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BACKGROUND: Serum levels of vascular cell adhesion molecule-1 (VCAM-1) are reflective of endothelial activation. Although
VCAM-1 has been implicated in the pathogenesis of heart failure with preserved ejection fraction (HFpEF), the prospective
association of VCAM-1 with development of clinically overt heart failure (HF) across ejection fraction categories is unclear.

METHODS AND RESULTS: In MESA (the Multi-Ethnic Study of Atherosclerosis), we evaluated the association of VCAM-1 at ex-
amination 2 (2002-2004) with incident HF (HFpEF and HF with reduced ejection fraction) after adjustment for cardiovascular
risk factors. Incident HF was independently adjudicated as first hospitalization for symptomatic HF. Among 2297 participants
(mean age, 63 years; women, 53%), those with higher VCAM-1 were more likely to be White race, had higher blood pressure,
and had lower kidney function. Over a median of 14.4 years, there were 102 HF events (HFpEF=65; HF with reduced ejection
fraction=37). After covariate adjustment, each doubling of VCAM-1 was associated with incident HF (hazard ratio [HR], 1.94;
95% Cl, 1.17-38.23; P=0.01). This association appeared stronger among current/former smokers compared with never smok-
ers. On evaluation of HF subtypes, VCAM-1 was associated with incident HFpEF (HR, 1.97; 95% ClI, 1.04-3.72; P=0.04) but not
with incident HF with reduced ejection fraction, although risk estimates were consistent (HR, 1.82; 95% Cl, 0.79-4.21; P=0.16).

CONCLUSIONS: In a multiethnic cohort, VCAM-1 was significantly associated with incident HF over long-term follow-up. These
findings suggest a potential role for endothelial activation in driving clinical HF, and specifically HFpEF. Therapies that decrease
endothelial activation may prevent the progression from cardiovascular risk factors to clinical HF.
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drome that carries substantial morbidity and is

driven by a multifaceted pathogenesis. The specific
mechanisms that lead to HF are unclear,’ and the elu-
cidation of such mechanisms may provide insights into
therapies to halt the progression from cardiovascular risk
factors to clinical HF.

Heart failure (HF) is a heterogeneous clinical syn-

Endothelial cell activation may play a particularly
important role in the development of HF with pre-
served ejection fraction (HFpEF) compared with HF
with reduced ejection fraction (HFrEF).? Chronic sys-
temic inflammation secondary to cardiovascular risk
factors results in upregulation of cellular adhesion
molecules (CAMs), including vascular cell adhesion
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CLINICAL PERSPECTIVE

What Is New?

e Although endothelial activation, as measured
by vascular cell adhesion molecule-1, has been
implicated in the pathogenesis of heart failure
(HF) with preserved ejection fraction, the pro-
spective association of elevation in vascular cell
adhesion molecule-1 with the development of
clinically overt HF with preserved ejection frac-
tion is unclear.

e |n this analysis of MESA (the Multi-Ethnic Study
of Atherosclerosis), higher vascular cell ad-
hesion molecule-1 was significantly associ-
ated with incident HF over long-term follow-up
(>14 years).

What Are the Clinical Implications?

e These findings substantiate the potential
pathogenic roles of endothelial activation, cel-
lular adhesion molecules, and microvascular
coronary inflammation in driving symptomatic
HF with preserved ejection fraction and HF
hospitalization.

e Therapies aimed to reduce endothelial acti-
vation and specifically vascular cell adhesion
molecule-1 may prevent incident HF among pa-
tients at risk.

Nonstandard Abbreviations and Acronyms

CAM cellular adhesion molecule

HFpEF heart failure with preserved ejection
fraction

HFrEF heart failure with reduced ejection
fraction

MESA Multi-Ethnic Study of Atherosclerosis

VCAM-1 vascular cell adhesion molecule-1

molecule-1 (VCAM-1), on the surface of endothelial
cells.3-% Independent of systemic inflammation, it has
also been suggested that regional inflammation in
the setting of pericardial adipose tissue specifically
prompts CAM expression.b CAMs facilitate leukocyte
transmigration along the endothelium, which may lead
to coronary microvascular dysfunction and myocar-
dial interstitial fibrosis.”® Indeed, VCAM-1 expression
is upregulated in human myocardial tissue of HFpEF,2
CAMs are more highly expressed in myocardial tissue
of HFpEF compared with HFrEF,° and we have previ-
ously demonstrated associations of serum CAM levels
with left ventricular dysfunction consistent with preclin-
ical HFpEF.® In aggregate, these findings suggest a
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potential pathogenic role for endothelial cell activation,
and specifically VCAM-1, in HFpEF.

