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ABSTRACT
Introduction  About one-third of adults in the USA have 
some grade of hepatic steatosis. Coronary artery calcium 
(CAC) scans contain more information than currently 
reported. We previously reported new artificial intelligence 
(AI) algorithms applied to CAC scans for opportunistic 
measurement of bone mineral density, cardiac chamber 
volumes, left ventricular mass, and other imaging 
biomarkers collectively referred to as AI-cardiovascular 
disease (CVD). In this study, we investigate a new AI-CVD 
algorithm for opportunistic measurement of liver steatosis.
Methods  We applied AI-CVD to CAC scans from 5702 
asymptomatic individuals (52% female, age 62±10 
years) in the Multi-Ethnic Study of Atherosclerosis. 
Liver attenuation index (LAI) was measured using the 
percentage of voxels below 40 Hounsfield units. We 
used Cox proportional hazards regression to examine the 
association of LAI with incident CVD and mortality over 15 
years, adjusted for CVD risk factors and the Agatston CAC 
score.
Results  A total of 751 CVD and 1343 deaths accrued 
over 15 years. Mean±SD LAI in females and males was 
38±15% and 43±13%, respectively. Participants in the 
highest versus lowest quartile of LAI had greater incidence 
of CVD over 15 years: 19% (95% CI 17% to 22%) vs 12% 
(10% to 14%), respectively, p<0.0001. Individuals in the 
highest quartile of LAI (Q4) had a higher risk of CVD (HR 
1.43, 95% CI 1.08 to 1.89), stroke (HR 1.77, 95% CI 1.09 
to 2.88), and all-cause mortality (HR 1.36, 95% CI 1.10 
to 1.67) compared with those in the lowest quartile (Q1), 
independent of CVD risk factors.
Conclusion  AI-enabled liver steatosis measurement 
in CAC scans provides opportunistic and actionable 
information for early detection of individuals at elevated 
risk of CVD events and mortality, without additional 
radiation.

INTRODUCTION
About one-third of adults in the USA have 
some degree of fatty liver, or hepatic steatosis, 
a condition in which hepatocytes have an 
excessive accumulation of fat, mainly in the 
form of triglycerides.1 The two most common 
forms of fatty liver diseases are non-alcoholic 
fatty liver disease (NAFLD) and alcohol-
associated liver disease (ALD), but NAFLD 
is the more prevalent form in high-income 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Liver steatosis is a marker of metabolic dysfunction 
and cannot be directly diagnosed using blood tests; 
however, a variety of imaging modalities are avail-
able for non-invasive detection.

WHAT THIS STUDY ADDS
	⇒ Artificial intelligence (AI)-enabled CT attenuation 
analysis of the liver in new or existing coronary 
artery calcium scans is feasible and provides op-
portunistic and actionable information for early de-
tection of patients at elevated risk of cardiovascular 
disease.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ This study demonstrates that AI-enabled CT attenua-
tion analysis of the liver offers a rapid, cost-effective, 
and scalable approach for opportunistically detect-
ing hepatic steatosis, enabling broader cardiovas-
cular risk assessment in populations not typically 
evaluated for this subclinical condition
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countries, often associated with obesity, insulin resis-
tance, and metabolic syndrome. Recently, the term 
metabolic dysfunction associated steatotic liver disease 
(MASLD) was introduced to emphasize the importance 
of metabolic dysfunction in NAFLD. MASLD is by far 
the most prevalent chronic liver disease globally.2 ALD 
is less prevalent,3 but associated with higher mortality. 
The case definition of MASLD requires liver steatosis and 
at least one of five cardiometabolic risk factors (obesity, 
prediabetes/diabetes, hypertension, high triglycerides, 
low high-density lipoprotein (HDL).4 The intertwining 
of MASLD, cardiovascular-kidney-metabolic health, and 
cardiometabolic risk factors is a complex interaction that 
raises the question of whether steatotic liver disease is 
itself an independent predictor of cardiovascular disease 
(CVD).5 6 This is an especially compelling area of investi-
gation because the liver is the metabolic hub of the body 
and the processing site of triglycerides and lipoprotein 
particles—blood constituents that are well-known drivers 
of cardiovascular risk.

