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Abstract
Context: The menopause transition is accompanied by declines in the atheroprotective features of high-density lipoprotein (HDL), which are 
linked to deleterious cardiovascular (CV) outcomes.
Objective: This work aimed to assess the relationship between abdominal and CV visceral adipose tissues (VAT) with future HDL metrics in 
midlife women, and the role of insulin resistance (IR) on these associations.
Methods: Temporal associations compared abdominal and CV fat with later measures of HDL metrics. This community-based cohort com-
prised 299 women, baseline mean age 51.1 years (SD: 2.8 years), 67% White, 33% Black, from the Study of Women’s Health Across the Nation 
(SWAN) HDL ancillary study. Exposures included volumes of abdominal VAT, epicardial AT (EAT), paracardial AT (PAT), or perivascular AT (PVAT). 
Main outcomes included HDL cholesterol efflux capacity (HDL-CEC); HDL phospholipids (HDL-PL), triglycerides (HDL-Tgs), and cholesterol (HDL-
C); apolipoprotein A-I (ApoA-I), and HDL particles (HDL-P) and size.
Results: In multivariable models, higher abdominal VAT was associated with lower HDL-CEC, HDL-PL, HDL-C, and large HDL-P and smaller HDL 
size. Higher PAT was associated with lower HDL-PL, HDL-C, and large HDL-P and smaller HDL size. Higher EAT was associated with higher small 
HDL-P. Higher PVAT volume was associated with lower HDL-CEC. The Homeostatic Model Assessment of Insulin Resistance partially mediated 
the associations between abdominal AT depots with HDL-CEC, HDL-C, large HDL-P, and HDL size; between PVAT with HDL-CEC; and PAT with 
HDL-C, large HDL-P, and HDL size.
Conclusion: In midlife women, higher VAT volumes predict HDL metrics 2  years later in life, possibly linking them to future CV disease. 
Managing IR may preclude the unfavorable effect of visceral fat on HDL metrics.
Key Words: abdominal visceral fat, cardiovascular fat, high-density lipoproteins, midlife women
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sulin resistance; LCAT, lecithin-cholesterol acyltransferase; LDL-C, low-density lipoprotein cholesterol; MRL, medical research laboratory; MT, menopause 
transition; NMR, nuclear magnetic resonance; PAT, paracardial adipose tissue; PVAT, perivascular aortic adipose tissue; SWAN, Study of Women’s Health 
Across the Nation; Tgs, triglycerides; VAT, visceral adipose tissue.

The 2020 American Heart Association Scienti!c Statement on 
“Menopause transition and cardiovascular disease risk: implica-
tions for timing of early prevention” highlighted the detrimental 
role of the menopause transition (MT) on cardiovascular disease 
(CVD) risk in women (1). This statement emphasized the import-
ance of understanding the deleterious changes in CVD risk fac-
tors that accompany this vulnerable period in women’s lives (1).

The MT has been linked to unfavorable changes in 
cardiometabolic risk factors related to lipids, metabolic 
syndrome, vascular health, and adipose tissue (AT) distribu-
tion (1). Alterations in the lipoprotein pro!le, as evidenced 
by increases in total cholesterol and low-density lipopro-
tein cholesterol (LDL-C), occur as women progress through 
menopause (2). However, the effect of the MT on high-density 
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lipoproteins (HDLs) is more complex and the !ndings from 
earlier studies are con"icting (3).

The major antiatherogenic function of HDL is mediated 
by the ef"ux of cholesterol from macrophages through a 
process called reverse cholesterol transport (4, 5). The well-
known atheroprotective abilities of HDL may be comprom-
ised during the MT, and levels of HDL-cholesterol (HDL-C) 
during and after the MT may not fully re"ect those changes 
(6). Recent studies suggest that more novel metrics, which 
evaluate the function, lipid contents, and subclasses of HDL, 
may provide a better understanding of the alterations in the 
cardioprotective functions of the HDL that occur as women 
progress through menopause. Findings from the Study of 
Women’s Health Across the Nation (SWAN) HDL ancillary 
study and Multi-Ethnic Study of Atherosclerosis (MESA) 
suggest that despite increases in HDL-C over the MT, adverse 
changes in HDL function, composition, and subclass distri-
bution may occur, indicating a potential dysfunctionality in 
HDL during midlife (6, 7). For instance, the SWAN HDL 
ancillary study reported that the triglyceride (Tg) content 
of HDL increases over the MT as HDL function declines 
per particle (P), and that the subclass distribution shifts 
toward smaller Ps (6). These features have been linked to 
higher CVD risk pro!le in multiple (8-11), yet not all (12, 
13), studies.

The MT is also accompanied by redistribution of AT depots 
(14), as characterized by increased accumulation of visceral 
AT, independent of weight gain. The accumulation of ab-
dominal visceral AT (VAT) in women peaks during the peri-
menopausal stage (15); this has been linked to elevated future 
risk of subclinical atherosclerosis (15). Beyond the abdomen, 
VAT accumulation extends to ectopic locations in the body 
such as the heart. Similar to abdominal VAT, postmenopausal 
women have higher volumes of cardiovascular AT, particu-
larly paracardial fat (PAT) (16), and this is associated with 
higher risk of coronary artery calci!cation in postmenopausal 
women (17).

VAT plays a role in the regulation of lipid metabolism 
including that of the HDL. In midlife and older women, 
higher abdominal VAT is linked to lower levels of HDL-C 
(18). However, no studies have assessed how VAT is asso-
ciated with the function, composition, and size of HDL in 
women during midlife. Understanding the link between VAT 
and HDL metrics could help delineate the metabolic con-
sequences of VAT accumulation and understand how VAT 
could affect future CVD risk in women, speci!cally during 
the vulnerable midlife period. Since VAT accumulation is 
often accompanied by a state of insulin resistance (IR) that 
can, in turn, contribute to HDL metabolism through several 
lipoprotein-related enzymes (19, 20), it is important to under-
stand the role of IR on the associations between VAT depots 
and HDL metrics.

