.8(1.1) 513.9(2.3) 0.73

 WM-NTV 463.6(1.2) 458.9(2.5) 0.09

Abnormal Tissue Volume, cm3

 Total-ATV 0.69(0.07) 0.61(0.15) 0.63

 GM-ATV 0.17(0.02) 0.13(0.04) 0.30

 WM-ATV 0.51(0.06) 0.47(0.13) 0.77

Measures of Brain Physiology

Cerebral Blood Flow (CBF), ml/100g/min

 Total-CBF 51.0(0.6) 47.3(1.1) 0.004

 GM-CBF 57.8(0.6) 53.6(1.2) 0.003

NAFLD = liver attenuation < 51 HU after exclusion for secondary causes of liver fat (alcohol/medications) Abbreviations: MRI, magnetic 
resonance imaging; NAFLD, nonalcoholic fatty liver disease; NTV, normal tissue volume; ATV, abnormal tissue volume; GM, gray matter; WM, 
white matter; CBF, cerebral blood flow

*
Results are expressed as mean (standard error), linear regression analysis adjusted for intracranial volume (structure models) or TTV (function 

models), center, age, race and sex.
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