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Background-—Non-alcoholic fatty liver disease (NAFLD) is associated with high cardiovascular morbidity/mortality, including heart
failure. Abnormalities in left ventricular (LV) structure/function are associated with heart failure risk.

Methods and Results-—Participants from the population-based CARDIA (Coronary Artery Risk Development in Young Adults)
study year 25 exam (2010–2011, aged 43–55 years, 61% women, 48% black) with computed tomography measured liver fat
and comprehensive echocardiography were included. Echocardiography was repeated at year 30 follow-up (aged 47–62 years,
N=1827). NAFLD was defined as liver attenuation ≤40 HU after exclusions. LV geometry was classified into normal and
abnormal by integrating relative wall thickness and LV mass index. Diastolic function was defined using Doppler and tissue
Doppler imaging. Systolic function was assessed with myocardial strain measured by speckle tracking. NAFLD prevalence was
8.7% (n=159). NAFLD participants had higher LV mass, relative wall thickness, incident LV hypertrophy and abnormal LV
geometry versus non-NAFLD (P<0.02). NAFLD participants had impaired LV relaxation (E/A ratio 1.1 versus 1.2), higher LV
filling pressures (E/e0 ratio 7.9 versus 7.2), worse longitudinal strain (�13.9% versus �15.3%), and lower LV ejection fraction
(58.9% versus 60.2%, P<0.01). In multivariable analyses adjusted for heart failure risk factors, NAFLD was independently
associated with incident LV hypertrophy (odds ratio: 1.9, 95% CI: 1.1–3.4), abnormal LV geometry (odds ratio: 1.9, 1.1–3.3)
and greater change in strain (odds ratio: 2.2, 1.1–4.7). Adjustment for body mass index attenuated associations to non-
significance.

Conclusions-—NAFLD is associated with subclinical changes over time in LV structure/function and obesity explains much of the
association. Presence of obesity in mid-life may identify an important at-risk population in whom to focus preventive heart failure
strategies. ( J Am Heart Assoc. 2020;9:e014279. DOI: 10.1161/JAHA.119.014279.)
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H eart failure (HF) and non-alcoholic fatty liver disease
(NAFLD) are obesity-related conditions with high car-

diovascular disease (CVD) morbidity and mortality that have
reached epidemic proportions.1–3 Evidence suggests that
NAFLD is an independent risk factor for CVD.4–10 In fact,
patients with NAFLD are more likely to die from complications
of CVD than from liver disease.11 We, and others, have
demonstrated a cross-sectional association between
NAFLD and subclinical myocardial remodeling and function

independent of established HF risk factors, providing impor-
tant insight into the relationship between NAFLD and HF.12–14

Adverse structural remodeling of the heart is a pivotal
process in the progression of HF.15 However, the longitudinal
associations of NAFLD with changes in myocardial structure
and function are unknown. Thus, the primary objective of the
current study was to prospectively examine whether NAFLD is
associated with short-term changes (5 years) in echocardio-
graphic measures of left ventricular (LV) structure and
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function. We hypothesized that NAFLD is prospectively
associated with LV remodeling, and change in LV remodeling,
even after adjustment for traditional HF risk factors.

Methods
The data, analytic methods, and study materials are available
to other researchers for purposes of reproducing the results
or replicating the procedure from the CARDIA (Coronary
Artery Risk Development in Young Adults) Coordinating
Center.16 CARDIA complies with data-sharing requirements
of the National Institutes of Health by providing limited-access
data sets from various CARDIA examinations to the National
Heart, Lung and Blood Institute bioLINCC.17

Study Sample
The CARDIA (Coronary Artery Risk Development in Young
Adults) study is a multicenter longitudinal cohort study of the
determinants of CVD in 5115 black and white young adults
recruited between 1985 and 1986 at 18 to 30 years of age
across 4 US cities (Birmingham, AL; Chicago, IL; Minneapolis,
MN; and Oakland, CA). The study design has been published
previously.18 Participants were balanced by sex, race (white or
black), age (18–24 years or 25–30 years), and education
level (≤ high school or >high school). Follow-up visits were

conducted at years 2, 5, 7, 10, 15, 25 with retention of 72% of
surviving participants attending, and at year 30 with 71%
retention (Y30, 2015–2016). Informed consent was obtained
at each follow-up examination and the study was approved by
the Institutional Review Boards at each CARDIA site (Univer-
sity of Alabama Birmingham; Northwestern University; Univer-
sity of Minneapolis; Kaiser Permanente).

The present study includes participants who underwent
comprehensive echocardiography and cross-sectional imaging
with non-contrast computed tomography (CT) scanning of the
abdomen as part of the Y25 follow-up exam (2010–2011) and
who underwent repeat echocardiography at the Y30 exam
�5 years later. Figure demonstrates the sample inclusion
criteria. Participants were excluded if they were pregnant,
weighed >450 pounds or were unable to fit in the CT scanner,
or had missing liver fat or echocardiogram data (n=327).
Participants with prevalent liver disease or self-reported
causes of liver fat, including heavy alcohol use (>14 standard
drinks per week for women or >21 standard drinks per week
for men), human immunodeficiency virus, hepatitis C virus and
medications that cause hepatic steatosis (eg, amiodarone,
diltiazem, methotrexate, valproate, tamoxifen) were excluded
(n=560). Finally, we excluded participants with heart disease
(n=112) and those missing key echocardiogram covariates for
analysis at Y30 (n=671). The final study sample included 1827
participants.