The SWAN Heart, Cardiovascular Fat, and HDL ancil-
lary studies provide a unique opportunity to assess the tem-
poral associations between different AT depots and a future 
comprehensive HDL metric pro!le in midlife women. In this 
study, we evaluate the relationship between VAT depots and 
HDL metrics measured 2  years later on average in White 
and Black midlife women, and investigate the mediation ef-
fect of IR on those associations. We hypothesize that higher 
volumes of abdominal and CV AT will be associated with a 
worse HDL metric pro!le (lower HDL function, higher Tg 

and lower PL contents, and with smaller HDL subclasses and 
overall size). IR will mediate these associations in such a way 
that higher VAT will be associated with more IR and, thus, a 
worse HDL pro!le.

Materials and Methods
SWAN is an ongoing, multisite, multiethnic, community-
based, longitudinal study that aims to characterize the physio-
logical and psychological changes in women as they traverse 
menopause. The design of the SWAN study has been previ-
ously described (21). Brie"y, 3302 women aged 42 to 52 years 
were recruited between 1996 and 1997 at seven different sites 
across the United States (Pittsburgh, Pennsylvania; Chicago, 
Illinois; Boston, Massachusetts; Newark, New Jersey; Detroit, 
Michigan; Los Angeles, California; and Oakland, California). 
Eligibility criteria for recruitment into SWAN were (i) having 
an intact uterus and at least one ovary, (ii) not being pregnant 
or lactating at recruitment time, (iii) having had at least one 
menstrual period within the last 3 months before recruitment, 
(iv) not using hormone therapy, and (v) identifying as White, 
Black, Hispanic, Chinese, or Japanese.

The SWAN HDL study is an ancillary study to SWAN. This 
study aims to characterize the biological changes in HDL 
composition and function that accompany ovarian aging, and 
to identify how these changes in"uence the atheroprotective 
capacities of HDL in women. For the SWAN HDL study, 
frozen serum samples from 558 SWAN women at different 
SWAN visits (1461 samples) were used to quantify HDL 
function, lipid content, and subclasses. Women were selected 
into SWAN HDL if they had participated in at least 1 visit be-
fore and at least 2 visits after the !nal menstrual period, with 
available blood samples at the selected visits (6). The SWAN 
Heart ancillary study aimed to evaluate subclinical athero-
sclerosis in SWAN participants at the Chicago and Pittsburgh 
sites; the SWAN Cardiovascular Fat ancillary study measured 
CV fat in SWAN Heart study participants who had electron 
beam computed tomography (EBCT) scans available at the 
SWAN Heart baseline visit (16).

For this study, we performed a prospective analysis in 
which each of the exposures (VAT depots) was measured at 
1 visit (coinciding with SWAN follow-up visits 4-7) and each 
outcome (HDL metrics) was measured at a later visit (coin-
ciding with SWAN follow-up visits 5-7, 9, or 12) (Fig. 1A). 
Women who had missing data on all AT measures (abdom-
inal VAT, epicardial AT [EAT], PAT, and perivascular aortic 
AT [PVAT]) were excluded. We included 299 women who 
had any AT measure (abdominal VAT, EAT, PAT, or PVAT) 
followed by a later HDL metrics measure (HDL cholesterol 
ef"ux capacity [HDL-CEC], HDL lipid contents, HDL sub-
classes, HDL size, HDL-C, and apolipoprotein A-I [ApoA-I]). 
For each woman, one HDL metric measure was selected after 
the AT measure. The median duration between the assessment 
of AT and HDL metrics was 2.0 years (Q1: 1.8 years to Q3: 
2.2 years). Compared to excluded women (n = 259), the in-
cluded women had higher body mass index; BMI. Age, phys-
ical activity score, antilipid medication use, and Homeostatic 
Model Assessment of Insulin Resistance (HOMA-IR) were 
similar between groups. All participants provided written in-
formed consent at every study SWAN visit, and study proto-
cols were approved by the institutional review board at each 
study site.
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Measures of Visceral Adipose Tissue Depots
Abdominal visceral adipose tissue
The GE-Imatron C150 EBCT Scanner (GE Medical Systems) 
was used to quantify abdominal AT volume within a single 
6-mm-thick cross-sectional image between the L4 and L5 
vertebral space (22). Scans were read by a single reader at 
the University of Pittsburgh. AT was distinguished from 
other tissues of the abdomen by the threshold of –190 to –30 
Houns!eld units (HU) by methods of image analysis software 
(AcuImage Software). A  line was drawn along the fascial 
plane at the interior of the abdominal muscles, and fat within 
this line was considered VAT. Intraobserver reliability for ab-
dominal VAT quanti!cation was reported with an intraclass 
coef!cient of 0.94 (22).

Cardiovascular adipose tissue
EAT and PAT adipose tissues were quanti!ed on images that 
were previously acquired for the measurement of coronary 
artery calci!cation (16). The images were obtained by the 
GE-Imatron C150 EBCT Scanner (GE Medical Systems) (16). 
For EAT and PAT, 3-mm-thick transverse images were read 
at the Los Angeles Biomedical Research Institute, Harbor–
UCLA Medical Center, California, USA. EAT and PAT areas 
were determined between 15 mm above and 30 mm below 
the superior extent of the left main coronary artery, which al-
lowed for the evaluation of fat around the proximal coronary 
arteries. The chest wall was the landmark for the anterior 
border, and the aorta and bronchus were the landmarks for 
the posterior border. AT was distinguished from other tissues 
of the heart by the threshold of –190 to –30 HU by methods 
of volume analysis software (GE Healthcare). EAT and PAT 
were measured manually by tracing the border of the area 
of interest every 2 to 3 CT slices and using the software to 
automatically trace the slices in between. EAT volume was 
de!ned as the fat inside the pericardium, and PAT was de!ned 
as the fat outside of the pericardium. PAT volume was calcu-
lated by subtracting the EAT volume from the total cardiac 
fat volume. The between- and within-reader Spearman correl-
ation coef!cients for EAT and PAT volumes were 0.97 (16).

To quantify perivascular aortic AT (PVAT) volume, 
6-mm-thick transverse images that were previously obtained 
for evaluation of aortic calci!cation were read at the 
University of Pittsburgh Ultrasound Research Laboratory 
with Slice-O-Matic version 4.3 software (Tomovision) (16). 
PVAT was de!ned as the adipose tissue surrounding the 
descending aorta. The pulmonary bifurcation was the land-
mark to determine the proximal border, the !rst lumbar ver-
tebrae was the landmark for the distal border, the vertebral 
foramen was the landmark for the posterior border, and the 

line crossing through the left bronchus to the interior border 
of the crus of the diaphragm was the anterior border. PVAT 
was distinguished from other surrounding tissue by a –190 
to –30 HU threshold. The borders were identi!ed manually 
for every slice. Since the length of the evaluated part of the 
descending aorta varies across participants, the length of the 
descending aorta was estimated from table position number 
at !rst included CT slice and table position number at last in-
cluded CT slice, and accounted for in multivariable analysis. 
The between- and within-reader Spearman correlation coef!-
cients for PVAT volumes were 0.998 and 0.999, respectively 
(23).