Liver steatosis cannot be directly diagnosed using 
blood tests; however, a variety of imaging modalities 
are available for non-invasive detection.7 Although liver 
biopsy and MRI provide the most sensitive and accu-
rate quantitation of liver fat,7 they are not suitable as an 
opportunistic screening tool for quantification of liver 
fat. Similarly, liver ultrasound elastography, although 
more commonly available and less precise, is not suit-
able as an opportunistic screening test. Non-contrast CT 
scans of the chest or abdomen provide for opportunistic 
detection of moderate-to-severe steatosis. Every year, >80 
million abdominal and thoracic CT scans are performed 
in the USA alone,8 including CT scans for coronary artery 
calcium (CAC) scoring and lung cancer screening, which 
can be used for opportunistic detection of liver steatosis. 
The resulting scans provide valuable data, which can be 
extracted and used to detect moderate-to-severe steatosis 
at no additional X-ray or imaging cost to the patient and 
enable providers to gain important information. In CT 
imaging, liver attenuation measured in Hounsfield units 
(HU) is inversely related to liver fat content, with lower 
HU values indicating higher fat content.9 In particular, 
a mean density <40 HU is correlated with at least 30% 
steatosis (moderate-to-severe) on histopathology.10 11 
This method provides a reliable, reproducible indication 
of moderate-to-severe steatosis, making it a valuable tool 
in both clinical and research settings for evaluating meta-
bolic health and its associated risks.12 13

AI-CVD is a suite of AI software modules that enables 
opportunistic screening for multiple disorders in 
chest CT scans including non-contrast CAC, contrast-
enhanced coronary CT angiography (CCTA), and low-
dose lung cancer screening scans.14 We have previously 
published multiple studies on other outputs of AI-CVD 
from CAC scans in the Multi-Ethnic Study of Atheroscle-
rosis (MESA), including bone mineral density, cardiac 
chambers volumetry, and left ventricular mass.15–20 In this 
study, we applied AI-CVD algorithms to measure hepatic 

steatosis in MESA CAC scans. Unlike previous CT-based 
AI-enabled evaluation of liver fat in which only a few spots 
of the liver are analyzed,7 our AI algorithms analyze the 
entire liver in the field of view.

In this paper, we introduce and validate a novel 
metric, the liver attenuation index (LAI), which reports 
the percentage of voxels with attenuation below 40 
HU (LAI) in non-contrast CAC scans. We evaluate the 
prognostic value of LAI for incident CVD events and 
all-cause mortality over 15 years in MESA. Additionally, 
we correlate LAI with the US fatty liver index (US-FLI), 
a composite score designed for use in the USA for all 
races/ethnicities, for indication of steatosis.

METHODS
Study population
MESA is a prospective cohort study that began in July 2000 
to investigate the prevalence, correlates, and progression 
of subclinical CVD in individuals without known CVD at 
baseline. The cohort included 6814 women and men aged 
45–84 years recruited from six US communities (Balti-
more, Maryland; Chicago, Illinois; Forsyth County, North 
Carolina; Los Angeles County, California; Northern 
Manhattan, New York; and St. Paul, Minnesota). Race/
Ethnicity makeup included non-Hispanic White (38%), 
non-Hispanic Black (28%), Chinese (11%), and Hispanic 
(11%). Individuals with a history of physician-diagnosed 
myocardial infarction (MI), angina, heart failure, stroke, 
or transient ischemic attack, or who had undergone an 
invasive procedure for CVD (coronary artery bypass graft, 
angioplasty, valve replacement, pacemaker placement, 
or other vascular surgeries) were excluded. A detailed 
study design for MESA has been published elsewhere.21 
For this study, 771 participants who did not consent to 
commercial use of their data were excluded. Addition-
ally, we removed 340 participants with missing slices in 
CAC scans, missing outcome data, or missing risk factor 
data, leaving 5702 CAC scans processed for analysis.

Evaluation of cardiovascular disease and all-cause mortality
Participants were contacted by the MESA research team 
by telephone every 9–12 months during follow-up and 
asked to report all new cardiovascular diagnoses. Inter-
national Classification of Disease (ICD) codes were 
obtained. The average participant surveillance time was 
12.4±3.8 years. Incident CVD for this study is defined as 
MI, resuscitated cardiac arrest, definite angina, probable 
angina (if followed by revascularization), non-fatal stroke, 
fatal stroke, coronary heart disease (CHD) death, other 
atherosclerotic death, and other CVD-related death. 
Incident CHD was defined as MI, resuscitated cardiac 
arrest, angina, and CHD deaths. MI events during exam 
1 were ascertained through a combination of self-reports, 
medical record review, and adjudication by a centralized 
committee. The MESA Events Committee adjudicated 
the events by using standard criteria based on symptoms, 
electrocardiographic changes, cardiac biomarkers, and 
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imaging findings to confirm the occurrence of MI. Inci-
dent stroke was classified as hemorrhagic or ischemic. 
Stroke was identified as present if there was rapid onset 
of a documented focal neurological deficit lasting 24 
hours or until death, or if <24 hours, there was a clini-
cally relevant lesion on brain imaging. Patients with focal 
neurological deficits secondary to brain trauma, tumor, 
infection, or other non-vascular causes were excluded. 
Transient ischemic attack was not included in this 
definition.