Measurements and Imaging Protocols
Standardized protocols for data and image collection were
used across centers, and measurements and protocols have
previously been described.10,18–20 The CT protocol included
the heart and abdomen using a non-contrast multidetector CT
scan from either General Electric (GE 750HD 64 and GE
LightSpeed VCT 64 Birmingham and Oakland Centers,
respectively; GE Healthcare, Waukesha, WI) or Siemens
(Sensation 64, Chicago and Minneapolis Centers; Siemens
Medical Solutions, Erlangen, Germany).10 Quality control and
image analysis was performed at a core reading center (Wake
Forest University Health Sciences, Winston-Salem, NC). Liver
attenuation was reported as the average of 9 measurements.
The interclass correlation coefficient between different read-
ers on a random selected sample of 156 participants was
0.975 for liver attenuation, indicating high reproducibility of
CT-measured liver attenuation in this study. Volume of
adipose tissue was measured within a 10-mm block of slices
centered between the fourth and fifth (L4–L5) lumbar
vertebrae. Medical Image Processing, Analysis, and Visualiza-
tion software (http://mipav.cit.nih.gov/index.php) was used
to segment and quantify volume, in milliliters, of visceral (VAT)
and subcutaneous adipose tissue within each compart-
ment. The interclass correlation coefficient for inter-reader

Clinical Perspective

What Is New?

• Non-alcoholic fatty liver disease (NAFLD) is cross-sectionally
associated with subclinical myocardial dysfunction.

• Whether NAFLD is prospectively associated with short-term
changes in myocardial dysfunction is unknown.

• This study investigates whether computed tomography-
defined NAFLD is associated with 5-year changes in
echocardiographic markers of subclinical heart failure
among middle aged adults in the CARDIA (Coronary Artery
Risk Development in Young Adults) study.

What Are the Clinical Implications?

• Study findings indicate that NAFLD is associated with
incident left ventricular hypertrophy, abnormal left ventric-
ular geometry and worsening myocardial strain over a 5-
year period independent of traditional heart failure risk
factors and change in body mass index.

• Obesity explains much of the association between NAFLD
and changes in myocardial structure/function.

• Diagnosis of asymptomatic NAFLD in middle age may be a
previously unrecognized risk marker for left ventricular
remodeling over time.
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comparisons was 0.989 for VAT, and intra- and inter-reader
error were 2.4% and 6.7%, respectively, in 156 scans that
were blinded and reevaluated.

Comprehensive echocardiography, including Doppler and
tissue Doppler imaging, was performed by trained sonogra-
phers who made measurements from digitized images using a
standard software offline image analysis system (Digisonics,
TX). The echocardiography protocol followed existing Amer-
ican Society of Echocardiography guidelines for study acqui-
sition and measurement.19,20 Quality control and image
analysis was performed at a core reading center (Johns
Hopkins University, Baltimore, MD). The speckle tracking
echocardiography images for myocardial strain and strain rate
measurements were analyzed in a 16-segment basis for LV
mid-wall layer, using Wall Motion 2-dimensional Tracking
software (Toshiba Medical Systems). Three cardiac cycles
from each view were recorded for offline analyses. Strain was
calculated as the change in segment length relative to its end-
diastolic length, and the peak systolic value was recorded21.

Demographic and medical characteristics of the partici-
pants were obtained, self-reported, and interviewed using
administered questionnaires. Body weight was measured to
the nearest 0.2 kg with a calibrated balance-beam scale.
Height was measured with a vertical ruler to the nearest
0.5 cm. Waist circumference was measured midway between
the iliac crest and bottom of the rib cage. Seated blood
pressure was measured 3 times at 1-minute intervals after
5 minutes of resting and the second and third measurements

were averaged. Fasting blood was drawn in the seated
position, separated and plasma was frozen to �70°C before
analysis in a central laboratory.18 Glucose was assayed using
the hexokinase method and insulin by the Elecsys sandwich
immunoassay. Total cholesterol, high-density lipoprotein
cholesterol and triglycerides were measured enzymatically
by the Northwest Lipid Laboratory.22 Low-density lipoprotein
cholesterol was calculated using the Friedewald equation.
Creatinine was measured in serum and urine by the Roche
enzymatic method on a Roche Modular P Chemistry Analyzer.

Definitions
NAFLD was defined as mean liver attenuation ≤40 HU, which is
indicative of at leastmoderate-to-severeNAFLD, after exclusion
of other causes of liver fat (Figure).23 Left ventricular
hypertrophy (LVH) was defined as LV mass (LVM) indexed to
body surface area (LVMi) >115 g/m2 (men) or >95 g/m2

(women). LV geometry was classified into normal and abnormal
geometry by integrating relative wall thickness (RWT) and LVMi:
Normal was defined as RWT ≤0.42 and no LVH; concentric
remodeling was defined as RWT >0.42 and no LVH; concentric
hypertrophy was defined as RWT >0.42 and LVH, and eccentric
hypertrophy was defined as RWT ≤0.42 and LVH.24 BMI was
calculated as weight in kilograms divided by height in meters
squared. Obesity was defined as BMI ≥30 kg/m2.25 Hyperc-
holesterolemia was defined as a total cholesterol level of
≥240 mg/dL or statin use. Hypertension was defined as

Figure. Sample population. *Heavy alcohol use was defined as >14 standard drinks per week in women,
>21 standard drinks per week in men. †Medications=valproic acid, methotrexate, tamoxifen, and
amiodarone. NAFLD indicates non-alcoholic fatty liver disease.
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antihypertensive medication use and/or systolic blood pres-
sure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg.
Diabetes mellitus was defined as fasting plasma glucose
≥126 mg/dL, treatment with insulin or hypoglycemic agent,
2-hour post-challenge glucose ≥200 mg/dL, and/or HbA1c
≥6.5%. The modified National Cholesterol Education Program
Adult Treatment Panel III criteria were used to define metabolic
syndrome.26 Kidney function estimated as glomerular filtration
rate was assessed via the modified CKD-EPI equation. 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.27 For reference, 300 exercise units�150 minutes
of moderate-intensity activity per week.27