Despite current understanding, the prospective
associations of VCAM-1 with development of clinical
HFpEF are unknown. Furthermore, the specific role
of pericardial adipose tissue in driving VCAM-1 eleva-
tion is not well defined, and may provide understand-
ing of the role of regional, as opposed to systemic,
adipose tissue in endothelial activation. Therefore,
we evaluated (1) the association of pericardial fat with
endothelial activation, as measured by VCAM-1; and
(2) the associations of VCAM-1 with incident HF, in-
cluding clinical subtypes, in MESA (the Multi-Ethnic
Study of Atherosclerosis). We hypothesized that (1)
pericardial adipose tissue is associated with VCAM-1
and (2) VCAM-1 is specifically associated with inci-
dent HFpEF.

METHODS
Study Participants

MESA is a prospective cohort of community-dwell-
ing adults that was designed to understand the risk
factors and prevalence of subclinical cardiovascu-
lar disease. The recruitment and study design of
MESA have been previously described.” In brief,
between 2000 and 2002, 6814 participants, aged
45 to 84 years, who identified themselves as White,
Black, Hispanic, or Chinese were recruited across
6 study sites in the United States (Baltimore, MD;
Chicago, IL; St Paul, MN; Forsyth County, North
Carolina; New York, NY; and Los Angeles, CA). At
baseline, participants had no history of cardiovascu-
lar disease, defined as myocardial infarction, angina,
stroke, transient ischemic attack, HF, atrial fibrillation,
nitroglycerin use, angioplasty, pacemaker or defibril-
lator, or cardiac surgery. Following recruitment and a
baseline in-person examination (examination 1), 5 ad-
ditional follow-up in-person examinations have been
completed at =2- to 5-year intervals. Examinations
included standardized questionnaires that collected
information on demographics, medical history, and
medication use. Resting blood pressure, blood sam-
pling, and spot urine specimens were also obtained
during examinations. Diabetes mellitus was defined
as self-reported diagnosis, fasting glucose >126 mg/
dL, or use of antidiabetic medication. Estimated glo-
merular filtration rate (eGFR) was calculated by the
Chronic Kidney Disease Epidemiology Collaboration
equation using examination 1 serum creatinine.?
Urine albumin was measured using nephelometry,
and urine creatine was measured through the Jaffe
method.”® For this analysis, we included participants
who had serum VCAM-1 levels obtained at examina-
tion 2 (conducted between 2002 and 2004) and had
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available data on baseline covariates and follow-up.
Of the 6814 MESA participants, 4517 were initially ex-
cluded (Figure S1): 4373 did not have VCAM-1 levels
drawn as part of the MESA Adhesion Ancillary Study,
128 were missing covariate data at examination 2,
10 had HF before examination 2, and 6 terminated
follow-up by examination 2. Thus, the final analytic
cohort for this analysis was 2297 participants. The
study protocol was approved by the institutional re-
view board of each study site; all participants pro-
vided informed consent. The data that support the
findings of this study are available from the corre-
sponding author on reasonable request.

Pericardial Fat Assessment

Cardiac computed tomography imaging was per-
formed at initial examination among the MESA co-
hort. The protocols for computed tomography scan
and pericardial fat volume assessment have been
previously described." Briefly, computed tomogra-
phy image slices within 15 mm above and 30 mm
below the left main coronary artery were included
because it includes fat surrounding the proximal cor-
onary arteries. The anterior and posterior borders of
volume were defined by the chest wall and aorta or
bronchus, respectively. Fat was discerned from other
tissue using a threshold of —190 to —30 Hounsfield
units using volume analysis software (GE Health
Care, Waukesha, WI), and volume was the sum of all
fat-containing voxels.'*

VCAM-1 Measurement

At examination 2 (2002-2004), blood samples were
obtained from fasting participants and were stored at
—70°C."® As part of the MESA Adhesion Ancillary Studly,
serum VCAM-1 was measured in a subset (n=2372) of
the MESA cohort.'® Serum VCAM-1 was measured
using the Quantikine ELISA Kit (R&D Systems); the
minimum detectable level was 0.6 ng/mL, and the in-
terassay coefficient of variation was 3.6% at a mean
concentration of 564 ng/mL.

