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Abstract

Background and Aims—Fat radiodensity, as measured by fat attenuation on computed 

tomography (CT), has emerged as a potential biomarker of “fat quality.” We sought to 

characterize the relationship between fat radiodensity and quantity in subcutaneous, visceral, and 

intermuscular fat depots, and its role in inflammation, insulin resistance, and metabolic syndrome 

(MetS).

Methods and Results—We studied 1,511 individuals from the Multi-Ethnic Study of 

Atherosclerosis who underwent CT for measurement of regional fat distribution and radiodensity, 

along with biomarker assessments and adjudication of incident metabolic syndrome (MetS). 

Linear, logistic and Cox regression analyses were used to measure association between fat 

radiodensity and (1) fat quantity, (2) biomarkers of cardiometabolic dysfunction, and (3) both 

prevalent and incident MetS. In each fat depot, radiodensity was strongly and inversely associated 

with quantity (e.g., visceral fat radiodensity vs. quantity: ρ=−0.82, P<0.01). After adjustment for 
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age, sex and race, lower visceral fat radiodensity was associated with greater C-reactive protein, 

leptin and insulin, but lower adiponectin (P<0.01 for all). After full adjustment for cardiovascular 

disease risk factors, visceral (but not subcutaneous or intermuscular) fat radiodensity was 

associated with prevalent MetS (OR=0.96, 95% CI=0.93–0.99, P=0.01). Moreover, lower visceral 

fat radiodensity was associated with incident MetS after the same adjustment (HR=0.95, 95% CI 

0.93–0.98, P<0.01). However, this association became non-significant after further adjustment for 

visceral fat quantity.

Conclusion—Fat radiodensity is strongly correlated with fat quantity and relevant inflammatory 

biomarkers. Fat radiodensity (especially for visceral fat) may be a complementary, easily assessed 

marker of cardiometabolic risk.

INTRODUCTION

Human obesity harbors distinct metabolic phenotypes within its traditional definition of a 

body mass index (BMI) > 30 kg/m2.1–3 Against a backdrop of “metabolically healthy” and 

“metabolically unhealthy” obese individuals, visceral adiposity is now a well-established 

cardiometabolic risk factor, which may differentiate human obesity phenotypes3. Although 

methods to measure adipose tissue (e.g., magnetic resonance imaging or positron emission 

tomography) have been proposed to examine adipose tissue lipid composition, metabolic 

activity, and inflammation, their implementation remains complex and relatively 

inaccessible to a population studies.

Most investigation in the field of ectopic fat has centered on the importance of visceral 

adipose tissue quantity1, 3. More recently, investigations in the Framingham Heart Study 

have demonstrated that the radiodensity of subcutaneous and visceral fat by computed 

tomography (CT; termed “fat quality”) is associated with cardiovascular, metabolic, and 

clinical risk, independent of fat volume4–6. However, whether fat radiodensity signifies 

something mechanistically important in adipose tissue remains an open question. As such, 

understanding the relationship between adipose tissue quantity and radiodensity, and their 

relative contributions to metabolic syndrome risk, is important to define a role for these 

imaging parameters in the pathophysiology of obesity.

To address this question, we investigated (1) the interrelationships between fat radiodensity 

and quantity in each compartment (visceral, subcutaneous, and intermuscular) and (2) the 

relationship between radiodensity in these compartments with established biomarkers of 

obesity-related cardiometabolic disease, as well as both prevalent and incident metabolic 

syndrome, in a wellcharacterized group of community-based, multi-racial individuals 

enrolled in the Multi-Ethnic Study of Atherosclerosis (MESA).