Statistical Analysis
Binary and multinomial logistic regression models were used
to quantify associations between presence of Y25 NAFLD and
Y30 echocardiographic measures of LV structure. Linear
regression models were used to quantify associations
between Y25 NAFLD and Y30 echocardiographic measures
of LV function. To address the impact of change in weight we
included percentage change (%D) in BMI relative to baseline
Y25 BMI (%D BMI=Y30 BMI-Y25 BMI)/BMI X100) in the final
multivariable models (Model 5 and 7). Covariates in the
multivariable models were chosen a priori for clinical impor-
tance. Seven models were fitted: Model 1 (base model):
adjusted for center only; Model 2 (multivariable model): age,
race, sex, center, education, income level, alcohol intake
(drinks/week), smoking status (current versus former/never),
physical activity score; Model 3: Multivariable model+HF risk
factors (systolic blood pressure, antihypertensive and antihy-
perlipidemic medication use, total and high-density lipoprotein
cholesterol, diabetes mellitus status), estimated as glomerular
filtration rate, and Y25 echocardiogram measures (eg, LVMi
[LVH model] or RWT [LV remodeling models]); Model 4: Model
3+Y25 BMI; Model 5: Model 3+%DBMI; Model 6: Model
3+Y25 visceral adipose tissue (VAT); Model 7: Model 3+Y25
BMI+%DBMI Multiplicative interaction terms were generated
to assess for interactions between NAFLD and race, sex, VAT
volume, or BMI with outcomes of LVH, any abnormal LV
geometry, E/e0 ratio, E/A ratio, and longitudinal strain. A
P<0.05 was considered statistically significant. Analyses were
performed using SAS 9.4 (SAS institute, Cary, NC).

Results

Study Sample
Characteristics of the 1827 participants (60.7% women,
48.4% black) stratified by presence of moderate-to-severe

NAFLD at Y25 are summarized in Table 1. Moderate-to-severe
NAFLD prevalence was 8.7% (n=159). Participants with NAFLD
were of similar age (mean [SD] 50.4 [3.6] years] compared with
those without NAFLD, but were more likely to be male (54.7%
versus 37.9%), and have metabolic syndrome (66.0% versus
17.5%) and its components. Participants with NAFLD were also
more likely to be obese (80.5% versus 39.8%) and had higher
BMI (36.0 [7.4] versus 29.6 [6.9]) kg/m2), waist to hip ratio
(0.93 [0.08] versus 0.83 [0.08]), and VAT volume (216.8 [75.2]
versus 116.8 [62.7]), and had a higher prevalence of insulin
resistance (mean hemoglobin A1c 6.4% [1.4%] versus 5.6%
[0.76%]) than those without NAFLD.

Longitudinal Association of NAFLD With
Abnormal Cardiac Geometry and Remodeling
In unadjusted analyses, participants with NAFLD at Y25
exhibited LV remodeling at Y30, manifested by higher
LVMi, RWT, LV dimensions, and left atrial dimensions
(Table 2). Those with NAFLD at Y25 had higher Y30
prevalence of LVH (46.5% with NAFLD versus 24.3%
without NAFLD) and abnormal structural remodeling
(59.7% versus 38.2%). Participants with NAFLD at Y25
also had higher rates of incident LVH (17.6% versus 11.3%)
and incident abnormal LV geometry (24.5% versus 20.4%,
P<0.0001 for both).

In multivariable analyses adjusted for demographics,
health behaviors, HF risk factors, and %DBMI, NAFLD at Y25
was prospectively associated with prevalent LVH [odds ratio
(OR): 1.57, 95% CI: 1.01, 2.45] and eccentric hypertrophy
(OR: 2.24, 95% CI: 1.38, 3.58) at Y30 (Table 3). The
association between NAFLD and prevalent LVH was attenu-
ated to non-significance after adjustment for either Y25 BMI
or VAT (Table 3). NAFLD remained associated with prevalent
eccentric hypertrophy when adjusted for Y25 VAT (OR: 1.74,
95% CI: 1.00, 3.02) or %DBMI (OR: 2.24, 95% CI: 1.38, 3.58),
but not when adjusted for Y25 BMI (OR: 1.56, 95% CI: 0.91,
2.67). NAFLD at Y25 was also associated with incident
abnormal LV geometry (OR: 1.93, 95% CI: 1.12, 3.34) and
incident LVH (OR: 1.90, 95% CI: 1.05, 3.43) at Y30 when
adjusted for HF risk factors and %DBMI, but non-significant
when adjusted for baseline Y25 BMI. Incident abnormal LV
geometry remained significant when adjusted for Y25 VAT
(OR: 1.86, 95% CI: 1.04, 3.30).

Longitudinal Association of NAFLD With LV
Function
Among the systolic function parameters, Y30 myocardial
strain and LV ejection fraction (LVEF), were significantly worse
in participants with NAFLD at Y25 (Table 2). Those with
NAFLD at Y25 were more likely to have abnormal LVEF <50%
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at Y30 than those without NAFLD (7.2% versus 3.9%).
Participants with NAFLD at Y25 also had a greater decrease
in LVEF over time than participants without NAFLD (�3.0

[7.9]% versus �1.5 [7.5]%). Several diastolic function param-
eters were worse at Y30 among participants with NAFLD at
Y25, including lower E/A ratio (1.1 [0.34] versus 1.2 [0.33])

Table 1. Characteristics of the Overall Study Sample and Participants With and Without NAFLD, the CARDIA Study, Year 25 Exam,
2010 to 2011