HF Assessment

As part of the MESA, participants were screened
for clinical events through regular telephone con-
tact and in-person examinations. All identified re-
cords from hospitalizations for cardiovascular events
were abstracted, and MESA personnel transmitted
records of symptoms, medical history, biomarkers,
ECGs, echocardiograms, cardiac catheterization
reports, other imaging studies, and outpatient re-
cords (if available) to the MESA coordinating center.
Incident HF events were independently adjudicated
by 2 study physicians who were blinded to study

J Am Heart Assoc. 2020;9:e019390. DOI: 10.1161/JAHA.120.019390

VCAM-1 and Incident HF

data outside of hospitalization records. HF events
were defined as definite or probable. Both definite
and probable HF events required symptoms of HF,
including shortness of breath or edema. Definite HF
was further defined on the basis of >1 of the follow-
ing criteria: pulmonary edema on chest radiography,
left ventricular dilation or decreased systolic func-
tion, or evidence of diastolic dysfunction. If criteria
for definite HF were not available, probable HF was
defined as a physician diagnosis of HF in the clinical
record and documentation of medical treatment for
HF. The primary outcome of interest in this analysis
was incident HF, defined as any probable or definite
HF event. We additionally evaluated HF subtypes (in-
cident HFpEF and HFrEF) as secondary outcomes.
Incident HFpEF was defined as a HF event with doc-
umentation of left ventricular ejection fraction (EF)
>45% on echocardiogram or radionucleotide study
at time of hospitalization, and incident HFrEF was de-
fined as EF <45% at hospitalization. In this analysis,
there were no HF events without documented EF on
imaging study at time of hospitalization. Event ascer-
tainment of HF in MESA has been fully updated and
completed through 2017.

Statistical Analysis

Demographic and clinical characteristics at examina-
tion 2 were compared by quartile of VCAM-1 using x?
tests for categorical variables and univariate general
linear models for continuous variables. A generalized
additive model was used to depict the association of
urine albumin/creatinine ratio, a biomarker of global
endothelial dysfunction, with VCAM-1.

The association of pericardial fat volume at exam-
ination 1 with VCAM-1 levels at examination 2 was
evaluated using linear regression models. Model 1
was unadjusted. Model 2 was adjusted for the follow-
ing examination 1 covariates: age, sex, race, body
mass index (BMI), systolic blood pressure, antihy-
pertensive medication, diabetes mellitus, smoking
status, total cholesterol, and eGFR. A generalized
additive model was used to visually depict the un-
adjusted association of pericardial fat volume with
VCAM-1.

Multivariable Cox proportional hazards regres-
sion models were used to evaluate the associations
of VCAM-1 with incident HF and its subtypes. We
evaluated VCAM-1 as a continuous variable after log
base 2 transformation, which can be interpreted as
“per doubling.” Examination 2, the time of VCAM-1
measurement, was defined as the time origin for this
analysis. The proportionality of hazards assumption
was confirmed using the time interaction test. We
first assessed the potential nonlinear associations of
VCAM-1 and hazard of incident HF using restricted
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cubic splines in Cox proportional hazards regression.
The log relative hazard of incident HF and HFpEF was
computed from the fully adjusted model for observed
values of log-VCAM-1 while holding the values of co-
variates at their average values. We assessed the as-
sociations of VCAM-1 as a continuous variable (per
doubling) with incident HF and its subtypes (HFpEF
and HFrEF). We evaluated the time to first HFpEF and
HFrEF event using separate Cox proportion hazards
models with censoring on the opposing type. For all
Cox regression models, covariates were obtained at
examination 2, except for eGFR, which was obtained
at examination 1. Model 1 adjusted for age, race, and
sex. Model 2 further adjusted for BMI, systolic blood
pressure, antihypertensive medication treatment, dia-
betes mellitus, coronary artery disease, smoking, total
cholesterol, and eGFR.

In exploratory analyses, we assessed for effect
modification of age, sex, BMI, smoking status, and
pericardial fat volume on the association of VCAM-1
and incident HF using interaction terms for age (above
versus below median), sex, BMI (above versus below
median), smoking status (current/former smokers ver-
sus never smokers), and pericardial fat volume (above
versus below median). These interaction terms were

VCAM-1 and Incident HF

chosen on the basis of known associations with risk
of HF. Statistical analyses were performed using SAS
version 9.4 (SAS Institute, Cary, NC). Two-tailed P<0.05
was considered statistically significant.