All readers of the cardiovascular AT depots at the Los 
Angeles Biomedical Research Institute and the University of 
Pittsburgh Ultrasound Research Laboratory were blinded to 
the participants’ characteristics.

Blood Data Collection
Phlebotomy was performed after a minimum of a 10-hour 
overnight fast. This was scheduled 2 to 5 days after a spontan-
eous menstrual bleed when possible. When menstrual cycles 
were less predictable, phlebotomy was randomly performed 
within 90 days of the annual SWAN visit. Stored samples that 
have been frozen at –80 °C and never been thawed were used 
for SWAN HDL assays to guarantee the validity of results.

Cholesterol ef"ux capacity and lipid content of high-density 
lipoprotein
HDL-CEC, HDL-PL, and HDL-Tgs were measured at a 
Centers for Disease Control and Prevention–certi!ed lipid la-
boratory at the University of Pennsylvania. HDL-CEC was 
measured by the ef"ux of "uorescence-labeled cholesterol as 
has been described previously (9). Brie"y, J774 mouse macro-
phage cells were plated and labeled with 2  μCi/mL of 3H 
cholesterol overnight. The cells were then incubated in the 
presence of 0.3  mM 8-(4-chlorophenylthio)-cyclic adeno-
sine 5′-monophosphate (cAMP), an upregulator of adenosine 
5′-triphosphate–binding cassette transporter-1 (ABCA1), for 
4 hours. Lipoproteins containing apolipoprotein B (ApoB) 
were removed from plasma by polyethylene glycol precipi-
tation, resulting in ApoB-depleted serum. The cells were then 
incubated with the equivalent of 1% ApoB-depleted serum or 
plasma for 2 hours at a temperature of 37 °C. Cells incubated 
with media alone were used as baseline controls. Each me-
dium was then collected and passed through a 0.22-μM !lter 
to remove cell debris. Isopropanol extraction was then used 
to extract lipids from cells. 3H cholesterol was quantitated in 
media and cells by scintillation counting. Percentage ef"ux 
capacity was calculated by the following formula: [(cpm of 3H 
cholesterol in the media – cpm of 3H cholesterol in serum free 

Visceral AT Depots + Covariates

SWAN visits: 4, 5, 6 or 7

HDL metrics

SWAN visits: 5, 6, 7, 9 or 12

Visceral AT Depots + Covariates

SWAN visits: 4, 5, 6 or 7

HOMA-IR

SWAN visits: 5, 6 or 7

HDL metrics

SWAN visits: 5, 6, 7, 9 or 12

Figure 1. A, Timeline for data collection of variables for analysis of associations between visceral adipose tissue (AT) depots and high-density 
lipoprotein (HDL) metrics. B, Timeline for data collection of variables for analysis of mediation of the Homeostatic Model Assessment of Insulin 
Resistance (HOMA-IR) on associations between visceral AT depots and HDL metrics.

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/advance-article/doi/10.1210/clinem
/dgac148/6550277 by U

niversity of Pennsylvania user on 11 M
ay 2022



4 The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. XX, No. XX

media)/(cpm of 3H cholesterol in the cells + cpm of 3H chol-
esterol in the media)] × 100. The intra-assay and interassay 
coef!cients of variation were 3.7% and 10.1%, respectively.

For HDL-PL and HDL-Tg quanti!cation, HDL was iso-
lated from serum by phosphotungstic acid precipitation 
(FujiFilm Wako Pure Chemical Corporation) and HDL-PL 
and HDL-Tg were measured by the Roche Cobas C311 clin-
ical analyzer according to manufacturer’s protocol (Wako: 
433-36201 and Roche: 20767107322, respectively). The 
interassay coef!cients of variation were 3.5% and 3.9% for 
HDL-PL and HDL-Tg, respectively.

High-density lipoprotein subclasses
HDL subclasses and size were measured at LabCorp by the nu-
clear magnetic resonance (NMR) spectroscopy LipoPro!le-3 
algorithm (24), by the Vantera Clinical Analyzer, which is an 
automated 400 MHz NMR spectroscopy platform. In brief, 
lipoprotein P quanti!cation by NMR uses composite signal 
envelopes at 0.8 ppm, which contain the signals emitted by 
terminal methyl group protons of the PLs, unesteri!ed choles-
terol, cholesterol ester, and Tgs that are carried in each HDL 
lipoprotein P. Signal amplitudes that contribute to the com-
posite plasma signal are produced as a result of the decon-
volution of the composite signal. Each lipoprotein subclass 
produces unique NMR signals that are speci!c in frequency 
and shape. The amplitude of the signal is proportional to the 
number of Ps that are releasing the signal.

To obtain the amplitude of each subpopulation of subclasses, 
the line shape of the signal envelope was modeled as a sum of 
all lipoprotein signals. The areas of different subpopulations 
were multiplied by conversion factors to quantify the concen-
trations, which were then grouped into small (7.3-8.2 nm), 
medium (8.2-9.4 nm), or large (9.4-14.0 nm) HDL subclasses. 
The total HDL-P concentration was obtained by summing the 
concentrations of all subclasses. The average size of HDL Ps 
was calculated by adding the diameter of each subclass multi-
plied by its relative mass percentage from NMR signal amp-
litude. Owing to the magnetic property of lipoproteins that 
produces signals of different shapes and frequencies for dif-
ferent lipoproteins, NMR spectroscopy does not require the 
separation of lipoprotein subclasses as is required by electro-
phoresis or ultracentrifugation.

The intra-assay and inter-assay coef!cients of variation for 
HDL-P concentrations and size ranged from 0.6% to 3.7% 
(intra-assay) and 1.5% to 4.0% (interassay).