All-cause mortality in MESA was determined based on 
annual National Death Index (NDI) searches to identify 
or confirm participant deaths and included CVD and 
non-CVD-related deaths. Participants are included in 
the NDI search if they met any of the following criteria: 
(a) latest follow-up participant status coded as ‘reported 
deceased’, (b) latest follow-up participant status coded 
as ‘unknown,’ (c) death has already been investigated, 
but no death certificate was obtained. If a participant 
is submitted in an NDI search but is not identified as 
deceased, they are credited follow-up time.

The AI software for automated liver attenuation
The AI software used for automated liver attenuation 
quantification in this manuscript is a component of 
AI-CVD (HeartLung.AI, Houston, Texas, USA), a deep 
learning model that quantifies numerous anatomical 
structures in non-contrast or contrast-enhanced cardiac 
and lung CT images. The region of interest the AI uses 
for liver attenuation is across the entire liver in the avail-
able field of view. Examples of normal liver and severely 
steatotic liver are shown in figure 1.

The core machine learning component of AI-CVD is 
adapted from TotalSegmentator, which is a widely used 
anatomical model published and validated by investiga-
tors independent from our group.22 The source code for 
the base architecture of TotalSegmentator is available 

publicly from GitHub.23 The TotalSegmentator model 
was trained and validated on 1139 whole-body CT exam-
inations cases with 447 cases of CCTA randomly sampled 
from the University Hospital Basel picture archiving 
and communication system. The model used a nnU-
Net, a self-configuring method for deep learning-based 
biomedical image segmentation. MESA CT examinations 
were not chosen due to lack of contrast-enhanced cardiac 
CT scans, which are required for nnU-Net training. 
Furthermore, training on MESA would have resulted in 
overfitting. The initial input training data were paired 
non-contrast and ECG-gated cardiac CT scans of the 
same individuals with 1.5 mm slice thickness. Because 
the images were taken from identical sessions, registra-
tion was accomplished with good alignment. Following 
this transfer of segmentations, a nnU-Net deep learning 
tool was used for training the model. Quality control 
was implemented to detect and count the number of 
dropped slices in the CT scan. Additionally, cases with 
no liver available in the field of view were removed from 
analysis (n=274).

To improve the model for liver fat quantification, we 
evaluated multiple voxel intensity thresholds to identify 
the optimal range of HU values for liver fat estimation. 
The range was determined based on its correlation 
with established risk factors for hepatic steatosis, its 
predictive accuracy for relevant clinical outcomes, and 
its consistency with known HU values of liver tissue 
and macrovacuolar hepatocytes. The final range of 
(−30, 70) HU was chosen to maximize the reliability 
of these associations for calculating the percentage of 
liver attenuation <40 HU (LAI). Additionally, we have 
analyzed and are reporting here the mean HU in the 
AI-segmented liver or part thereof, within the Z range 
of the CT scan.

Figure 1  Examples of artificial intelligence-cardiovascular disease liver segmentations in a typical coronary artery calcium 
(CAC) scan along with the distribution of liver attenuation index (LAI) in Multi-Ethnic Study of Atherosclerosis (MESA)-1.
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CT scan acquisition
In MESA, baseline cardiac CT scans were obtained using 
either electron-beam CT (EBCT) (50% R-R) or multide-
tector CT (MDCT) (80% R-R) based on the field center 
at which they were scanned. Approximately half of the 
participants were scanned using EBCT (New York, Illi-
nois, and California sites), and the other half MDCT 
(MD, MN, and NC sites). Participants were scanned twice 
within several minutes of each other to reduce inter-
scan variability for CAC scoring. Detailed protocols for 
CAC scoring have been previously published by MESA 
investigators.24

US-fatty liver index
The US-FLI was developed in the multi-ethnic US 
National Health and Nutrition

Examination Survey to estimate the likelihood of 
hepatic steatosis.25 The index is a non-invasive, algorithm-
based score calculated from demographic and clinical 

variables, including age, body mass index (BMI), waist 
circumference, triglycerides, and gamma-glutamyl trans-
ferase. The US-FLI ranges from 0 to 100, with higher 
scores indicating a greater probability of fatty liver 
disease.