RESULTS

Participant Characteristics

Baseline characteristics of the final analytic cohort,
stratified by quartile of VCAM-1, are shown in Table 1.
Participants within the highest quartile of VCAM-1
were older and more likely men, White race, and for-
mer smokers compared with participants in lower
VCAM-1 quartiles. In addition, participants with higher
VCAM-1 tended to have higher systolic blood pres-
sure and lower levels of eGFR and low-density lipo-
protein cholesterol. Participants with higher VCAM-1
levels also had higher urine albumin/creatinine ratio
(Figure 1), consistent with endothelial dysfunction.
Compared with participants in the final analytic co-
hort, MESA participants who were excluded from this
analysis were older, more likely White or Black race,
and more likely former smokers at examination 1. In
addition, excluded participants had higher systolic

Table 1. Characteristics at Baseline (Examination 2) by Quartile of VCAM-1
Quartile of VCAM-1

Characteristic 1 (n=574) 2 (n=574) 3 (n=575) 4 (n=574) P Value
Age, mean+SD, y 58.3+8.6 61.1£9.1 64.7+9.5 68.1£9.9 <0.001
Women, n (%) 305 (53.9) 331 (57.7) 301 (52.4) 282 (49.1) 0.03
Race/Ethnicity, n (%) <0.001

Black 233 (40.6) 118 (20.6) 117 (20.4) 85 (14.8)

White 73 (12.7) 150 (26.1) 161 (28.0) 183 (31.9)

Hispanic 124 (21.6) 160 (27.9) 142 (24.7) 157 (27.4)

Chinese 144 (25.1) 146 (25.4) 155 (27.0) 149 (26.0)
Body mass index, mean=SD, kg/m? 28.4+5.5 27.9+5.8 27.6+5.1 27.7+5.5 0.05
Systolic blood pressure, mean+SD, mm Hg 120.0+19.0 121.8+20.0 125.9+21.8 128.4+20.9 <0.001
Diastolic blood pressure, mean+SD, mm Hg 71.2+9.8 70.7+10.0 70.6+10.1 69.7+9.6 0.07
Antihypertensive medication, n (%) 192 (33.5) 214 (37.3) 224 (39.0) 289 (50.4) <0.001
Coronary artery disease/coronary heart disease, n (%) 4(0.7) 6 (1.0) 3(0.5) 7(1.2) 0.57
Diabetes mellitus, n (%) 84 (14.6) 80 (13.9) 93 (16.2) 105 (18.3) 0.18
Smoking status, n (%) <0.001

Current smoker 98 (17.1) 77 (13.4) 46 (8.0) 50 (8.7)

Former smoker 185 (32.2) 203 (35.4) 232 (40.4) 236 (41.1)

Never smoker 291 (60.7) 294 (51.2) 298 (51.8) 288 (50.2)
Total cholesterol, mean+SD, mg/dL 195.9+35.1 195.9+36.5 191.3+£32.1 185.5+35.7 <0.001
LDL cholesterol, mean+SD, mg/dL 117.7+30.9 117.0+33.5 113.3+£30.1 108.8+£30.9 <0.001
HDL cholesterol, mean+SD, mg/dL 51.9+14.6 511£14.2 52.0+£15.5 50.0+14.4 0.07
eGFR, mean=SD, mL/min per 1.73 m? 84.2+14.5 81.1+£14.0 76.8+14.6 72.6£17.8 <0.001
VCAM-1, mean+SD, ng/mL 505.1+62.4 643.8+31.4 766.7+41.9 1031.6+218.4 <0.001

eGFR indicates estimated glomerular filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; and VCAM-1, vascular cell adhesion

molecule-1.
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Figure 1. Association of urine albumin/creatinine ratio (UACR) with vascular cell adhesion

molecule-1 (VCAM-1).

An unadjusted generalized additive model demonstrates the association of UACR, a biomarker of
endothelial dysfunction, with VCAM-1. Dashed lines represent 95% CI.

blood pressure and BMI and lower eGFR at baseline
compared with participants included in this analysis
(Table S1).