High-density lipoprotein cholesterol and apolipoprotein A-I
Lipid fractions were determined in EDTA-treated plasma. 
Fasting HDL-C (25, 26) was separated with heparin-2M man-
ganese chloride (Medical Research Laboratory, Lexington, 
Kentucky, for SWAN baseline visit until follow-up visit 7; 
University of Michigan Pathology, Ann Arbor, Michigan, at 
SWAN follow-up visits 9 and 12). HDL-C was calibrated by 
converting the results at SWAN visits 9 and 12 to equivalent 
medical research laboratory (MRL) values.

ApoA-I was quanti!ed by the immunonephelometry using 
Behring reagents on the Behring Nephelometer II at MRL be-
tween SWAN baseline visit and follow-up visit 7, and by re-
agents from Beckman-Coulter at the University of Pittsburgh 
Heinz laboratory at SWAN visits 9 and 12. ApoA-I results 
from the University of Pittsburgh were calibrated by con-
verting to equivalent MRL values.

Study Covariates
Race and economic hardship were self-reported at the SWAN 
baseline visit. Economic hardship was de!ned as dif!culty 
paying for basics (not hard or somewhat/very hard). Other 
study covariates were measured at the time of AT depot as-
sessment. Age was calculated as the difference between the 
visit date at which AT was assessed and the date of birth. 
BMI was calculated as measured weight in kilograms divided 
by the square of height in meters. Physical activity score was 
measured by the Modi!ed Kaiser Permanente Health Plan 
Activity Survey (27). Menopause status was self-reported at 
every SWAN visit and categorized based on bleeding patterns 
over the past 12 months. Menopause status was classi!ed as 
either premenopausal/early-perimenopausal (no changes in 
menstrual bleeding patterns over the past 12 months, or at 
least 1 bleed within the last 3 months with some perceived 
changes in menstrual cycle intervals), late perimenopausal/
postmenopausal (no bleed within the past 3 months but at 
least 1 cycle within the last 12 months, or lack of menstrual 
bleeding for 12 or more consecutive months, either naturally 
or surgically due to bilateral salpingo-oophorectomy), or un-
known menopause status (due to hysterectomy or hormone 
therapy use). Tg levels were analyzed in plasma at the MRL 
by an automated glycerol kinase enzymatic assay on a Hitachi 
747-200 clinical analyzer. HOMA-IR was calculated as 
fasting glucose (mg/dL) × fasting insulin (mIU/mL)/405.

Statistical Analysis
Descriptive statistics using mean (SD), median (Q1-Q3), or 
frequencies (%) were used to summarize participants’ char-
acteristics at the time of AT assessments. The distribution of 
continuous variables was assessed, and skewed variables (ab-
dominal VAT, PAT, EAT, PVAT, HDL-Tgs, large HDL-P, me-
dium HDL-P, Tgs, and HOMA-IR) were log-transformed to 
reduce skewness. Correlations between different AT depots 
were tested by Spearman correlations.

Lagged analyses were used to assess the relation between 
different VAT volumes in relation to future HDL metrics, 
where one HDL metric measure was selected after each AT 
measure. Multivariable linear regression models were used to 
evaluate the associations between each VAT depot at one visit 
with each HDL metric at a later visit, separately. Variables 
that were univariately associated with both exposures and 
outcomes were considered as confounders, and the best par-
simonious model was chosen by comparing models using the 
R-squares, without introducing multicollinearity. Final models 
were adjusted for race, time between the VAT and HDL metric 
assessment, economic hardship, and the following measures 
at time of AT assessment: age, physical activity, menopause 
status, and log-transformed Tgs. PVAT models were addition-
ally adjusted for length of the descending aorta. Interaction 
between race and each HDL metric was tested in !nal models 
to assess whether associations differed between White and 
Black women. For graphical representation of the statistically 
signi!cant associations between AT depots and HDL met-
rics, volumes of AT depots were categorized into tertiles, and 
means of HDL metrics within each tertile were estimated in 
the !nal models. Tertiles were used to ensure suf!cient num-
bers of participants per group. Post hoc Bonferroni adjust-
ment was applied to correct for multiple testing.

Whether IR mediated the associations between AT depots 
and HDL, causal mediation analysis was used to test the effect 
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of log-transformed HOMA-IR on these associations. To en-
sure temporality between exposure, mediator, and outcome, 
this was performed in a subset of women (n = 251) who had 
HOMA-IR evaluated at visits between the fat depot and HDL 
metrics measures, that is, after adipose tissue was evaluated 
but before HDL metrics were assessed (Fig. 1B). The women 
included in this subanalysis were similar to the excluded 
women (n = 48) on all characteristics (data not shown). All 
analyses were conducted using SAS v9.4 (SAS Institute).

Results
Characteristics of Women included in This Analysis
The characteristics of the women included in this analysis at 
the time of AT assessment are presented in Table 1. Women, 
on average, were aged 51.1 years (SD: 2.8 years), 67% were 
White, and 57% were premenopausal/early-perimenopausal. 
AT depots were measured 2.0  years (Q1: 1.8  years to Q3: 
2.2 years) before HDL metrics measures.

Abdominal VAT was strongly correlated with EAT (rs: 
0.67-0.74, all P < .0001). All CV AT volumes were also cor-
related: EAT was correlated with PAT and PVAT; PAT was 
correlated with PVAT (rs: 0.62-0.68; all P < .0001).

Univariate Correlations Between Abdominal and 
Cardiovascular Visceral Adipose Tissue Depots and 
High-density Lipoprotein Metrics
The univariate correlations between AT depots and HDL met-
rics are presented in Table 2. All AT depots were inversely cor-
related with HDL-PL and HDL-C, and all except EAT were 
inversely correlated with ApoA-I. Abdominal VAT and PVAT 
were negatively correlated with HDL-CEC. Abdominal VAT 
and EAT were positively correlated with HDL-Tgs. All AT 
depots were inversely correlated with large HDL-P and HDL 
size, and positively with small HDL-P. There were no correl-
ations between the AT depots with total or medium HDL-P.

Associations Between Abdominal and 
Cardiovascular Visceral Adipose Tissue and High-
density Lipoprotein Metrics
Figs. 2 and 3 present the statistically signi!cant multivariable 
associations between AT depots tertiles and HDL metrics. The 
multivariable-adjusted associations between the AT depots 
and HDL function and content metrics are presented in Fig. 
2. Higher PVAT tertiles were associated with borderline lower 
HDL-CEC (P trend = .06), whereas higher abdominal VAT 
volumes were associated with lower HDL-PL (P trend = .02), 
and higher abdominal VAT and PAT tertiles were associated 
with lower HDL-C (P trends = .008 and .04, respectively).