METHODS

Participant population

The overall design of the MESA study has been described previously7. At baseline, the 

MESA consisted of 6,814 men and women of White, African American, Chinese American, 

and Hispanic ethnicity enrolled from six sites in the United States who were free of clinical 

cardiovascular disease (history of myocardial infarction, angina pectoris, prior 
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revascularization, heart failure, atrial fibrillation, stroke, or peripheral arterial disease) at 

enrollment. The study design, including demographics, medical history collection, medical 

therapy, and physical examination has been previously described8. The Institutional Review 

Board at each participating institution approved protocols. All participants provided written 

informed consent.

Fat Imaging and Measurement

The first MESA examination began in 2000, with subsequent examinations conducted 

approximately every 2 years. At visits 2 and 3, a random subset of 1,970 MESA participants 

underwent abdominal computed tomography (CT) scanning, in which regional fat 

distribution and radiodensity were evaluated (visceral to subcutaneous fat assessment: exam 

2, 756 visceral/577 subcutaneous; exam 3, 1,172 visceral/1,114 subcutaneous). In the 

current study, we evaluated individuals with full data for visceral and subcutaneous fat 

depots (N=1,687), excluding individuals with missing data for BMI (N=1), history of 

cirrhosis, cancer, or self-reported renal disease at the time of the baseline CT examination 

(N=175), leaving 1,511 participants for this analysis. Among this group, 316 subjects (3 for 

visceral fat, 63 for intermuscular fat and 312 for subcutaneous fat) required use of 

techniques to account for imaging artifacts such as truncation, which have previously been 

described in detail3.

Electron-beam CT scanners were used at Northwestern University and University of 

California, Los Angeles (Imatron C-150), with settings collimation 3 mm, slice thickness 6 

mm, reconstruction using 25 6-mm slices with 35-cm field of view and normal kernel. 

Multi-detector CT scanners were utilized at Columbia University, Wake Forest University, 

and University of Minnesota field centers (Sensation 64, GE Lightspeed; Siemens S4 

Volume Zoom; and Siemens Sensation 16). Image interpretation was blinded to clinical 

information.

We have previously described the quantification of visceral and subcutaneous fat3. We 

defined radiodensity by examining attenuation (in Hounsfield units) within each tissue 

compartment (visceral, subcutaneous and intermuscular). Regions of interest for these 

compartments were segmented using the MIPAV 4.1.2 software (National Institutes of 

Health, Bethesda, MD). Within these areas of interest, lean tissue was defined as an 

attenuation between 0 and 100 HU, while fat tissue was defined as any tissue with 

attenuation between −190 and −30 Hounsfield units (HU). Notably, a higher fat radiodensity 

corresponded to a less negative value for attenuation in Hounsfield units (HU; e.g., 

Hounsfield units closer to zero). Conversely, a lower fat radiodensity corresponded to a 

more negative value for attenuation in HU. All fat quantity parameters were adjusted for 

height, as in our prior work3.

Biomarker assessments

Fasting blood samples drawn at the time of CT scan were assayed for the following 

biomarkers: high-sensitivity C-reactive protein, interleukin-6 (IL-6) and tumor necrosis 

factor (TNF-α; inflammation); fasting glucose, insulin (insulin resistance); adiponectin, 

leptin, and resistin (adiposity-associated inflammation). Biomarker assessments were 

Shah et al. Page 3

Nutr Metab Cardiovasc Dis. Author manuscript; available in PMC 2017 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



performed as previously described9, 10. Metabolic syndrome (MetS) was determined at each 

MESA clinic visit and defined by the updated National Cholesterol Education Panel Adult 

Treatment Panel III guidelines (including waist circumference, serum triglyceride level, high 

density lipoprotein cholesterol, systolic and diastolic blood pressure, and fasting glucose)11.

Statistical analysis

Covariates are expressed as median and interquartile range, and compared using Wilcoxon 

rank-sum tests. Visceral, subcutaneous, and intermuscular fat radiodensity was 

dichotomized by median value, with clinical, biochemical, and imaging variables being 

compared between these medians. We measured cross-sectional associations between fat 

radiodensity and selected adipokines and inflammatory biomarkers (log-transformed) via 

unadjusted and adjusted (for age, race, sex, and regional fat quantity) linear regression 

models. Then, we used logistic regression to examine the association between prevalent 

MetS and fat radiodensity, and discrete time Cox proportional hazards models to quantify 

associations with incident MetS (among those participants without MetS at baseline). 