Association of Pericardial Fat Volume
With VCAM-1

In unadjusted analyses, higher pericardial fat volume
at examination 1 was associated with higher VCAM-1
levels at examination 2 (3 coefficient per 1-SD higher
pericardial fat volume, 32.1; SE, 4.7; P<0.001; Figure 2).
After full covariate adjustment, there was no significant
association of pericardial fat with VCAM-1 (3 coeffi-
cient per 1-SD higher pericardial fat volume, 4.5; SE,
5.8; P=0.44).

Association of VCAM-1 With Incident HF,
HFpEF, and HFrEF

Over median follow-up of 14.4 years (interquartile
range, 11.8-14.8 years), there were 102 (4.4%) total HF
events. The incidence rate (per 1000 person-years)

J Am Heart Assoc. 2020;9:e019390. DOI: 10.1161/JAHA.120.019390

for HF was progressively higher for each higher quar-
tile of VCAM-1 (Figure 3). Of the 102 HF events, 65
(64%) were incident hospitalization for HFpEF and
37 (36%) were incident hospitalization for HFrEF. On
evaluation by incident HF by EF categories, the inci-
dence rates for HFpEF and HFpEF were also higher
across higher VCAM-1 quartiles (Figure 3). On spline
analysis, higher serum VCAM-1 was associated with
progressively greater risks of HF and HFpEF, with
plateauing of risk at the highest levels of VCAM-1
(Figure 4).

The associations of VCAM-1 with risk of HF, HFpEF,
and HFrEF are shown in Table 2. In unadjusted anal-
yses, higher VCAM-1 at baseline was associated with
increased risk of incident HF hospitalizations. After full
covariate adjustment, each doubling of VCAM-1 was
associated with 94% increased risk of HF (hazard ratio
[HR], 1.94; 95% CI, 1.17-3.23; P=0.01). On evaluation
of HF subtypes, VCAM-1 remained significantly as-
sociated with incident HFpEF after full covariate ad-
justment, with similar overall magnitude of risk as all
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Figure 2. Association of pericardial fat volume with vascular cell adhesion molecule-1 (VCAM-1).
An unadjusted generalized additive model demonstrates the association of pericardial fat with VCAM-1.

Dashed lines represent 95% CI.

HF. Although there was no significant association of
VCAM-1 with incident HFrEF in unadjusted and ad-
justed models, similar effect estimates as for HFpEF
were noted, with wider Cls.

Association of VCAM-1 With Incident HF
in Subgroups

There were no significant differences in the asso-
ciations of VCAM-1 with incident HF when evaluating
subgroups based on age (higher than median: HR,
2.59 [95% CI, 1.46-4.57] versus lower than median:
HR, 1.56 [95% CI, 0.61-3.99]; P-interaction=0.36), sex
(male: HR, 1.74 [95% CI, 0.93-3.26] versus female:
HR, 2.30 [95% CI, 1.09-4.85]; P-interaction=0.55),
BMI (higher than median: HR, 2.05 [95% CI, 1.09-
3.83] versus lower than median: HR, 1.77 [95% CI,
0.82-3.79]; P-interaction=0.76), or pericardial fat vol-
ume (higher than median: HR, 2.38 [95% ClI, 1.37-4.16]
versus lower than median: HR, 0.96 [95% ClI, 0.35—
2.58]; P-interaction=0.10). However, the association
of VCAM-1 with incident HF was stronger in current/
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former smokers compared with never smokers (cur-
rent/former smokers: HR, 3.19 [95% ClI, 1.66-6.14]
versus never smokers: HR, 1.12 [95% Cl, 0.54-2.33];
P-interaction=0.03).

DISCUSSION

In this multiethnic cohort of community-dwelling adults,
we evaluated associations of pericardial fat with serum
VCAM-1, and subsequently investigated associations
of serum VCAM-1 with incident HF and its subtypes.
Pericardial fat was not associated with serum VCAM-1
after adjustment for traditional cardiovascular risk fac-
tors, suggesting that systemic, as opposed to regional,
inflammation may be more integrally involved in en-
dothelial activation. Baseline serum VCAM-1 was as-
sociated with higher risk of incident HF hospitalization
after adjustment for traditional cardiovascular risk fac-
tors. The risk of incident HF was higher with progres-
sively higher VCAM-1 levels, and this risk appeared to
plateau at the highest levels of VCAM-1. VCAM-1 was
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Figure 3. Incidence rates of heart failure (HF) by quartile of vascular cell adhesion molecule-1 (VCAM-1).