The multivariable-adjusted associations between the AT 
depots and HDL subclasses and size are presented in Fig. 3. 
Abdominal VAT and PAT tertiles were associated with lower 
levels of large HDL-P (P trends <.001 and .008, respectively) 
and smaller overall size (P  trends = .004 and .001, respect-
ively). Higher tertiles of EAT were associated with more 
levels of small HDL-P (P trend = .02). All other associations 
between the different AT depots and HDL metrics were at-
tenuated after adjusting for potential confounders.

The adjusted associations between the 4 continuous AT 
depots and each HDL metric are presented in Supplementary 
Tables 1 and 2 and are largely consistent with the !ndings 
from the analysis by tertiles (28).

After adjusting for multiple comparisons, interactions 
between HDL metrics and race in the !nal models showed 
that the associations did not differ between White and Black 
women (data not shown).

Mediation by the Homeostatic Model Assessment 
of Insulin Resistance on the Association Between 
Visceral Adipose Tissue and High-density 
Lipoprotein Metrics
Table 3 and Fig. 4 present the statistically signi!cant results 
of the mediation analysis on the observed associations be-
tween AT depots and HDL metrics. For abdominal VAT, IR 
mediated 62.0% of the associations with HDL-CEC, 50.9% 
of the associations with HDL-C, 32.1% of the associations 

Table 1. Characteristics of women included in this analysis

Participant characteristics N = 299 

Characteristics at time of fat assessment  

Age, y, mean (SD) 51.1 (2.8)

Race, n (%)  

 White 201 (67.2%)

 Black 98 (32.8%)

Menopause status, n (%)  

 Premenopause/Early-perimenopause 169 (56.5%)

 Late-perimenopause/Postmenopause 106 (35.5%)

 Unknown 24 (8.0%)

Dif!culty paying for basics  

 No 208 (69.6%)

 Yes 91 (30.4%)

BMI, median (Q1-Q3) 27.6 (24.4-33.0)

Physical activity score, mean (SD) 7.97 (1.76)

HOMA-IR, median (Q1-Q3) 1.89 (1.42-3.06)

Triglycerides (mg/dL), median (Q1-Q3) 104 (77-143)

Abdominal VAT volume (cm3), median (Q1-Q3) 66.3 (42.4-95.0)

EAT volume (cm3), median (Q1-Q3) 37.0 (28.0-51.7)

PAT volume (cm3), median (Q1-Q3) 8.5 (4.4-14.1)

PVAT volume (cm3), median (Q1-Q3) 29.2 (23.7-37.7)

HDL measures at subsequent visit  

HDL-CEC (%), mean (SD) 3.84 (0.64)

HDL-Tg (mg/dL), median (Q1-Q3) 17 (15-21)

HDL-PL (mg/dL), mean (SD) 53.9 (10.0)

Total HDL-P (µmol/L), mean (SD) 35.4 (6.6)

Large HDL-P (µmol/L), median (Q1-Q3) 7.4 (4.9-9.6)

Medium HDL-P (µmol/L), median (Q1-Q3) 9.6 (5.6-14.4)

Small HDL-P (µmol/L), mean (SD) 17.2 (7.2)

HDL size (nm), mean (SD) 9.37 (0.56)

HDL-C (mg/dL), mean (SD) 57.3 (14.0)

ApoA-I (mg/dL), mean (SD) 165.9 (27.7)

HDL-C: 1 mg/dL = 0.0259 mmol/L; triglycerides: 1 mg/
dL = 0.0113 mmol/L.
Abbreviations: ApoA-I, apolipoprotein A-I; BMI, body mass index; EAT, 
epicardial adipose tissue; HDL, high-density lipoprotein; HDL-C, high-
density lipoprotein cholesterol; HDL-CEC, high-density lipoprotein 
cholesterol ef"ux capacity; HDL-P, high-density lipoprotein particles; 
HDL-PL, high-density lipoprotein phospholipids; HDL-Tg, high-density 
lipoprotein triglycerides; HOMA-IR, Homeostatic Model Assessment of 
Insulin Resistance; PAT, paracardial adipose tissue; PVAT, perivascular 
aortic adipose tissue; VAT, visceral adipose tissue.
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Figure 2. Associations between visceral adipose tissue (VAT) tertiles and high-density lipoprotein (HDL) function and content metrics. Models 
adjusted for race, time between adiposity and HDL metric assessment, economic hardship, and the following measures at time of AT assessment: 
age, physical activity, menopause status, and log-transformed triglycerides. Perivascular adipose tissue (PVAT) models additionally adjusted for length 
of the descending aorta. Bonferroni adjustments for multiple comparisons. *Groups significantly different. Abdominal VAT volume tertiles: tertile 1 
(T1) ≤ 50.6 cm3; 50.6 < tertile 2 (T2) ≤ 83.8 cm3; tertile 3 (T3) ≥ 83.3 cm3. PAT volume tertiles: tertile 1 (T1) ≤ 5.4 cm3; 5.4 < tertile 2 (T2) ≤ 11.5 cm3; 
tertile 3 (T3) ≥ 11.5 cm3. PVAT volume tertiles: tertile 1 (T1) ≤ 25.5 cm3; 25.5 < tertile 2 (T2) ≤ 34.6 cm3; tertile 3 (T3) ≥ 34.6 cm3.