Statistical analysis
We used SAS (SAS Institute, Cary, North Carolina, USA) 
and Python V.3.11 software for statistical analyses. All 
tests of significance were two-tailed, and significance 
was defined at type I error (α)=0.05 and type II error 
(β)=0.20. All analyses met the appropriate sample size 
and power considerations. Instances where these require-
ments were not met have been excluded and noted. One-
way analysis of variance (ANOVA) was used to calculate 
significant differences between more than two groups. 
LAI demonstrated a normal distribution in this cohort. 
US-FLI was right skewed and log-transformed for correla-
tion analysis. Spearman’s correlation coefficient was used 

Table 1  Baseline characteristics of MESA-1 participants overall and by quartiles of LAI

Overall
First quartile LAI 
(<32%)

Second quartile 
LAI (32%–41%)

Third quartile LAI 
(41%–48%)

Fourth quartile 
LAI (>48%)

Age (years) 61.76±10.24 61.27±10.59 61.77±10.45 62.6±10.10 61.25±9.85

Sex (female) 46.30% 62.70% 47.80% 40.10% 35.10%

White (%) 45.30% 53.6% 43.50% 41.80% 40.40%

Chinese (%) 7.10% 9.00% 9.10% 6.90% 3.90%

Black (%) 27.00% 28.00% 27.00% 27.20% 26.60%

Hispanic (%) 20.70% 9.40% 20.40% 24.10% 29.10%

Body mass index (kg/m2) 28.44±5.37 25.0±3.82 27.11±4.17 29.13±4.41 32.66±5.65

Waist circumference (cm) 98.67±14.23 88.72±11.24 95.09±11.33 100.87±11.27 110.33±13.4

LDL cholesterol (mg/dL) 117.01±31.17 115.89±30.89 119.03±31.47 117.55±30.3 115.66±31.14

HDL cholesterol (mg/dL) 51.14±15.17 56.44±15.79 52.71±15.74 49.79±14.25 45.28±12.28

Total cholesterol (mg/dL) 193.21±34.48 193.71±33.75 195.22±34.53 193.36±33.64 190.41±34.78

Systolic blood pressure (mm Hg) 125.5±20.95 122.81±21.89 124.93±21.39 126.94±20.18 127.75±19.86

Diastolic blood pressure (mm Hg) 72.0±10.18 70.0±10.11 71.89±10.43 73.12±9.58 73.31±10.35

Glucose (mg/dL)* 90.00 (83.0, 99.0) 85.00 (80.0, 92.0) 89.00 (82.0, 96.0) 91.00 (84.0, 100.0) 95.00 (87.0, 110.0)

US-fatty liver index* 1.27 (0.55, 2.97) 0.55 (0.27, 1.05) 0.99 (0.49, 1.9) 1.55 (0.79, 3.14) 3.41 (1.72, 6.77)

Pack years of smoking* 2.10 (0.0, 19.5) 1.00 (0.0, 18.0) 2.80 (0.0, 18.5) 2.25 (0.0, 20.5) 2.50 (0.0, 20.42)

Triglycerides (mg/dL) 125.29±65.77 106.9±55.01 117.4±61.5 130.13±66.65 147.33±71.38

C reactive protein (mg/L)* 1.88 (0.83, 4.16) 1.27 (0.59, 3.12) 1.52 (0.74, 3.66) 1.97 (0.93, 4.23) 2.92 (1.34, 5.68)

Interleukin-6 (pg/mL) 1.57±1.25 1.31±1.23 1.39±1.09 1.65±1.22 1.93±1.34

Insulin (mU/L)* 8.02 (5.9, 11.76) 6.27 (4.9, 8.27) 7.27 (5.65, 10.27) 8.64 (6.4, 12.14) 11.76 (8.4, 16.61)

Alcoholic drinks per week* 2.00 (0.0, 6.0) 1.00 (0.0, 5.0) 2.00 (0.0, 6.0) 2.00 (0.0, 6.0) 2.00 (0.0, 7.0)

Diabetes (yes/no) 11.40% 4.50% 9.00% 11.20% 21.10%

Current smoking (vs former/never) 14.40% 14.80% 15.90% 14.30% 12.70%

Any alcohol usage (past 30 days) 70.30% 69.10% 71.50% 70.40% 69.90%

Hypertension Rx 36.00% 27.40% 32.20% 39.90% 45.30%

Lipid--lowering Rx 16.40% 14.30% 16.20% 17.80% 17.40%

*Highly skewed continuous variables presented using median (IQR).
HDL, high-density lipoprotein; LAI, liver attenuation index; LDL, low-density lipoprotein; MESA, Multi-Ethnic Study of Atherosclerosis; 
Rx, prescription.
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to measure the association between LAI and CVD risk 
factors.