Shown are unadjusted incidence rates. Error bars represent 95% CI. HFpEF indicates HF with preserved
ejection fraction; and HFrEF, HF with reduced ejection fraction.

significantly associated with incident HFpEF. Although
the associations of VCAM-1 and incident HF were
consistent across the spectrum of age, sex, and BMI,
there was a stronger association among current/for-
mer smokers compared with never smokers. In ag-
gregate, these data are consistent with the hypothesis
that endothelial activation may play a pathogenic role
in the development of clinically manifest HF.

Endothelial activation, VCAM-1, and coronary micro-
vascular dysfunction have been previously implicated
in the pathogenesis of HF, and particularly HFpEF."""®
Specifically, certain cardiovascular risk factors lead to
systemic inflammation and cytokine release, including
elevation of tumor necrosis factor-a.'®2° A known post-
transcriptional regulator of VCAM-1 expression, tumor
necrosis factor-a induces endothelial cell activation and

All HF

Log-relative hazard

T T T T T T T
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5

Log,-transformed VCAM-1 (ng/mL)

HFpEF

Log-relative hazard

T T T T T T T
8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5

Log,-transformed VCAM-1 (ng/mL)

Figure 4. Association of vascular cell adhesion molecule-1 (VCAM-1) with incident heart failure (HF).
Fully adjusted restricted cubic splines demonstrate the continuous associations of VCAM-1 with incident HF (left panel) and HF with
preserved ejection fraction (HFpEF) (right panel). Log base 2 transformation of VCAM-1 can be interpreted as “per doubling.” Dashed

lines represent 95% ClI.
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Table 2. Association of VCAM-1 With Incident HF

VCAM-1 and Incident HF

Incident HF Incident HFpEF Incident HFrEF
HR per HR per HR per
No. of Doubling of No. of Doubling No. of Doubling
Events/No. of VCAM-1 Events/No. of | of VCAM-1 Events/No. of of VCAM-1
Model Participants (95% ClI) P Value | Participants (95% CI) P Value Participants (95% ClI) P Value
Model 1* 102/2297 2.36 (1.45-3.85) | <0.001 65/2297 2.43(1.33-4.47) 0.004 37/2297 217 (0.96-4.92) 0.06
Model 2F 102/2297 1.94 (1.17-3.293) 0.01 65/2297 1.97 (1.04-3.72) 0.036 37/2297 1.82 (0.79-4.21) 0.16

HF indicates heart failure; HFpEF, HF with preserved ejection fraction; HFrEF, HF with reduced ejection fraction; HR, hazard ratio; and VCAM-1, vascular cell

adhesion molecule-1.
*Adjusted for age, sex, and race.

fAdjusted for model 1 variables plus body mass index, systolic blood pressure, antinypertensive medication treatment, diabetes mellitus, coronary artery

disease, smoking, total cholesterol, and estimated glomerular filtration rate.

expression of VCAM-1 on cell surfaces.*?" VCAM-1
participates in the rolling, adhesion, and, ultimately,
transmigration of leukocytes across the endothelial
cell barrier.?? At the cardiac level, transmigration of leu-
kocytes into cardiac tissue leads to reactive oxidative
species production, decreased NO bioavailability, and
increased interstitial collagen deposition.>?® These in-
tersecting pathways result in reduced coronary vaso-
dilation and coronary microvascular dysfunction, and
thus suggest a potentially important role of VCAM-1 in
HFpEF pathogenesis.?* Indeed, there is growing evi-
dence for endothelial activation and VCAM-1 in HFpEF
across experimental and epidemiologic studies.
Compared with normal myocardial tissue, VCAM-1 ex-
pression is higher in myocardial tissue of HFpEF® and
patients with HFpEF have lower coronary microvascu-
lar density.?® In addition, higher serum levels of CAMs
in young adults are associated with lower left ventric-
ular global longitudinal strain in later life,'° suggesting
that activation of endothelial cells and its downstream
consequences lead to left ventricular dysfunction, a
preclinical stage of HF. Our study findings further sub-
stantiate the potential mechanistic role of VCAM-1 in
HF through demonstration of the longitudinal associa-
tion of VCAM-1 with incident HF hospitalization.