Overall Sample (n=1827) No NAFLD (n=1668) NAFLD (n=159) P Value*

Age, y 50.0�3.6 49.9�3.6 50.4 �3.6 0.11

Women 1108 (60.7) 1036 (62.1) 72 (45.3) <0.0001†

Black 885 (48.4) 818 (49.0) 67 (42.1) 0.10

Grade of school completed 15.2�2.6 15.2�2.6 15.3�2.4 0.57

Income <$50 000/y 593 (32.5) 537 (32.3) 56 (35.2) 0.45

Current smokers 212 (11.8) 196 (11.9) 16 (10.2) 0.52

Any alcohol use 907 (50.0) 839 (50.6) 68 (43.3) 0.08

Alcohol use among drinkers, mL/wk 11.7�8.4 11.7�8.3 12.0�10.2 0.73

Physical activity (exercise units/wk) 337.6�273.9 342.2�275.7 290.4�250.1 0.02†

Comorbidities

Hyperlipidemia 400 (21.9) 347 (20.9) 53 (33.3) 0.0003†

Hypertension 573 (31.4) 481 (28.9) 92 (57.9) <0.0001†

Chronic kidney disease 3 (0.16) 3 (0.18) 0 (0) 1.0‡

Diabetes mellitus 196 (10.8) 132 (7.9) 64 (40.3) <0.0001†

Obstructive sleep apnea 160 (8.8) 124 (7.4) 36 (22.6) <0.0001†

Metabolic syndrome§ 397 (21.7) 292 (17.5) 105 (66.0) <0.0001†

Systolic blood pressure, mm Hg 118.5�15.6 118.0�15.7 124.2�13.5 <0.0001†

BMI, kg/m2 30.2�7.2 29.6�6.9 36.0�7.4 <0.0001†

BMI ≥30 790 (43.3) 662 (39.8) 128 (80.5) <0.0001†

Waist-to-hip ratio 0.84�0.09 0.83�0.08 0.93�0.08 <0.0001†

Body surface area, m2 2.0�0.28 1.99�0.27 2.26�0.27 <0.0001†

CT fat measures

SAT, cm3 340.0�170.0 331.8�169.5 426.1�150.8 <0.0001†

VAT, cm3 125.5�69.8 116.8�62.7 216.8�75.2 <0.0001†

Liver attenuation, HU 56.4�11.1 58.9�7.2 29.6�8.4 <0.0001†

Metabolic variables

Fasting glucose, mg/dL 98.0�25.2 95.7�20.9 122.1�46.0 <0.0001†

Hemoglobin A1c, % 5.7�0.87 5.6�0.76 6.4�1.4 <0.0001†

Total cholesterol, mg/dL 192.8�36.1 193.2�35.9 188.0�38.5 0.09

LDL cholesterol, mg/dL 113.3�31.8 113.7�31.6 108.6�33.4 0.06

HDL cholesterol, mg/dL 58.0�17.0 59.1�17.0 46.4�12.0 <0.0001†

Triglycerides, mg/dL 109.7�84.3 102.5�63.2 185.3�183.3 <0.0001†

Creatinine, mg/dL 0.87�0.40 0.87�0.42 0.87�0.18 0.95

eGFR, mL/min per 1.73 m2 96.0�19.5 95.8�19.3 98.3�21.4 0.12

C-reactive protein, mg/L 3.00�4.67 2.83�4.56 4.78�5.35 <0.0001†

NAFLD=liver attenuation ≤40 HU. BMI indicates body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; CT, computed tomography; eGFR, estimated glomerular
filtration rate; HDL, high-density lipoprotein; HOMA-IR, homeostatic model assessment of insulin resistance; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; NAFLD,
non-alcoholic fatty liver disease; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; VLDL, very-low-density lipoprotein.
*Results are expressed as mean�SD or number (%); t test for continuous variables, Chi-square, or Fisher exact for categorical variables for the difference between NAFLD and no NAFLD.
†Statistically significant.
‡Fisher exact test.
§Defined using ATPIII criteria.
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Table 2. Univariate Analyses of the Longitudinal Association of Non-Alcoholic Fatty Liver Disease and Echocardiographic Markers
of Cardiac Geometry and Remodeling and Left Ventricular Function

Prevalent Y30 Cardiac Dimensions Incident Y25 to Y30* Cardiac Dimensions

No NAFLD
(n=1668) NAFLD (n=159) P Value

No NAFLD
(n=1668) NAFLD (n=159) P Value

Longitudinal association of NAFLD with cardiac geometry and remodeling

Cardiac dimensions

LV mass, g 166.7�52.7 200.7�67.4 <0.0001† 3.4�41.3 4.3�53.2 0.80

LV mass index to height2.7, g/m2.7‡ 40.1�11.8 45.9�13.2 <0.0001† 1.0�10.0 1.2�12.2 0.83

LV mass index to BSA, g/m2 79.0�20.0 87.3�24.0 <0.0001† �2.3�19.8 �0.17�21.9 0.23

LV hypertrophy, n (%) 405 (24.3) 74 (46.5) <0.0001† 188 (11.3) 28 (17.6) <0.0001†

LV internal diameter, systole, cm§ 1.9�0.25 2.0�0.30 0.004† 0.10�0.26 0.12�0.28 0.27

LV internal diameter, diastole, cm§ 2.9�0.27 3.0�0.29 0.0002† �0.09�0.24 �0.08�0.25 0.76

LV posterior wall diameter, cm 0.94�0.16 1.02�0.18 <0.0001† 0.06�0.18 0.06�0.21 0.79

Interventricular septum, diastole, cm 0.93�0.19 1.0�0.20 <0.0001† 0.04�0.20 0.03�0.21 0.88

LV relative wall thickness 0.38�0.08 0.40�0.08 0.03† 0.04�0.09 0.03�0.09 0.65

Concentric LV geometry 405 (24.3) 52 (32.7) 0.02† 297 (17.8) 34 (21.4) 0.06

LV chamber characteristics

Normal geometry, n (%) 1029 (61.7) 64 (40.3) Reference† 1329 (46.0) 120 (75.4) Reference†

Any abnormal geometry, n (%) 638 (38.2) 95 (59.7) <0.0001† 340 (20.4) 39 (24.5) <0.0001†,k

Concentric remodeling 233 (14.0) 21 (13.2)

Concentric hypertrophy 172 (10.3) 31 (19.5)

Eccentric hypertrophy 233 (14.0) 43 (27.0)