The Cox proportional hazards model was used to 
assess the association between LAI and incident CVD and 
mortality. Model assumptions were formally tested using 
Schoenfeld and Martingale residuals, and no violations 
of proportional hazards or non-linearity were detected 
for LAI. HRs are presented per SD increase with 95% CIs 
and by the top quartile versus the lowest serving as refer-
ence. These analyses were minimally adjusted by BMI 
and fully adjusted for known CVD risk factors: age, dyslip-
idemia, hypertension, smoking, diabetes, BMI, inflam-
matory markers such as interleukin-6 (IL-6), insulin, and 

C reactive protein, and Agatston CAC score. Subgroup 
analyses of HRs by sex (male/female) and race/ethnicity 
(non-Hispanic White, Chinese, non-Hispanic Black, 
Hispanic) were also calculated. The cumulative inci-
dence for CVD events stratified by quartiles of LAI was 
calculated using one minus the Kaplan-Meier survival 
estimate. Additionally, we have calculated the cumula-
tive incidence of all CVD among those who fall in the 
top quartile of CAC score versus LAI versus both. Group 
differences were determined using the log-rank test.

Figure 2  Liver attenuation index by race/ethnicity. HU, Hounsfield units.

Figure 3  Liver attenuation index in individuals with diabetes versus without diabetes at baseline examination. HU, Hounsfield 
units.
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RESULTS
Baseline characteristics and liver-related measurements 
by quartiles of the study group are presented in table 1. 
Higher quartiles of LAI were more often male and 
of higher BMI. Current alcohol usage and drinks per 
week were consistent across quartiles of LAI, except the 
lowest quartile, which had one alcoholic drink per week, 
compared with two drinks per week for the remaining 
quartiles. An average of 221.7±164.9 cubic centimeters 
(CC) of liver was analyzed in our study. On average, 
males had higher liver volume in the scanned image, 
higher LAI, and higher US-FLI scores than females 
(p<0.0001). Hispanic participants had higher LAI scores 
than non-Hispanic White, Chinese, and non-Hispanic 
Black participants (p<0.001) (figure  2). In univariate 
analysis, cases with incident CVD events had higher LAI 
scores than those who did not (42.5% (95% CI 41.7% to 
43.4%) vs 40% (39.8% to 40.5%), respectively, p<0.0001). 
These differences remained statistically significant after 
adjustment for BMI (p<0.0001) and all CVD risk factors 
(p=0.03). Additionally, individuals with type 2 diabetes 
at baseline had higher LAI scores than those without 
(47.5% vs 39.4%, p<0.0001) (figure 3).

LAI scores had moderate correlation with log-
transformed US FLI scores (R=0.57, p<0.0001) (figure 4). 
Among CVD risk factors, LAI scores had moderate correla-
tion with BMI (R=0.56, p<0.0001) and insulin (R=0.47, 
p<0.0001), and weak correlation with HDL (r=−0.30, 

p<0.0001), glucose (R=0.31, p<0.0001), triglycerides 
(R=0.24, p<0.0001), and IL-6 (R=0.28, p<0.0001. Little 
correlation was seen with age (R=−0.03, p=0.0128).

Over a mean follow-up of 12.4 years, 751 total CVD 
events occurred (1.1 per 100 person-years), including 
499 CHD events (0.7 per 100 person-years), 236 stroke 
events (0.3 per 100 person-years), and 1343 all-cause 
mortality events (1.9 per 100 person-years). Of these, 
457 (60.9%) CVD events occurred in males and 294 
(39.1%) in females, 330 (66.1%) CHD events occurred 
in males and 169 (33.9%) in females, 122 (51.7%) stroke 
events occurred in males and 112 (48.3%) in females, 
and 747 (55.6%) mortality events in males and 596 
(44.4%) mortality events in females. Participants in the 
highest LAI quartile (>50%) had significantly higher inci-
dent CVD over 15 years than those in the lowest quar-
tile (<30%): 19.2% (95% CI 17.1% to 21.5%) vs 11.7% 
(9.5% to 14.3%), respectively, p<0.0001 (figure  5a). 
These differences remained even after adjustment for 
BMI (figure 5b) and diabetes (figure 5c). Participants in 
the highest quartile of both LAI and CAC score (n=386) 
experienced 37.3% (32.3% to 42.7%) incidence of all 
CVD over 15 years (figure 6).

Analysis of quartile-based HRs
In fully adjusted models, individuals in the highest quar-
tile of LAI (Q4) had higher risks of CVD (HR 1.43, 95% 
CI 1.08 to 1.89), stroke (HR 1.77, 95% CI 1.09 to 2.88), 

Figure 4  Spearman’s correlation between artificial intelligence-cardiovascular disease (AI-CVD) liver measurements and 
CVD risk factors. BMI, body mass index; BP, blood pressure; HDL, high-density lipoprotein; HU, Hounsfield units; LAI, liver 
attenuation index; LDL, low-density lipoprotein.
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and all-cause mortality (HR 1.36, 95% CI 1.10 to 1.67) 
compared with those in the lowest quartile (Q1), inde-
pendent of CVD risk factors and the Agatston CAC score. 
However, the association with CHD was not statistically 
significant (HR 1.29, 95% CI 0.91 to 1.83) (table 2).