Table 2. Spearman correlations between visceral adipose tissue depots and high-density lipoprotein metrics

 HDL function and contents

 HDL-CEC, % HDL-Tg HDL-PL HDL-C ApoA-I

AT depots r P r P r P r P r P 

Abdominal VAT –0.13 .03 0.17 .004 –0.26 <.001 –0.39 <.001 –0.23 <.001

EAT –0.12 .06 0.16 .009 –0.14 .03 –0.22 <.001 –0.08 .21

PAT –0.12 .06 0.10 .13 –0.20 .002 –0.30 <.001 –0.17 .009

PVAT –0.13 .03 0.11 .08 –0.18 .002 –0.27 <.001 –0.17 .007

 HDL subclasses and size

 Total HDL-P Large HDL-P Medium HDL-P Small HDL-P HDL size

AT depots r P r P r P r P r P 

Abdominal VAT –0.06 .30 –0.42 <.001 –0.10 .10 0.20 <.001 –0.38 <.001

EAT 0.02 .80 –0.26 <.001 –0.11 .07 0.22 <.001 –0.24 <.001

PAT –0.03 .68 –0.31 <.001 –0.03 .60 0.15 .01 –0.28 <.001

PVAT –0.02 .69 –0.30 <.001 –0.02 .69 0.13 .03 –0.25 <.001

Abbreviations: ApoA-I, apolipoprotein A-I; EAT, epicardial adipose tissue; HDL-C, high-density lipoprotein cholesterol; HDL-CEC, high-density 
lipoprotein cholesterol ef"ux capacity; HDL-P, high-density lipoprotein particles; HDL-PL, high-density lipoprotein phospholipids; HDL-Tg, high-density 
lipoprotein triglycerides; PAT, paracardial adipose tissue; PVAT, perivascular aortic adipose tissue; VAT, visceral adipose tissue.
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with large HDL-P, and 34.5% of associations with HDL size. 
For PAT, IR mediated 51.6% of the associations with HDL-
C, 44.9% of associations with large HDL-P, and 37.1% of 
associations with HDL size. IR mediated 34.7% of the asso-
ciations between PVAT and HDL-CEC. The natural indirect 
effect represents the effect of VAT on each HDL metric that 
is mediated by IR. The controlled direct effect represents how 
much the HDL metric would change on average if IR was 
!xed at a sample mean and AT depot volumes are increased 
by 1 unit. The controlled direct effect shows that if IR was 
held constant, the decrease in each of the HDL metrics (HDL-
CEC, HDL-C, large HDL-P, and HDL size) with the increase 
in AT depots would have been less pronounced than observed 
in this analysis.

Discussion
In a sample of midlife women, we show that visceral fat ac-
cumulation in the abdomen and around the heart and vascu-
lature may be linked to future dysfunction in HDL. Higher 
volumes of abdominal and CV AT depots were associated 
with lower HDL-CEC, lower HDL-PL, HDL-C, large HDL-
P, and higher small HDL-P concentrations, and with smaller 
overall HDL size, independent of potential CV and metabolic 
confounders. This pro!le of HDL metrics has been linked to 
worse CV outcomes (9-11). Furthermore, IR appears to me-
diate and drive some of the deleterious associations between 

AT depots and HDL metrics, particularly the associations be-
tween AT depots with HDL-CEC, large HDL-P, and HDL size.

Only a limited number of studies had investigated the re-
lation between abdominal VAT and novel HDL metrics. In a 
cross-sectional analysis of 1200 obese participants from the 
Dallas Heart Study, Neeland et al (29) reported that higher 
abdominal VAT mass was associated with smaller overall 
HDL size and lower HDL-C concentrations. These associ-
ations were similar for men and women. Consistent with our 
results, the associations did not differ by race. In another 
cross-sectional analysis of 382 individuals, Sam et  al (30) 
similarly reported an inverse association between abdominal 
VAT and overall HDL size. In women speci!cally, Woudberg 
et al (31) followed 24 young women (mean age, 29 years 
[2 years]) for an average of 5.5 years and showed that an 
increase in abdominal VAT over time was associated with 
a decline in large HDL subclasses as measured by gel elec-
trophoresis; no changes in HDL-C were observed. Nicklas 
et al (18) reported that perimenopausal and postmenopausal 
women (mean age, 59 years [SD: 6 years]) in the lowest ab-
dominal VAT quintile had statistically signi!cantly higher 
HDL-C and large HDL2-C subclasses as measured by ultra-
centrifugation. Results of these studies are in agreement 
with our !ndings; however, none of these studies focused on 
women during midlife, and none investigated whether ab-
dominal VAT is related to composition and functional meas-
ures of HDL.
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Figure 3. Associations between adipose tissue (AT) tertiles and high-density lipoprotein (HDL) subclasses and size. Models adjusted for race, time 
between adiposity and HDL metric assessment, economic hardship, and the following measures at time of AT assessment: age, physical activity, 
menopause status, and log-transformed triglycerides. Bonferroni adjustments for multiple comparisons. *Groups significantly different. Abdominal 
visceral adipose tissue (VAT) volume tertiles: tertile 1 (T1) ≤ 50.6 cm3; 50.6 < Tertile 2 (T2) ≤ 83.8 cm3; Tertile 3 (T3) ≥ 83.3 cm3. Epicardial adipose tissue 
(EAT) volume tertiles: tertile 1 (T1) ≤ 31.7 cm3; 31.7 < tertile 2 (T2) ≤ 45.1 cm3; tertile 3 (T3) ≥ 45.1 cm3. Paracardial adipose tissue (PAT) volume tertiles: 
tertile 1 (T1) ≤ 5.4 cm3; 5.4 < tertile 2 (T2) ≤ 11.5 cm3; tertile 3 (T3) ≥ 11.5 cm3.
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Figure 4. Mediation effect by the Homeostatic Model Assessment of Insulin Resistance (HOMA-IR) on the associations between adipose tissue (AT) 
depots and high-density lipoprotein (HDL) metrics. Effect of HOMA-IR as a mediator on the associations between AT depots and A, HDL-CEC; B, HDL-C; 
C, large HDL-P; and D, HDL size. Models adjusted for race, time between adiposity and HDL metric assessment, economic hardship, and the following 
measures at time of AT assessment: age, physical activity, menopause status, and log-transformed triglycerides. Perivascular adipose tissue (PVAT) 
models additionally adjusted for length of the descending aorta. The gray + black area represent the total effect of the association between the AT 
depot and the HDL metric. The gray area represents the percentage mediated by HOMA-IR (natural indirect effect/total effect × 100%).