Left atrial diameter, cm 3.9�0.49 4.2�0.49 <0.0001† 0.25�0.41 0.29�0.48 0.24

Left atrial volume, mL 50.7�16.2 56.2�18.5 <0.0001† 1.1�9.4 1.6�10.5 0.54

Left atrial volume index, mL/m§ 29.9�9.2 32.6�10.2 0.0008† 1.7�15.9 2.6�18.0 0.51

Longitudinal association of NAFLD with LV function

LV systolic function

LV ejection fraction, % 60.2�5.4 58.9�6.5 0.005† �1.5�7.5 �3.0�7.9 0.02†

Abnormal ejection fraction <50% 64 (3.8) 11 (6.9) 0.04† 46 (2.8) 4 (2.5) 0.91

Longitudinal strain, % �15.3�2.8 �13.9�2.7 <0.0001† 0.001�3.0 �0.04�3.2 0.88

Circumferential strain, % �14.7�3.7 �13.3�3.4 <0.0001† 0.74�4.1 1.4�4.1 0.13

LV diastolic function

E/A ratio 1.2�0.34 1.1�0.33 <0.0001† �0.13�0.35 �0.10�0.31 0.47

Isovolumic relaxation time, ms 67.8�15.6 67.2�16.3 0.68 �5.5�17.6 �7.3�17.3 0.26

E deceleration time, ms 176.1�38.9 180.4�38.4 0.19 41.9�59.6 36.6�51.5 0.29

Lateral tissue Doppler e0 velocity, cm/s 12.0�2.8 10.8�2.6 <0.0001† �0.51�2.7 �0.55�2.6 0.89

E/e0 ratio 7.2�2.3 7.9�2.6 0.0004† 0.25�2.2 0.25�2.6 1.0

Hemodynamic variables

Cardiac output, L/min 4.7�1.2 5.5�1.5 <0.0001† �0.91�1.4 �1.1�1.7 0.25

Cardiac index, L/min per m2 2.4�0.54 2.5�0.59 0.01† �0.47�0.71 �0.47�0.74 1.0

Heart rate, bpm 64.6�10.3 68.3�10.8 <0.0001† �0.35�9.5 �0.08�9.5 0.74

Non-alcoholic fatty liver disease=liver attenuation ≤40 HU after exclusions for secondary causes of liver fat. Left ventricular hypertrophy was defined as left ventricular mass indexed to
body surface area >115 g/m2 (men) or >95 g/m2 (women). Concentric left ventricular geometry was defined as relative wall thickness >0.42. Concentric remodeling was defined as
relative wall thickness >0.42 and left ventricular hypertrophy. Concentric hypertrophy was defined as relative wall thickness >0.42 and left ventricular hypertrophy. Eccentric hypertrophy
was defined as relative wall thickness ≤0.42 and left ventricular hypertrophy.24 Results are expressed as mean�SD for continuous variable and n (%) for categorical variables, t test for
continuous variables, Chi-square for categorical variables. LV indicates left ventricular; NAFLD, non-alcoholic fatty liver disease.
*Incident defined as Y25 measurement�Y30 measurement.
†Statistically significant.
‡In secondary analysis with left ventricular mass indexed to height, results were similar.
§Indexed to height.
kResult from multinomial model with normal as referent,24 n=700 participants were missing measurements for calculation of left ventricular geometry at Y30.
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and e0 velocity (10.8 [2.6] versus 12.0 [2.8] cm/s), and a higher
E/e0 ratio (7.9 [2.6] versus 7.2 [2.3]) (Table 2). Y30 cardiac
output was also higher (5.5 [1.5] versus 4.7 [1.2] L/min) in the
participants with NAFLD at Y25 even after accounting for body
surface area (2.5 [0.59] versus 2.4 [0.54] L/min/m2). There
was no prospective association between NAFLD at Y25 and the
magnitude of change in diastolic function parameters or
cardiac output at Y30.

In multivariable linear regression analyses adjusted for
demographics, health behaviors, HF risk factors and %DBMI
the presence of NAFLD at Y25 was associated with worse
longitudinal strain at Y30 (Table 4, b [SE], 0.61 [0.25],
P=0.02). However, the association between NAFLD at Y25
and Y30 longitudinal strain was attenuated in models with HF
risk factors and either Y25 BMI or VAT. Likewise, NAFLD at
Y25 remained independently associated with greater change/
impairment (quartile 4) in longitudinal strain over time when
adjusted for HF risk factors (OR: 2.24; 95% CI: 1.06, 4.73).
However, this association was attenuated to non-significance
when adiposity measures were added to the HF risk factor
model (Table S1). NAFLD at Y25 was also associated with
several markers of diastolic dysfunction at Y30, including e0

velocity, E/A ratio and E/e0 ratio (a marker of LV filling
pressure) when adjusted for demographics and health
behaviors (Table 4). These associations persisted after
adjustment for HF risk factors and %DBMI but were attenu-
ated to non-significance when VAT was added to the model
(Table 4). Finally, NAFLD at Y25 was associated with
increased cardiac output and LV filling pressures at Y30
independent of HF risk factors and either baseline or %D BMI
(Table 4). There were no interactions between NAFLD and
race, sex, BMI, or VAT in the multivariable models thus all
results are shown as aggregate data and not stratified by race
or sex. Associations were similar when continuous liver
attenuation (rather than dichotomous NAFLD <40 HU) was
used as the main exposure variable (Tables S2 and S3).

Discussion
In a large population-based prospective study of black and
white middle-aged adults with asymptomatic NAFLD fol-
lowed for 5 years, we have shown that NAFLD is longitu-
dinally associated with subclinical LV remodeling, abnormal
geometry, and impaired LV function, which are important
precursors to HF. However, obesity in NAFLD explains much
of the association between NAFLD and LV structure/
function. Thus, presence of obesity in mid-life may identify
an important at-risk population in whom to focus preventive
HF strategies.