In BMI-adjusted models, females in the highest quar-
tile of LAI (Q4) compared with the lowest quartile (Q1) 

showed a higher risk of CVD (HR 1.42, 95% CI 0.93 to 
2.16) and CHD (HR 1.20, 95% CI 0.66 to 2.17), although 
these associations were not statistically significant 
(table 2). The association between LAI Q4 and all-cause 
mortality showed significantly increased risk compared 
with Q1 (HR 1.51, 95% CI 1.12 to 2.03). Females in 
the third quartile (Q3) also exhibited a significantly 

Figure 5  (a–c) 15-year cardiovascular disease (CVD) incidence by liver attenuation index (LAI), adjusted for body mass index 
(BMI), diabetes, interleukin (IL)-6, and insulin.

Figure 6  15-year cardiovascular disease (CVD) incidence by liver attenuation index (LAI) and Agatston coronary artery 
calcium (CAC) score.
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elevated risk of mortality compared with Q1 (HR 1.44, 
95% CI 1.12 to 1.86) (online supplemental table 1). After 
further adjustment by all CVD risk factors and Agatston 
CAC score, the risk of mortality remained elevated for 
women in LAI Q3 vs Q1 (HR 1.34, 95% CI 1.04 to 1.74). 
However, the association with CVD for females in Q4 
vs Q1 remained insignificant (HR 1.18, 95% CI 0.76 to 
1.82) along with Q3 vs Q1 and Q2 vs Q1.

In BMI-adjusted models, males in the highest quartile 
of LAI (Q4) had a significantly increased risk of CVD 
(HR 1.54, 95% CI 1.08 to 2.20) and stroke (HR 2.59, 95% 
CI 1.37 to 4.90) compared with Q1 (table  2). Elevated 
risk of mortality was observed (HR 1.29, 95% CI 0.99 to 
1.68) but was not statistically significant, as the CI crossed 
1. The third quartile (Q3) also showed elevated risks for 
CVD (HR 1.46, 95% CI 1.08 to 1.99), stroke (HR 2.11, 
95% CI 1.21 to 3.67), and mortality (HR 1.41, 95% CI 1.12 
to 1.78) (online supplemental table 2). In fully adjusted 
models, the highest quartile of LAI in males remained 
significantly associated with stroke risk (HR 2.05, 95% CI 
1.09 to 3.86) compared with Q1 and Q3 showed a border-
line significant stroke risk compared with Q1 (HR 1.76, 
95% CI 1.00 to 3.09). The association with mortality was 
no longer significant (HR 1.07, 95% CI 0.82 to 1.41).

Analysis of continuous HRs
In males, each SD increase in LAI was associated with 
an HR of 1.14 (95% CI 1.01 to 1.28) for CVD events, 
independent of CVD risk factors plus Agatston CAC 
score. Each SD decrease of liver mean attenuation was 
associated with similar, but slightly lower risk (HR 0.89, 
95% CI 0.78 to 1.0). For stroke events, the HR per SD 
increase of LAI was 1.31 (95% CI 1.04 to 1.66), indepen-
dent of CVD risk factors plus Agatston CAC score. Each 
SD decrease in liver mean attenuation was not significant 

for stroke events (HR 0.81, 95% CI 0.64 to 1.02, p=0.16). 
In females, the HR per SD increase of LAI for mortality 
was 1.16 (95% CI 1.04 to 1.29) after adjustment for other 
CVD risk factors plus CAC score. Each SD decrease of 
liver mean attenuation was associated with similar risk 
(HR 0.83, 95% CI 0.72 to 0.95). No significant association 
with incident CVD was observed in females after adjust-
ment for CVD risk factors plus Agatston CAC score.

Among non-Hispanic White individuals, each SD 
increase in LAI was significantly associated with CVD 
events (HR 1.17, 95% CI 1.0 to 1.36) independently of 
other CVD risk factors plus CAC score. In non-Hispanic 
Black individuals, a significant association was observed 
for overall mortality (HR 1.17, 95% CI 1.03 to 1.33); simi-
larly, in Hispanic individuals, LAI was significantly associ-
ated with higher overall mortality (HR 1.23, 95% CI 1.04 
to 1.46). No significant associations were found in the 
Chinese subgroup independent of CVD risk factors plus 
CAC score.