Multivariable regression models for prevalent MetS were adjusted for age, sex, race, and 

time-varying weight, cigarette smoking, total intentional exercise, waist circumference, 

triglycerides, high-density lipoprotein, systolic and diastolic blood pressure, and fasting 

glucose and fat quantity?. Multivariable regression models for incident MetS were adjusted 

for similar covariates (but included those that were time-varying). Lastly, for both incident 

and prevalent MetS, we adjusted for fat quantity to test the whether association between fat 

radiodensity and metabolic syndrome was independent of this variable. For the MetS 

outcome, effect modification was assessed via multiplicative interaction terms with age (as a 

continuous variable), sex, and race. SAS (version 9.4, SAS Institute, Cary, NC) and R 

(version 3.2, R Foundation for Statistical Computing, Vienna, Austria; http://www.R-

project.org/) were used for all analyses. A two-sided p-value less than 0.05 was considered 

statistically significant.

RESULTS

Baseline characteristics of the study population, stratified by radiodensity

The baseline characteristics of our study population, stratified by median radiodensity for 

each depot are shown in Table 1. In general, and for each fat depot, individuals with higher 

fat radiodensity had a consistently lower body mass index, waist circumference, insulin, 

CRP and prevalence of metabolic syndrome, while having higher adiponectin levels. In 

addition, MESA participants with higher fat radiodensity had lower fat quantity in each 

adipose tissue depot (e.g., higher visceral fat density was associated with lower visceral fat 

quantity). This finding led us to investigate the association between adipose tissue 

radiodensity and quantity in each compartment and with clinical anthropometric markers of 

obesity. Visceral fat radiodensity was significantly and inversely correlated with BMI (ρ=

−0.55) and waist circumference (ρ=−0.58; both P<0.01). Similarly, subcutaneous fat 

radiodensity was inversely associated with BMI (ρ=−0.46) and waist circumference (ρ=

−0.45; both P<0.01). Finally, intermuscular fat radiodensity was inversely associated with 

BMI (ρ=−0.44) and waist circumference (ρ=−0.51; P<0.01 for both).
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There was a significant inverse correlation between fat quantity and radiodensity in each 

regional tissue compartment, with a lower radiodensity associated with higher fat quantity. 

More specifically, lower radiodensity of visceral fat was associated with higher visceral fat 

quantity (ρ=−0.82, P<0.01), with similar results for the subcutaneous (ρ=−0.61, P<0.01) and 

intermuscular fat depots (ρ=−0.69, P<0.0001; Figure 1A). In addition to correlations within 

each compartment, we also observed significant interrelationships between visceral and 

subcutaneous fat density and quantity (displayed graphically in Figure 1B). For example, 

higher subcutaneous fat radiodensity was associated with lower visceral and intermuscular 

fat quantities, as well as higher fat radiodensities in those depots.

Fat radiodensity is associated with inflammatory biomarkers of cardiometabolic risk, 
independent of clinical risk factors

We then tested whether fat radiodensity in each compartment was associated with 

circulating biomarkers of cardiometabolic risk, inflammation, and adipocyte biology. 

Unadjusted and adjusted (age, sex, race, fat quantity) regression coefficients in multivariable 

regression for selected adipokines are shown in Table 2. After adjustment for age, sex, race/

ethnicity, and fat quantity, a higher visceral fat radiodensity was associated with lower CRP, 

leptin and fasting insulin, but higher adiponectin. Similarly, higher radiodensity in 

subcutaneous and intermuscular fat depots was associated with lower markers of 

inflammation and insulin resistance.