Table 3. Mediation analysis for the Homeostatic Model Assessment of Insulin Resistance on the associations between adipose tissue depots and 
high-density lipoprotein metricsa

 Natural indirect effect Controlled direct effect Total effects Percentage mediatedc 

β (SE) P β (SE) P β (SE) P 

 Abdominal VATb

HDL-CEC –0.06 (0.03) .02 –0.04 (0.05) .45 –0.10 (0.05) .03 62.0%

HDL-C –1.26 (0.55) .02 –1.13 (1.02) .27 –2.47 (0.89) .006 50.9%

Large HDL-Pb –0.04 (0.02) .02 –0.08 (0.03) .03 –0.12 (0.03) < .0001 32.1%

HDL size –0.04 (0.02) .03 –0.07 (0.04) .07 –0.13 (0.03) .0003 34.5%

 PATb

HDL-C –0.90 (0.37) .02 –1.05 (0.94) .26 –1.73 (0.90) .05 51.6%

Large HDL-Pb –0.03 (0.01) .007 –0.05 (0.03) .12 –0.08 (0.03) .01 44.9%

HDL size –0.04 (0.01) .01 –0.06 (0.04) .07 –0.09 (0.03) .005 37.1%

 PVATb

HDL-CEC –0.04 (0.02) .03 –0.07 (0.05) .12 –0.11 (0.04) .02 34.7%

Models adjusted for race, time between adiposity and HDL metric assessment, economic hardship, and the following measures at time of adipose tissue 
assessment: age, physical activity, menopause status, and log-transformed triglycerides. PVAT models additionally adjusted for length of the descending 
aorta.
Abbreviations: HDL-C, high-density lipoprotein cholesterol; HDL-CEC, high-density lipoprotein cholesterol ef"ux capacity; HDL-P, high-density 
lipoprotein particles; PAT, paracardial adipose tissue; PVAT, perivascular aortic adipose tissue; VAT, visceral adipose tissue.
aWe present data for signi!cant mediation results, where the total effect is statistically signi!cant.
bLog-transformed.
cCalculated as natural direct effect/total effects × 100%.
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Only a single study from the Multi-Ethnic Study of 
Atherosclerosis had assessed the relation between cardiovas-
cular AT depots and HDL subclasses as measured by NMR 
(n = 5407, 53% women; mean age, 62.5 years) (32). Greater 
PAT volume, de!ned as the fat around the proximal cor-
onary arteries, was associated with lower HDL-C, total, large 
and medium HDL-P levels, but with higher small HDL-P. 
Interaction by race showed that this association was statistic-
ally signi!cant only in White participants; no interaction by 
sex was tested. In an analysis of 650 postmenopausal women 
from the KEEPS study (mean age 52.9  years [2.6  years]), 
Huang and colleagues (33) reported that EAT (fat inside the 
pericardial sac), pericardial fat (fat outside the pericardial 
sac), and total AT (EAT + pericardial AT) were independently 
and negatively associated with HDL-C.

The potential mechanism that links the different VAT 
depots to HDL metrics is complex. An array of enzymes that 
are in"uenced by the VAT accumulation has been proposed 
to be involved in the pathway linking adiposity to HDL me-
tabolism. Hepatic lipase (HL) and cholesterol ester transfer 
protein (CETP) are elevated with higher VAT accumulation 
(34, 35). HL hydrolyzes large HDL Ps to form smaller, dense 
HDL (34), whereas CETP transfers Tgs from Tg-rich lipo-
proteins to HDL particles in exchange for cholesteryl esters 
(35). This leads to the formation of more Tg-rich HDL par-
ticles (36) which become favorable substrates for hepatic tri-
glyceride lipase and eventually smaller HDL particles (37). 
Another enzyme that could be involved in the mechanistic 
link between visceral AT and HDL is the lecithin-cholesterol 
acyltransferase (LCAT), which esteri!es free cholesterol in 
HDL particles and increase the size of the HDL (38). In one 
study that assessed the relation between obesity, as meas-
ured by BMI, with HDL metrics, it was reported that a BMI 
greater than 30 in young women was associated with a shift 
in HDL subclasses toward smaller subclasses, and with less 
PL content within the HDL (39). Obesity was also associ-
ated with increased CETP and LCAT activities. Higher LCAT 
activity in obesity may form HDLs rich in cholesteryl ester, 
which become substrates for increased CETP activity (39). It 
is important to note, however, that this study assessed general 
obesity by BMI. Weight gain in midlife has been found to be 
an age-related occurrence, whereas accumulation of VAT is 
menopause related (40, 41); and independent of weight gain 
and obesity status, women transitioning through menopause 
accumulate more VAT in the abdomen and ectopically. This 
could predispose them to the alterations in HDL metab-
olism that were observed in this analysis. The hormonal al-
terations that occur around midlife may also play a role in 
this link. The activity of HL during the luteal phase of the 
menstrual cycle, or when estrogen levels are the highest, de-
clines considerably (42), whereas increases in testosterone 
levels may increase HL activity (43). In SWAN HDL, we have 
previously shown that higher estradiol was associated with 
larger HDL size, large HDL-P, and HDL-CEC (44). This sug-
gests that the decline of estrogen after menopause, and the 
hyperandrogenism that could accompany VAT accumulation, 
may enhance HL activity in women leading to smaller HDL 
Ps. Smaller HDL Ps, elevated Tg content, and diminished 
PLs in the P, in turn, could lead to detrimental effects on the 
CEC and function of HDL (45-47). Moreover, IR is associ-
ated with an increase in the CETP (48). This enrichment of 
the HDL with Tgs can also be induced by the reduction in 

lipoprotein lipase activity that has been observed in states of 
IR (49), leading to a lower cholesterol content in the HDL, 
as observed in our results. Further, elevated activity of hep-
atic triglyceride lipase and HL with IR may eventually lead 
to the depletion of the lipid core of the HDL conversion of 
HDLs into smaller Ps (34, 37, 50). Another important marker 
that may play a role in the association between visceral fat 
accumulation and HDL metrics is adiponectin. Adiponectin 
is an adipokine that plays an anti-in"ammatory and insulin-
sensitizing role. Obesity and visceral fat accumulation lead to 
a state of hypoadiponectinemia (51). Hypoadiponectinemia is 
associated with increased HL activity (52) and reduced HDL-
CEC (53), indicating that the effect of visceral fat on HDL 
metabolism could be in"uenced by the role of adiponectin. 
Moreover, low adiponectin is associated with IR, further sup-
porting the role of adiponectin in this relationship.