DISCUSSION
To our knowledge, this is the first AI-generated oppor-
tunistic CT quantification of liver steatosis in CAC scans 
that analyzed the entire liver within the field of view. We 
found that the LAI is a predictor of CVD events and all-
cause mortality independent of traditional risk factors. 
Notably, the association with CVD events and all-cause 
mortality remained when adjusting for CAC score. The 
LAI approach led to slightly improved discrimination 
for CVD events compared with using the liver mean HU. 
When analyzing the time-dependent receiver operating 
characteristic (ROC) curve and the area under the curve 
(AUC) for LAI+CVD risk factors compared with CVD risk 
factors alone, we did not observe a significant difference. 

Table 2  Minimally and fully adjusted HRs of incident CVD by the fourth quartile (Q4) vs first quartile (Q1) of LAI

Overall: LAI Q4 vs Q1* Male: LAI Q4 vs Q1† Female: LAI Q4 vs Q1‡

BMI-adjusted HRs

CVD 2.01 (1.54, 2.61) 1.54 (1.08, 2.2) 1.42 (0.93, 2.16)

CHD 1.96 (1.41, 2.71) 1.42 (0.94, 2.15) 1.2 (0.66, 2.17)

Stroke 2.07 (1.31, 3.27) 2.59 (1.37, 4.9) 1.28 (0.75, 2.21)

Mortality 1.69 (1.4, 2.05) 1.29 (0.99, 1.68) 1.51 (1.12, 2.03)

Fully adjusted HRs§

CVD 1.43 (1.08, 1.89) 1.3 (0.91, 1.86) 1.18 (0.76, 1.82)

CHD 1.29 (0.91, 1.83) 1.22 (0.8, 1.86) 0.89 (0.48, 1.65)

Stroke 1.77 (1.09, 2.88) 2.05 (1.09, 3.86) 1.08 (0.62, 1.9)

Mortality 1.36 (1.1, 1.67) 1.07 (0.82, 1.41) 1.25 (0.92, 1.71)

*LAI quartiles: Q1 (<30%), Q2 (30.0%–41.0%), Q3 (41.1%–50.0%), Q4 (>50.0%).
†Male LAI quartiles: Q1 (<34.1%), Q2 (34.1%–43.5%), Q3 (43.6%–52.4%), Q4 (>52.4%).
‡Female LAI quartiles: Q1 (<27.0%), Q2 (27.0%–37.8%), Q3 (37.9%–47.5%), Q4 (>47.5%).
§Fully adjusted covariates: age, dyslipidemia, hypertension, smoking, diabetes, BMI, interleukin-6, insulin, C reactive protein, and Agatston 
CAC score.
BMI, body mass index; CAC, coronary artery calcium; CHD, coronary heart disease; CVD, cardiovascular disease; LAI, liver attenuation 
index.

B
M

J O
pen D

iabetes R
esearch &

 C
are: first published as 10.1136/bm

jdrc-2024-004760 on 12 A
pril 2025. D

ow
nloaded from

 https://drc.bm
j.com

 on 13 M
ay 2026 by guest.

P
rotected by copyright, including for uses related to text and data m

ining, A
I training, and sim

ilar technologies.

https://dx.doi.org/10.1136/bmjdrc-2024-004760
https://dx.doi.org/10.1136/bmjdrc-2024-004760


9BMJ Open Diab Res Care 2025;13:e004760. doi:10.1136/bmjdrc-2024-004760

Cardiovascular and metabolic risk

However, we found people in the highest quartile of 
both LAI and CAC score experienced a higher inci-
dence of CVD events compared with those in the highest 
quartile of CAC score or LAI alone. Our AI-enabled 
approach differs from previously reported methods in 
which liver attenuation was measured in small regions 
of interest.7 9 12 26–28 Our approach may provide more 
robust measurements because it allows the heterogeneity 
of fat deposition throughout the liver to be captured. 
Furthermore, we demonstrated correlations between LAI 
and known cardiometabolic risk factors such as obesity, 
dyslipidemia, and diabetes.