LV remodeling represents a global biomarker of systemic
effects, such as that of hypertension and neurohormonal
activation, on the entire cardiovascular system, with a likely

association between LV remodeling and vascular changes
responsible for cardiovascular events.28 For example, in the
Cardiovascular Health Study investigators observed that
compared with patients without LV remodeling, patients with
LV remodeling had a greater risk of incident HF and all-cause
mortality.29 Cardiac remodeling is thus an important aspect of
CVD progression and is, therefore, emerging as a therapeutic
target in HF prevention.28 In the current study we demon-
strate that not only is NAFLD associated with prevalent LV
remodeling, but that presence of asymptomatic NAFLD in
mid-life is associated with incident abnormal LV geometry and
remodeling. Better understanding of potential mediators in
the developmental pathways towards abnormal LV geometry,
such as NAFLD, may offer important potential therapeutic
targets to prevent and treat the HF epidemic. Current NAFLD
therapy includes a combination of lifestyle modification and
surgical weight loss strategies.30 However, in the near future
treatment is likely to include several drugs, which are in the
development pipeline and target multiple pathways for this
complex metabolic disease.31,32

Consistent with previous research,13,14 CARDIA participants
with NAFLD were characterized by markers of underlying
subclinical diastolic dysfunction, including lower early diastolic
relaxation (e0) tissue velocity, lower E/A ratio, and higher
estimated LV filling pressures (E/e0 ratio). Early diastolic
dysfunction is a strong predictor of future cardiovascular
morbidity,33 in particular HF with preserved ejection fraction
(HFpEF). Several studies have demonstrated that HFpEF is
highly prevalent in patients with underlying NAFLD. Further-
more, severe NAFLD, as assessed by increased liver stiffness, is
associated with worse clinical outcomes among patients with
HFpEF.34,35 Thus, identification of predisposing factors for
diastolic cardiac dysfunction is a pivotal first step toward
implementation of effective prevention strategies and screen-
ing programs for early detection of HF (stage A HF). A major
finding of our study is that NAFLD was associated with markers
of early diastolic dysfunction independent of traditional HF risk
factors. However, markers of either baseline overall adiposity
(BMI) or visceral adiposity (VAT) attenuated these relationships,
suggesting that obesity accounts for a significant proportion of
the observed association between NAFLD and subclinical
diastolic dysfunction among black and white adults.

We also prospectively demonstrate on a population level
that participants with NAFLD have greater reduction in LV
systolic function compared with participants without NAFLD
over a relatively short follow-up period. We, and others, have
previously demonstrated a cross-sectional relationship
between imaging-diagnosed NAFLD and impaired LV systolic
function.12,36,37 To the best of our knowledge, this is the
first study to demonstrate that NAFLD is potentially
associated with greater progression of subclinical LV systolic
dysfunction independent of HF risk factors. The association
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between NAFLD and change in LV systolic function was
attenuated by markers of baseline adiposity, again high-
lighting the important role of obesity in the progression of
HF. A few small cross-sectional studies that used liver
biopsy to diagnose NAFLD have demonstrated a significant,
graded relationship between LV systolic dysfunction and the
severity of NAFLD histology in both children and adults,
suggesting that hepatic fibrosis and/or hepatic inflammation
may be an additional risk factor in the development and
progression of myocardial dysfunction.38,39 Future prospec-
tive studies in biopsy-proven NAFLD are needed to further
assess the putative mechanisms, including obesogenic
pathways, linking hepatic histology to progression of
myocardial dysfunction.

The strengths of our study include the large, well-character-
ized population-based cohort of black and white adults, a
moderate-to-severe NAFLD prevalence that is consistent with
published population estimates,40 and the measurement of a
comprehensive set of metabolic covariates, particularly VAT. The
main limitation is the inability to assess for severity of NAFLD.
Contemporaneous laboratory data on hepatic function is not
available to us in CARDIA, and CT is unable to assess for the
presence of hepatic fibrosis. In addition, given the high
prevalence of obesity in CARDIA (>30%) we are underpowered

to perform stratified analyses among obese versus non-obese
CARDIAparticipantswith andwithoutNAFLD.However, although
obesity attenuated many of the observed relationships between
NAFLD and myocardial structure/function, there were no
significant interactions noted between obesity measures and
NAFLD. In addition, those withmorbid obesity in whomNAFLD is
highly prevalent were excluded if they were unable to fit in the CT
scanner or their weight exceeded the scanner limit. Thus, our
resultsmay underestimate the true association ofNAFLDwith LV
remodeling anddysfunction.Wealso acknowledge the possibility
of multiple testing error given the many outcomes examined in
this study. However, all observed associations between NAFLD
and markers of LV structure/function were consistent in both
direction and magnitude. Finally, although we observed statis-
tical differences in markers of LV structure/function by NAFLD
status, these differences are not necessarily clinically meaning-
ful. Future studies with longer follow-up (>5 years) are needed to
determine whether NAFLD results in clinically meaningful
changes in cardiac function and links to HF outcomes.

Conclusions
NAFLD is prospectively associated with incident LVH, abnor-
mal LV geometry, and impaired myocardial strain independent

Table 3. Odds Ratios (95% CI) for the Longitudinal Association of NAFLD with Prevalent and Incident Abnormal Left Ventricular
Geometry and Remodeling, The CARDIA Study

Prevalent Abnormal LV Geometry and Remodeling
Incident Abnormal LV Geometry and
Remodeling

Prevalent LVH
Concentric
Remodeling*

Concentric
Hypertrophy*

Eccentric
Hypertrophy* Incident LVH

Incident Abnormal
LV Geometry

Base model† 2.74 (1.97–3.82)‡ 1.48 (0.88–2.47) 3.00 (1.89–4.75)‡ 2.97 (1.96–4.48)‡ 2.88 (1.78–4.66)‡ 2.77 (1.70–4.50)‡

Multivariable§ 2.86 (2.02–4.05)‡ 1.41 (0.83–2.40) 2.89 (1.79–4.67)‡ 3.26 (2.11–5.04)‡ 2.91 (1.75–4.86)‡ 2.78 (1.68–4.61)‡