We demonstrate for the first time, to our knowledge,
the prospective associations of baseline VCAM-1 with
symptomatic HF, as determined by incident HF hospi-
talization, across the spectrum of EF. Consistent with
multiple epidemiologic studies, the definition of incident
HF hinges primarily on hospitalization for symptoms in
the MESA cohort. Indeed, such definitions are highly
specific for HF, as individuals with severe symptoms
are most likely to require hospitalization. In addition,
the requirement of evidence for imaging, treatment,
or physician diagnosis of HF within the medical re-
cord further enhances the specificity of adjudicated
HF events within the MESA cohort. It is possible that
such rigorous adjudication may not detect early or
mild HF, in which symptoms are not sufficiently severe
to warrant hospitalization. However, the exclusion of
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such cases would tend to bias our results toward the
null. In addition, in light of our previous findings, which
demonstrated associations of CAMs with preclinical
HFpEF, our current findings further substantiate the
association of CAMs, and specifically VCAM-1, with
development of HF across the clinical spectrum, from
stage B HF (ie, cardiac functional derangement but
lack of symptoms) to severe stage C HF (ie, symptoms
requiring hospitalization).

There was no association of pericardial fat with
VCAM-1 levels, providing insight into the relationship
between regional adipose tissue and endothelial ac-
tivation. Pericardial fat is associated with adverse car-
diovascular structure and function and increased risk
of several cardiovascular diseases, including HF.2®
Furthermore, individuals with HFpEF and pericardial
fat had a higher prevalence of atrial fibrillation and di-
abetes mellitus along with more severe derangements
in biomarkers of myocardial injury.?” Given these find-
ings and the known proinflammatory effect of adipose
tissue, it has thus been suggested that pericardial
adipose tissue specifically may be involved in HFpEF
pathogenesis through regional, cardiac-specific in-
flammatory signaling.® It is possible that such regional
inflammation may drive endothelial activation and sub-
sequent VCAM-1 expression at the level of the heart.
Although pericardial fat was associated with serum
VCAM-1 in unadjusted analyses, there was no signifi-
cant association after cardiovascular risk factor adjust-
ment. Although these findings suggest that systemic
inflammation attributable to cardiovascular risk factors,
and not uniquely pericardial fat, may drive VCAM-1
elevation, pericardial fat volume does not reflect the
nature of pericardial fat composition or the metabolic
activity of pericardial fat. The associations of pericar-
dial fat with adverse cardiovascular outcomes in pre-
vious investigations may be explained by mechanisms
independent of endothelial activation, including activa-
tion of the renin-angiotensin-aldosterone axis.?®

On categorization of HF events by prespecified EF
categories, VCAM-1 was significantly associated with
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incident HFpEF hospitalization; the effect estimate for
HFrEF was similar, although nonsignificant. However,
given the low incidence rate of HFrEF events in our
study, these results should be interpreted with caution.
Such low rates of HFrEF events may limit the power to
detect true associations of VCAM-1 and HFrEF (type I
error). Further investigations in populations with higher
HFrEF event rates may be useful to confirm these find-
ings. Despite this, the distinct association of VCAM-1
with incident HFpEF in our study is consistent with our
primary hypothesis and is in line with proposed mech-
anistic paradigms of HFpEF pathogenesis. Although
chronic, systemic risk factors drive both HF syndromes,
they may play a more influential role in HFpEF devel-
opment because HFrEF may be additionally influenced
by acute, direct myocardial injury (eg, acute myocar-
dial infarction).?® Such acute events do not appear as
influential in driving HFpEF, and, therefore, the down-
stream effects of chronic comorbidity burden appear
to be particularly important. Endothelial activation is a
consequence of chronic exposure to inflammatory car-
diovascular risk factors,’® including obesity, and thus
may be particularly involved in HFpEF development.
Indeed, CAMs are more highly expressed in myocar-
dial tissue of HFpEF compared with HFrEF specimens.®
Our findings, in light of previous investigations, suggest
that expression of VCAM-1 may play a more influential
role in microvascular endothelial-cardiomyocyte inter-
action (ie, substrate for HFpEF) than for macrovascular
plaque stability (ie, substrate for HFrEF). Taken together,
our long-term, observational study substantiates previ-
ous tissue-based molecular findings about the specific
pathogenic role of endothelial activation in HFpEF.