Visceral but not subcutaneous or intermuscular fat radiodensity is associated with 
increased prevalent metabolic syndrome after adjustment for risk factors

Of the 1,511 MESA participants, 491 (32.5%) had metabolic syndrome (by ATP III criteria) 

at the CT examination for adiposity assessment. In unadjusted logistic regression analyses, 

each Hounsfield unit increase in visceral fat radiodensity (higher radiodensity by 1 HU 

toward zero attenuation) was associated with a 12% reduced odds of MetS (OR=0.88, 95% 

confidence interval CI=0.86–0.90, P<0.01), which was not significant after adjustment for 

visceral fat quantity and other clinical covariates (OR=0.99, 95% CI=0.95–1.03, P=0.57). 

Similarly, each Hounsfield unit increase in subcutaneous fat radiodensity was associated 

with reduced odds of prevalent MetS (OR=0.90, 95% CI 0.88–0.92, P<0.01), but this did not 

persist after adjustment (OR = 0.97, 95% CI 0.93–1.01, P=0.13). Finally, each Hounsfield 

unit increase in intermuscular fat radiodensity was associated with decreased odds of 

prevalent MetS (OR=0.88, 95% CI 0.86–0.91, P<0.01), which became borderline significant 

after full adjustment (OR = 0.96, 95% CI 0.90–1.01, P=0.09). There was no evidence of 

significant interaction between age, race, or gender on the association between radiodensity 

in any fat depot and prevalent MetS.

Visceral fat radiodensity is associated with incident metabolic syndrome

We studied 1,020 MESA participants (of our overall population of 1,511) without MetS at 

baseline to investigate the relationship between radiodensity and incident MetS. The median 

follow-up for this group was 6.1 years (IQR 1.9–6.8), and 240 incident MetS events were 

observed. In unadjusted analyses, higher fat radiodensity (less negative HU values) and 

lower fat quantity in every compartment (visceral, subcutaneous, and intermuscular) were 

associated with decreased risk of incident MetS (Table 3). After multivariable adjustment 
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for age, gender, race, and time-varying weight, cigarette smoking, total intentional exercise, 

waist circumference, triglycerides, high-density lipoprotein, systolic and diastolic blood 

pressure, and fasting glucose, both higher visceral fat quantity (per 100 cm2/m; HR 1.28, 

95% CI 1.17–1.39, P<0.01) and lower visceral fat radiodensity (per HU increase in 

Hounsfield unit toward zero attenuation; HR 0.95, 95% CI 0.93–0.98, P<0.01) were 

significantly associated with incident MetS. Conversely, neither subcutaneous or 

intermuscular fat radiodensity or quantity were associated with MetS with full adjustment. 

Notably, when both visceral fat radiodensity and quantity were included in the same model, 

only visceral fat quantity (HR 1.30, 95% CI 1.16–1.46, P<0.01), but not visceral fat 

radiodensity (HR 1.01, 95% CI 0.97–1.05, P=0.62; Table 3), remained associated with 

incident MetS,. An adjusted Kaplan-Meier survival curve for visceral fat radiodensity and 

quantity is presented in Figure 2. There was no effect modification in any model by age, sex, 

or race.

DISCUSSION

In a large, community-based, multi-racial, multi-ethnic population, we demonstrated a 

strong association between fat radiodensity and fat quantity in subcutaneous, visceral, and 

intermuscular fat depots. Specifically, we found that visceral fat radiodensity was strongly 

associated with visceral fat quantity, a finding that was similar for subcutaneous and 

intermuscular fat. In addition, we found that lower fat radiodensity was associated with 

higher levels of circulating biomarkers of inflammation, insulin resistance and adiponectin, 

suggesting its role as a marker of dysfunctional adiposity. However, while visceral fat 

radiodensity was significantly associated with prevalent and incident MetS after adjustment 

for the CVD risk factors, further adjustment for visceral fat quantity attenuated these 

associations such that they were no longer significant. Collectively, these findings suggest 

that fat radiodensity (particularly in the visceral fat compartment) is a clinically important, 

rapidly assessed imaging biomarker of dysfunctional adipose tissue biochemistry, but may 

not be independent of total visceral fat quantity in predicting future metabolic syndrome.