In this analysis, we show that IR mediates the detrimental 
effect of visceral adiposity on HDL metrics, and that con-
trolling IR may reduce part of the effect of AT on HDL 
dysfunctionality. A  HOMA-IR of 2.5 may clinically dif-
ferentiate insulin-sensitive from IR individuals (54), which 
is close to the average of HOMA-IR in our sample. Thus, 
achieving a HOMA-IR of 2.5 in midlife women may limit the 
dysfunctionality in HDL that occurs with VAT accumulation. 
This suggests that interventions such as insulin-sensitizing 
agents may protect HDL against the changes in compos-
ition and function that occur with visceral fat accumulation. 
In vitro studies have indeed shown that metformin prevents 
HDL modi!cations and subsequent impairments in CEC (55, 
56). Future clinical trials should test our hypothesis.

Despite the similarities in the links between abdominal 
and CV VAT depots with higher risk of cardiometabolic and 
CV risk factors, previous studies have suggested VAT associ-
ations with CVD risk may vary based on location, adipocyte 
number, size, and other factors. Human and animal studies 
have shown that EAT consists of smaller adipocytes and has 
a unique transcriptome that is enriched in genes associated 
with elevated in"ammation (57). PAT, but not EAT, has been 
linked to lower estradiol concentrations (16) and to higher 
risk of CAC presence (17) in midlife women, suggesting that 
PAT is a stronger menopause-related CVD risk factor. We 
thus postulate that PAT may play a more substantial role in 
the metabolic consequences of ectopic fat accumulation com-
pared to EAT, as evidenced by the stronger associations with 
HDL metrics changes and the role of IR. On the other hand, 
EAT may play a more localized role by factors such as in"am-
mation on the heart compared to other CV fat depots.

The results of this study should be interpreted with cau-
tion regarding some potential limitations. We assessed the 
CEC only as a measure of HDL; however, visceral fat could 
affect other functions such as the anti-in"ammatory and 
antioxidative functions of the HDL. Future studies should 
aim to assess other functions of HDL in relation to fat vol-
umes. Even though the study was prospective, the intervals 
between AT and HDL metric assessment were relatively short, 
and thus, reverse causality cannot be ruled out. The sample 
size per race group is low, and we may be underpowered to 
detect a statistically signi!cant difference by race. Moreover, 
HOMA-IR was used as a convenient and simple proxy for 
IR. HOMA-IR is a robust measure of IR and has good agree-
ment, despite lower accuracy, compared to the gold-standard 
euglycemic-hyperinsulinemic clamp (58). However, thresholds 
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to determine IR have not been standardized, particularly 
across different sexes, races, and age groups. Compared to the 
excluded women, the participants included in this analysis had 
a higher BMI. BMI is highly and positively correlated with 
visceral fat, and as such, we can assume that those who were 
excluded had lower visceral fat accumulation. Higher BMI has 
been previously linked to smaller HDL size and higher con-
centrations of large HDL-P. In our sample, overall HDL size 
and large HDL-P concentrations were comparable between in-
cluded and excluded women. This indicates that the exclusion 
of women with lower BMI may have biased the results away 
from the null. Moreover, we do not have data on enzymes such 
as CETP and LCAT activities, which could play a signi!cant 
role on the associations between visceral AT and HDL metab-
olism. Future studies should assess the role of such markers on 
these associations. On the other hand, major strengths of this 
study include the design of the analysis by which HDL metrics 
were measured after the visceral fat depots, and the use of CT 
scans to directly quantify VAT volumes.

This is one of the !rst studies to investigate the associations 
between different VAT depots and a comprehensive HDL 
metric pro!le in midlife women. The pathways that link VAT 
and HDL metrics are not straightforward, especially in mid-
life women for whom the hormonal changes of menopause 
add to the complexity of these associations. In Fig. 5, we pre-
sent a conceptual model that summarizes the potential path-
ways between AT and HDL metrics. Our results elucidate 
a part of the relationship, but future studies should aim to 
further describe the roles of other factors such as estradiol, 
adiponectin, and in"ammation in those associations.

Our analysis shows that the abdominal and CV VAT depots 
predict HDL subclass distribution, size, lipid content, and 
potentially function 2  years later, and that IR could be of 

major in"uence on these associations. Clinically, examining 
the roles of modi!able risk factors that may affect VAT (such 
as diet and physical activity) in ameliorating the detrimental 
changes in HDL metrics could further elucidate the role of 
adiposity on HDL metabolism and future CV risk. One study 
has shown that a very low-calorie diet for 16 weeks reduced 
abdominal VAT and cardiac fat in diabetic individuals (59), 
whereas resistance training lowered PAT in abdominally 
obese participants (60). Moreover, studies on pharmaceut-
ical interventions such as metformin, which affect IR, have 
shown to reduce visceral (61) and cardiac fat (62). Whether 
this could play a role in preventing the deleterious changes in 
HDL metabolism that accompany VAT accumulation should 
be investigated.

In summary, the present analysis shows that increased ab-
dominal and CV AT in women during midlife may be linked 
to a subsequent worsening in HDL metrics, including the 
main antiatherogenic function of HDL in ef"uxing of chol-
esterol from macrophages in the reverse cholesterol transport 
process. Controlling IR during the midlife period may prevent 
the detrimental effect of VAT accumulation on HDL.
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Figure 5. Conceptual model of the association between visceral adipose tissue (VAT) and high-density lipoprotein (HDL) metrics. Conceptual model 
for the potential pathways between VAT and HDL metabolism: Higher VAT can be linked to altered HDL metabolism through several pathways. VAT 
accumulation could alter HDL composition, function, and subclass distribution through its effect on enzymes involved in HDL metabolism (such as 
hepatic lipase [HL], cholesteryl ester transfer protein [CETP], triglyceride lipase [TGL], phospholipid-transfer protein [PLTP], and others). Other pathways 
could be through the induction of insulin resistance by VAT accumulation; insulin resistance could additionally alter the enzymes related to HDL 
metabolism. VAT accumulation is also linked to a status of chronic inflammation status, which could directly affect HDL metabolism, and that could be 
indirectly interrelated to the state of insulin resistance. Moreover, previous studies have shown that alterations in HDL may induce a state of chronic 
inflammation. In women specifically, higher VAT accumulation is linked to elevated estradiol (E2) release through conversion of androgens to estradiols. 
However, lower E2 during menopause could lead to higher accumulation of visceral AT. E2 is also linked independently to changes in HDL metabolism.
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