Our findings are in line with prior studies in MESA 
and other cohorts using a manual method of measuring 
NAFLD defined by a liver-to-spleen ratio below 1.0. In 
these manual methods, the measurements were done 
in approximately 1 cm radii in the anterior and poste-
rior lobes of liver, and one sample in the spleen. These 
studies found NAFLD was associated with incident non-
fatal CHD and all-cause mortality after adjusting for 
traditional risk factors.29–31 We found LAI varied signifi-
cantly by race/ethnicity and was the highest in Hispanic 
subjects, consistent with a previous study in MESA in 
which Hispanic subjects experienced the highest propor-
tion of NAFLD classified using the liver-to-spleen ratio.32 
Despite adjustments for known CVD risk factors, we are 
unable to conclude whether increased CVD and all-
cause mortality risks are directly linked to high LAI or 
mediated by diabetes, which is linked to liver steatosis. 
The pathogenesis linking steatosis with type 2 diabetes is 
complex, and accumulating evidence now indicates the 
two are strongly related.33 Liver steatosis, reflected in an 
elevated LAI score, is a strong predictor of incident type 2 
diabetes, which in turn leads to excess CVD and mortality, 
as reported by investigators in other cohorts.34–36 The 
strong relationship between liver steatosis and develop-
ment of type 2 diabetes has also been validated in previous 
studies in MESA using manually measured liver atten-
uation in chest CT.37–39 A recent meta-analysis of 2877 
participants undergoing CCT found that the presence of 
hepatic steatosis was associated with a twofold increase in 
risk of high-risk coronary plaque.40 It is noteworthy that 
as photon-counting multispectral CT scanners become 
increasingly available, the accuracy of CT quantification 
of fatty liver may rival that of MRI.41 42

Early disease detection is a prerequisite for primary 
prevention. CAC screening, with opportunistic extraction 
of actionable information (using existing guidelines and 
care pathways), is a promising approach for early detec-
tion of multiple conditions including CHD, heart failure, 
atrial fibrillation, stroke, osteoporosis, steatosis, and 
other abnormalities that often interplay and contribute 
to poor outcomes.15–18 20 43 44 Additionally, the same tech-
nique can be applied to both abdominal and non-gated 
lung cancer screening scans, potentially reaching a larger 
population who may not be actively seeking CVD risk 
assessment. Our approach can best serve primary care 
doctors because MRI and ultrasound imaging of liver fat 

are unavailable for primary care settings and cannot be 
performed as an add-on opportunistically. In contrast, 
our AI software is readily accessible in such settings, 
providing a significant advantage from a public health 
perspective.

For example, the AI software can function as an oppor-
tunistic screening tool within the background of radiology 
picture archiving and communication system, flagging 
high-risk individuals for follow-up, many of whom might 
not have previously undergone cardiovascular risk factor 
assessment.

Others have reported similar opportunistic measure-
ments in CT scans.45 With the expansion of AI-enabled 
early detection, it is imperative for professional societies 
from diverse disciplines—such as cardiology, pulmon-
ology, endocrinology, gastroenterology/hepatology and 
lung cancer—to collaborate in developing guidelines 
for implementing opportunistic disease assessments to 
improve patient care. In this context, one can antici-
pate future ‘incidental’ findings to become ‘intentional’ 
findings.

In this study, after adjustment for BMI, Black individ-
uals had the lowest LAI, while Hispanic individuals had 
the highest LAI. However, we have observed a higher risk 
of all-cause mortality in both Black and Hispanic individ-
uals with higher LAI. While we acknowledge that certain 
AI algorithms may enforce unwanted and unconscious 
biases that perpetuate existing healthcare disparities, 
particularly related to race and ethnicity, we do not antic-
ipate such biases in our results. The reason is that the 
AI-CVD liver segmentation only identifies the liver and 
reports the percentage of liver voxels with HU <40. There 
is no AI interpretation regarding sex or race/ethnicity 
in this process. Furthermore, as the largest multi-ethnic 
study of CVD risk factors, MESA recruited a diverse popu-
lation from six US communities, representing various 
races and ethnicities (Baltimore, Maryland; Chicago, 
Illinois; Forsyth County, North Carolina; Los Angeles 
County, California; Northern Manhattan, New York; and 
St. Paul, Minnesota), which included non-Hispanic White 
(38%), non-Hispanic Black (28%), Chinese (11%), and 
Hispanic (11%) individuals.

Limitations
A potential limitation of the approach used for liver 
quantification in this study is that the volume analyzed 
may include vessels and other structures that are not part 
of the liver parenchyma. Additionally, this technique 
may be more sensitive to image noise and thus its useful-
ness in low-dose CT scans needs to be further evaluated; 
however, we adjusted voxel thresholds to the (−30, 70) 
HU range and adjusted for BMI to minimize the impact 
of noise in this study.

Another limitation of our study is that MESA does not 
have information on how many participants had NAFLD/
ALD at baseline. While reported current alcohol use did 
not differ significantly between quartiles of LAI, those in 
the lowest quartile of LAI (<32%) reported 50% fewer 
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drinks per week compared with others (1 (0–5) drink per 
week vs 2 (0–6)).

CONCLUSION
Analysis of LAI based on the entire liver visible in CAC 
scans provides opportunistic and actionable information 
for early detection of patients at elevated risk of CVD 
events and all-cause mortality. The clinical utility of incor-
porating LAI along with other opportunistic findings in 
CAC scans as part of the AI-CVD initiative to improve CVD 
risk prediction warrants investigation in other cohorts.
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