Visceral adiposity is a well-established index of metabolically active, “dysfunctional” 

fat12–15. Alongside these epidemiologic investigations indicating a prognostic role for 

regional fat in metabolic disease, studies in animal models of obesity and obese humans 

have suggested that histologic characteristics within adipose tissue identify particularly 

pathologic fat16–18. A variety of histologic alterations have been described within adipose 

tissue, namely macrophage infiltration16–18, decreased vascularity19, fibrosis20–22, browning 

of white adipose tissue23, and adipocyte hypertrophy in response to excessive caloric 

consumption24. Although these characteristics have been associated with systemic 

inflammation and insulin resistance16–18—hallmarks of obesity-related cardiometabolic 

illness—there have been few imaging methods to characterize the “quality” of regional fat 

compartments. Given observations that not all types of fat equally affect cardiometabolic 

risk, widely clinically translatable imaging methods to clarify fat quality may provide further 

risk stratification for cardiometabolic disease and a therapeutic target in studies of metabolic 

interventions across obesity. While positron emission tomography and magnetic resonance 

can identify fat inflammation, browning, vascularity, inflammation and are critical to 
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research applications, these modalities are limited for widespread utilization, radiation, and 

complexity in acquisition that limit enthusiasm for their widespread clinical use.

In this regard, fat attenuation by CT has been proposed as a marker of fat “quality”4–6. In a 

cross-sectional analysis of 3,198 individuals from Framingham, Rosenquist and colleagues 

demonstrated that lower attenuation in both visceral and subcutaneous adipose tissue was 

associated with a higher risk of hypertension, insulin resistance, and metabolic syndrome, 

independent of fat quantity. Of note, these investigators observed a similar degree of 

association between fat density and quantity as we observed in the MESA study (e.g., for 

visceral fat attenuation versus quantity, r=−0.72–0.75, depending on sex). These 

investigators have also recently identified a quantity-independent association of CT fat 

attenuation with all-cause and cancer-related mortality6 and with preferential regional 

expansion of visceral vs. subcutaneous fat (a deleterious fat distribution profile)25.

Nevertheless, studies investigating the histologic basis for changes in fat radiodensity in 

adipose tissue are limited. In a small study of rats undergoing cold stimulation for brown 

adipose tissue activation, Baba and colleagues demonstrate a concordant increase in CT 

attenuation (toward greater radiodensity) with decreased lipid content and activation of 

brown adipose tissue by positron emission tomography, suggesting that in some adipose 

tissue subtypes, short-term changes in attenuation may accompany alterations in lipid 

concentration26. Recent work pre- and post-gastric bypass surgery suggest dynamic changes 

in CT radiodensity in visceral and subcutaneous fat that parallel improvements in 

cardiometabolic health and systemic inflammatory biomarkers27. In this report, we extend 

work in this emerging field by exploring the associations of fat radiodensity with multiple 

biomarkers of adipocyte function and inflammation, as well as examining fat quantity-

independent associations with the metabolic syndrome. Using complementary biomarkers of 

obesity and cardiometabolic disease, we demonstrate that a more negative fat attenuation 

(reduced fat radiodensity, or presumed “poorer” fat quality) is associated with greater 

inflammation (by C-reactive protein), insulin resistance (fasting insulin), dyslipidemia, and a 

lower adiponectin concentration. In concert with seminal data from the Framingham 

investigators, these findings provide further evidence that fat radiodensity may provide 

useful information on metabolic risk.