+HF risk factorsk 1.56 (1.00–2.43)‡ 1.19 (0.65–2.17) 1.27 (0.70–2.28) 1.98 (1.16–3.37)‡ 1.90 (1.06–3.40)‡ 1.91 (1.11–3.29)‡

Multivariable§ +HF RFs+ BMI 1.27 (0.81–2.00) 1.12 (0.61–2.05) 1.05 (0.58–1.90) 1.56 (0.91–2.67) 1.43 (0.78–2.60) 1.57 (0.90–2.73)

Multivariable§ +HF RFs+
%change BMI¶

1.57 (1.01–2.45)‡ 1.13 (0.64–2.00) 1.51 (0.88–2.59) 2.24 (1.38–3.58)‡ 1.90 (1.05–3.43)‡ 1.93 (1.12–3.34)‡

Multivariable§ +HF RFs+ VAT 1.39 (0.88–2.20) 1.10 (0.59–2.04) 1.11 (0.61–2.04) 1.74 (1.00–3.02)‡ 1.67 (0.91–3.11) 1.86 (1.04–3.30)‡

Multivariable§ +HF RFs+
BMI+%change BMI¶

1.28 (0.81–2.01) 1.11 (0.62–1.99) 1.06 (0.61–1.84) 1.41 (0.86–2.33) 1.42 (0.78–2.61) 1.57 (0.90–2.74)

Left ventricular hypertrophy was defined as left ventricular mass indexed to body surface area >115 g/m2 (men) or >95 g/m2.7 (women). Concentric remodeling was defined as relative
wall thickness >0.42 and left ventricular hypertrophy. Concentric hypertrophy was defined as relative wall thickness >0.42 and left ventricular hypertrophy. Eccentric hypertrophy was
defined as relative wall thickness ≤0.42 and left ventricular hypertrophy. Any abnormal left ventricular geometry was defined as either concentric hypertrophy or concentric remodeling or
eccentric hypertrophy.24 BMI indicates body mass index; CARDIA, Coronary Artery Risk Development in Young Adults; HF, heart failure; LV, left ventricle; LVH, left ventricular hypertrophy;
LVM, left ventricular mass; NAFLD, non-alcoholic fatty liver disease; OR, odds ratio; RWT, relative wall thickness; VAT, visceral adipose tissue.
*Result from multinomial model with normal geometry as referent.24
†Adjusted for center only.
‡Statistically significant.
§Multivariable model: adjusted for Y25 age, race, sex, study center, education, income level, alcohol intake (drinks/week), smoking status (current vs former/never), physical activity
score.
kHeart failure risk factors: Y25 systolic blood pressure, antihypertensive medication use, anti-hyperlipidemic medication use, total cholesterol, high-density lipoprotein cholesterol, diabetes
mellitus status, glomerular filtration rate, and Y25 echocardiogram measures (eg, Y25 left ventricular mass/body surface area [left ventricular hypertrophy model] or Y25 left ventricular
relative wall thickness [left ventricular remodeling models]).
¶%change body mass index=(Y30 body mass index�Y25 body mass index)/Y25 body mass index9100.
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of established HF risk factors. However, obesity explains
much of the observed association between NAFLD and
changes in myocardial structure/function. Obesity plays an
important role in the development of HF, and presence of
NAFLD in mid-life may identify an at-risk population for HF
prevention.
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SUPPLEMENTAL MATERIAL 

 



 

Table S1. Logistic Regression Analyses for the Longitudinal Association of NAFLD with Quartiles of Change in 

Longitudinal Strain from Y25 (2010-2011) to Y30 (2015-2016) in CARDIA. 

 Quartiles of Change in Longitudinal Strain from Y25 to Y30 

Odds Ratio (95% Confidence Interval) 

  Q1 

(-10.68 to -1.99) 

Q2 

(-1.98 to .03) 

Q3 

(.04 to 1.88) 

Q4 

(1.89 to 11.57) 

 OR 95% CI OR 95% CI OR 95% CI OR 95% CI 

Base Model† 

REFERENCE 

1.59 .90-2.80 1.94 1.09-3.44 3.20 1.72-5.94 

Multivariable‡ 1.55 .86-2.79 1.84 1.01-3.35 2.98 1.56-5.70 

+ HF risk 

factors§ 

1.52 .79-2.92 1.39 .71-2.72 2.24 1.06-4.73 

Multivariable‡ 

+ HF RFs+ 

BMI 

1.69 .87-3.27 1.53 .78-3.01 2.09 .99-4.38 

Multivariable‡ 

+ HF RFs+ 

%change 

BMI^ 

1.63 .51-1.70 1.49 .43-2.39 2.10 .53-1.71 



 

Multivariable‡ 

+HF RFs + 

VAT 

1.52 .77-2.99 1.49 .75-2.96 1.90 .89-4.09 

Multivariable‡ 

+ HF RFs+ 

BMI + 

%change 

BMI^ 

 1.08 .59-1.98 .87 .48-1.58 1.01 .56-1.83 

NAFLD, nonalcoholic fatty liver disease; CARDIA, Coronary Artery Risk Development in Young Adults; Q, quartile; OR, odds ratio; 95%CI, 95% confidence interval 

*Result from multinomial model with normal geometry as referent24 

†adjusted for center only  

‡ Multivariable model: adjusted for age, race, sex, study center, education, income level, alcohol intake (drinks/week), smoking status (current/former vs. never), physical activity score   

§HF risk factors: systolic blood pressure, antihypertensive medication use, anti-hyperlipidemic medication use, total cholesterol, HDL cholesterol, diabetes status, and GFR 

^%change BMI = (Y30 BMI – Y25 BMI)/Y25 BMI X 100 

  



 

Table S2. Odds Ratios (95% Confidence Interval) for the Longitudinal Association of Continuous 

Liver Attenuation with Prevalent and Incident Abnormal Left Ventricular Geometry and Remodeling, 

The CARDIA Study. 