Our study has strengths and limitations. MESA par-
ticipants represent a large, ethnically diverse, commu-
nity-based cohort and have been well characterized
through longitudinal in-person examinations, accom-
panied by rigorous, blinded event adjudication. Despite
this, several participants were excluded from the cur-
rent analysis because of lack of VCAM-1 measurement.
Participants excluded from this analysis represented a
somewhat higher-risk group with more cardiovascular
risk factors, and their exclusion would likely bias our re-
sults toward the null. Further investigation is required
to understand if serum VCAM-1 levels are reflective of
VCAM-1 activity and expression at the level of the coro-
nary microvasculature. Although we adjusted for various
demographic, clinical, and laboratory covariates, our
findings remain subject to potential residual confound-
ing. Incident HF hospitalizations (and their subtypes)
were relatively low in this multiethnic cohort, and the
requirement of hospitalization for HF adjudication pre-
vents detection of mild, outpatient cases of HF, which
may have limited power to detect interactions by various
subgroups (type Il error). However, such events were
carefully adjudicated by an independent coordinating
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center and are thus highly specific for true, clinically se-
vere HF. Further investigations among populations with
higher HF event rates may be required to verify our find-
ings of specific associations of VCAM-1 with incident
HFpEF, to identify potential high-risk subgroups, and to
confirm our finding of a stronger association between
VCAM-1 and incident HF among current/former smok-
ers. Finally, further investigations are required to under-
stand drivers of cellular adhesion molecule expression,
the role of cumulative VCAM-1 exposure (as defined by
serial measurements) in HF risk, and clinically meaning-
ful changes in VCAM-1 over one’s lifetime.

In a multiethnic, community-based cohort, baseline
serum VCAM-1 was significantly associated with inci-
dent HF hospitalization. The risk of HF increased pro-
gressively with higher levels of VCAM-1, with plateauing
of risk at the highest levels of this biomarker. Our find-
ings suggest that higher VCAM-1 may be particularly
associated with incident HFpEF. The association of
VCAM-1 with incident HF appears stronger among in-
dividuals with a history of smoking. Taken together, our
findings substantiate the potential pathogenic roles of
endothelial activation, cellular adhesion molecules, and
microvascular coronary inflammation in driving symp-
tomatic HFpEF and HF hospitalization. Therapies aimed
to reduce endothelial activation and specifically VCAM-1
may prevent incident HF among patients at risk.
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Table S1. Clinical Characteristics at Exam 1 by Study Inclusion Status.

Excluded

Included

(n=4517) (n=2297) P value
Age, y, mean + SD 62.5+£10.3 61.4+10.1 <0.001
Female, n (%) 2381 (52.7) 1220 (52.1) 0.75
Race/Ethnicity <0.001
Black, n (%) 1339 (29.6) 553 (24.1)
White, n (%) 2055 (45.5) 567 (24.7)
Hispanic, n (%) 913 (20.2) 583 (25.4)
Chinese, n (%) 210 (4.7) 596 (25.9)
Body mass index, kg/m? 28.6+5.5 27.8+5.4 <0.001
Systolic blood pressure, mmHg, mean = SD 127+22 125421 <0.001
Diastolic blood pressure, mmHg, mean + SD 72+10 72+10 0.49
Anti-hypertensive medication, n (%) 1733 (38.4) 803 (35.0) 0.007
Diabetes mellitus, n (%) 559 (12.4) 286 (12.5) 0.99
Smoking Status <0.001
Current smoker, n (%) 582 (12.9) 305 (13.3)
Former smoker, n (%) 1762 (39.2) 725 (31.7)
Never smoker, n (%) 2157 (47.9) 1261 (55.0)
Total cholesterol, mg/dL, mean £ SD 194+36 194134 0.70
LDL cholesterol, mg/dL, mean + SD 117432 117431 0.86
HDL cholesterol, mg/dL, mean = SD 51+15 51+14 0.10
eGFR, mL/min/1.73m?2, mean +SD 74.1+16.1 75.1+17.3 0.03

eGFR = estimated glomerular filtration rate; HDL = high-density lipoprotein; LDL = low-density

lipoprotein; VCAM-1 = vascular cell adhesion molecule-1



Figure S1. STROBE Flow Diagram for Study Inclusion.

Eligible

N=6,814
Exclusion criteria met
+ VCAM-1 not available at Exam 2 (N=4,373)
* Missing covariate data at Exam 2 (N=128)
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» Follow up ended before Exam 2 (N=6)
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