One important finding in this study was the strong relationship between fat density and 

quantity. While regional fat quantity is considered a sine qua non of metabolic risk in 

obesity, the quantitation of visceral and subcutaneous fat generally involves semi-automated 

contouring, delineation of subcutaneous and visceral fat compartments, and imaging at 

multiple abdominal levels. In addition, extremely obese individuals may have visceral fat 

depots that fall outside of the field of view of the CT scan, necessitating methods for 

imputation3. Our results suggest that an average measure of attenuation within visceral (and 

subcutaneous or intermuscular) fat depots may be a useful, rapidly assessed surrogate for 

cardiometabolic disease. While we did not find that radiodensity was independent of 

quantity in predicting metabolic syndrome risk, given the widespread use of abdominal and 

thoracic CT imaging in cardiovascular (and general medical) diseases, assessment of fat 

attenuation may provide a rapid complementary assessment of risk. In addition, while 

imputation methods may be necessary for fat quantity, fat radiodensity generally does not 
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require this approach, and therefore may be a more robust marker. Further investigation of 

changes in fat attenuation (preferably with directed metabolic interventions) is warranted.

Our study included a large, well-phenotyped, multi-racial, multi-ethnic population with 

biomarker studies and careful regional fat phenotyping. However, the study has several 

important limitations. We did not have histologic confirmation of inflammation, altered lipid 

content, or adipocyte size in this study. Nevertheless, the association of CT radiodensity 

with biomarkers of dysfunctional adiposity and inflammation suggests a role for “fat 

quality” in cardiometabolic disease. In addition, we did not explore the dynamic change of 

fat radiodensity (using serial CT scans) in this study; this is an area of active research, and 

large studies with serial changes in fat radiodensity with serial biomarkers and histologic 

assessments over time in individuals with and without metabolic syndrome are warranted. 

Finally, metabolic assessments of fat (e.g., using positron emission tomography, as has been 

reported by other investigators28) would provide interesting comparisons for CT fat 

radiodensity, and represent areas of active research.

In conclusion, in a large, multi-racial, multi-ethnic population of American adults, we show 

a strong association between fat radiodensity (as assessed by CT attenuation) and fat 

quantity in visceral, subcutaneous, and intermuscular fat depots. We further demonstrate that 

fat radiodensity is associated with mechanistically relevant biomarkers of dysfunctional fat, 

including inflammation, insulin resistance, and adiponectin. Finally, we show that fat 

radiodensity in each depot is significantly associated with prevalent and incident metabolic 

syndrome (though not necessarily independent of visceral fat quantity for the latter). Future 

studies utilizing metabolic interventions that may fundamentally alter fat radiodensity may 

assist in understanding the pathobiology of adipose tissue.
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Highlights

• Fat radiodensity is strongly linked to total visceral, subcutaneous and 

intermuscular fat

• Fat radiodensity is associated with metabolic syndrome and markers of 

adipocyte dysfunction

• Fat radiodensity is a useful, rapid marker of cardiometabolic risk

• Fat radiodensity reflects the adverse biochemical phenotype of obesity
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FIGURE 1. 
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Associations between height-indexed visceral, subcutaneous, and intermuscular fat area and 

fat radiodensity. Panel (A) shows scatterplots of relationship between fat quantity (y-axis) 

and radiodensity (x-axis) across all abdominal tissue compartments. Panel (B) shows cross-

correlations between fat radiodensity and quantity across visceral, subcutaneous, and 

intermuscular fat. All correlations are Spearman coefficients.
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FIGURE 2. 
Adjusted Kaplan-Meier survival curve for incident metabolic syndrome (MetS), stratified by 

median fat density and quantity. MESA examination refers to the time after the initial CT 

(which was performed at either MESA examination 2 or 3). The model was adjusted for age, 

gender, race, and time-varying weight, cigarette smoking, total intentional exercise, waist 

circumference, triglycerides, high-density lipoprotein, systolic and diastolic blood pressure, 

and fasting glucose. P values for comparison between strata are presented.
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