 Prevalent Abnormal LV Geometry and Remodeling Incident Abnormal LV Geometry and 

Remodeling 

  Prevalent LVH Concentric 

Remodeling* 

Concentric 

Hypertrophy* 

Eccentric 

Hypertrophy* 

Incident LVH Incident Abnormal LV 

Geometry 

Base Model† .96 (.95-.97) .99 (.97-1.00) .96 (.95-.97) .96 (.95-1.00) .97 (.95-.98) .97 (.96-.98) 

Multivariable‡ .96 (.95-.97) .99 (.98-1.05) .96 (.95-.97) .95 (.94-.97) .96 (.95-.98) .97 (.96-.98) 

+ HF risk 

factors§ 

.99 (.97-1.0) .99 (.98-1.01) .99 (.98-1.01) .98 (.96-.99) .98 (.96-.99) .98 (.97-.99) 

Multivariable‡ 

+ HF RFs+ 

BMI 

1.00 (.99-1.01) 1.0 (.98-1.02) 1.01 (.99-1.03) .99 (.97-1.01) 1.00 (.98-1.02) .99 (.98-1.01) 

Multivariable‡ 

+ HF RFs+ 

%change 

BMI^ 

.98 (.97-.99) 1.0 (.98-1.01) .98 (.97-1.01) .98 (.97-.99) .98 (.96-.99) .98 (.97-.99) 



 

Multivariable‡ 

+HF RFs + 

VAT 

.99 (.98-1.01) 1.0 (.98-1.02) 1.01 (.99-1.03) .99 (.97-.99) .99 (.97-1.01) .99 (.97-.99) 

Multivariable‡ 

+ HF RFs+ 

BMI + 

%change 

BMI^ 

1.00 (.98-1.01) 1.11 (.62-1.99) 1.06 (.61-1.84) 1.41 (.86-2.33) 1.0 (.98-1.02) .99 (.98-1.01) 

CARDIA, Coronary Artery Risk Development in Young Adults; LV, left ventricle; HF, heart failure; BMI, body mass index; LVM, left ventricular mass; RWT, relative wall 

thickness; VAT, visceral adipose tissue; OR, odds ratio; 95%CI, 95% confidence interval 

LVH was defined as LVM indexed to body surface area (LVMi) >115 g/m2 (men) or >95 g/m2.7 (women); Concentric remodeling was defined as RWT > 0.42 and LVH; 

Concentric hypertrophy was defined as RWT > 0.42 and LVH; Eccentric hypertrophy was defined as RWT ≤ 0.42 and LVH; Any abnormal LV geometry was defined as 

either concentric hypertrophy or concentric remodeling or eccentric hypertrophy.24 

*Result from multinomial model with normal geometry as referent24 

† adjusted for center only  

‡ Multivariable model: adjusted for Y25 age, race, sex, study center, education, income level, alcohol intake (drinks/week), smoking status (current vs. former/never), 

physical activity score   

§ HF risk factors: Y25 systolic blood pressure, antihypertensive medication use, anti-hyperlipidemic medication use, total cholesterol, HDL cholesterol, diabetes status, 

GFR, and Y25 echo measures (e.g., Y25 LVM/BSA (LVH model) or Y25 LV RWT (LV remodeling models)) 

^%change BMI = (Y30 BMI – Y25 BMI)/Y25 BMI X 100 

  



 

Table S3. Linear Regression Analyses for the Longitudinal Association of Continuous Liver Attenuation 

with Prevalent Left Ventricular Function, The CARDIA Study, 2015-2016. 

 Y30 Markers of LV Function 

  LVEF E/A ratio E/e’ ratio Longitudinal Strain Cardiac output 

  (SE) P-value  (SE) P-value  (SE) P-value  (SE) P-value  (SE) P-value 

Base Model† .05 (.01) <.0001 .005 (.04) <.0001 -.02 (.005) .0003 -.05 (.006) <.0001 -.03 (.003) <.0001 

Multivariable‡ .03 (.01) .03 .005 

(.0008) 

<.0001 -.03 (.005) <.0001 -.04 (.006) <.0001 -.03 (.003) <.0001 

+ HF risk 

factors§ 

.02 (.01) .09 .003 

(.0008) 

<.0001 -.01 (.006) .01 -.02 (.007) .01 -.03 (.003) <.0001 

Multivariable‡ 

+ HF RFs+ 

BMI 

.02 (.01) .21 .002 

(.0009) 

.005 -.01 (.006) .04 -.01 (.008) .10 -.01 (.003) .001 

Multivariable‡ 

+ HF RFs+ 

%change 

BMI 

.02 (.01) .05 .003 

(.0008) 

<.0001 -.02 (.006) .007 -.02 (.007) .007 -.03 (.003) <.0001 



 

Multivariable‡ 

+HF RFs + 

VAT 

.02 (.01) .18 .002 

(.0009) 

.049 -.009 (.006) .13 -.01 (.008) .20 -.01 (.003) .0005 

Multivariable‡ 

+ HF RFs+ 

BMI + 

%change 

BMI^ 

.02 (.01) .19 .003 

(.0009) 

.005 -.01 (.006) .07 -.01 (.008) .08 -.01 (.003) .0005 

CARDIA, Coronary Artery Risk Development in Young Adults; LVEF, left ventricular ejection fraction; HF, heart failure; BMI, body mass index; VAT, visceral adipose 

tissue 

†adjusted for center only  

‡ Multivariable model: adjusted for age, race, sex, study center, education, income level, alcohol intake (drinks/week), smoking status (current/former vs. never), physical activity score   

§HF risk factors: systolic blood pressure, antihypertensive medication use, anti-hyperlipidemic medication use, total cholesterol, HDL cholesterol, diabetes status, and GFR 

^%change BMI = (Y30 BMI – Y25 BMI)/Y25 BMI X 100 


