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ORIGINAL ARTICLE

Rapid Plaque Progression Is Independently
Associated With Hyperglycemia and Low HDL
Cholesterol in Patients With Stable Coronary
Artery Disease: A PARADIGM Study

Danilo Neglia®, MD, PhD; Chiara Caselli, PhD; Erica Maffei(®, MD; Filippo Cademartiri®=, MD, PhD; Antonella Meloni®®, PhD;
Eduardo Bossone(®, MD, PhD; Luca Saba'®, MD; Sang-Eun Lee(®, MD, PhD; Ji Min Sung, PhD; Daniele Andreini, MD, PhD;
Mouaz H. Al-Mallah, MD; Matthew J. Budoff{®, MD; Kavitha Chinnaiyan, MD; Jung Hyun Choi(, MD, PhD;
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Jagat Narula®, MD, PhD; Leslee J. Shaw(®, PhD; Jeroen J. Bax{2, MD, PhD; Fay Y. Lin(2, MD; James K. Min, MD;

Hyuk-Jae Chang, MD, PhD

BACKGROUND: We assessed whether combinations of cardiometabolic risk factors independently predict coronary plaque
progression (PP) and major adverse cardiovascular events in patients with stable coronary artery disease.

METHODS: Patients with known or suspected stable coronary artery disease (60.9+£9.3 years, 55.4% male) undergoing serial
coronary computed tomography angiographies (=2 years apart), with clinical characterization and follow-up (N=1200),
were analyzed from the PARADIGM study (Progression of Atherosclerotic Plaque Determined by Computed Tomographic
Angiography Imaging). Plaque volumes measured in coronary segments (=2 mm in diameter) were summed to provide whole
heart plague volume (mm®) and percent atheroma volume (plaque volume/vessel volumex100; %) per patient at baseline
and follow-up. Rapid PP was defined as a percent atheroma volume increase of >1.0%/y. Major adverse cardiovascular
events included nonfatal myocardial infarction, death, and unplanned coronary revascularization.

RESULTS: In an interscan period of 3.2 years (interquartile range, 1.9), rapid PP occurred in 341 patients (28%). At
multivariable analysis, the combination of cardiometabolic risk factors defined as metabolic syndrome predicted rapid
PP (odds ratio, 1.51 [95% CI, 1.12-2.03]; P=0.007) together with older age, smoking habits, and baseline percent
atheroma volume. Among single cardiometabolic variables, high fasting plasma glucose (diabetes or fasting plasma
glucose >100 mg/dL) and low HDL-C (high-density lipoprotein cholesterol; <40 mg/dL in males and <560 mg/dL in
females) were independently associated with rapid PP, in particular when combined (odds ratio, 2.37 [95% CI, 1.56—
3.61]; P<0.001). In a follow-up of 8.23 years (interquartile range, 5.92-9.563), major adverse cardiovascular events
occurred in 201 patients (17%). At multivariable Cox analysis, the combination of high fasting plasma glucose with
high systemic blood pressure (treated hypertension or systemic blood pressure >130/85 mm Hg) was an independent
predictor of events (hazard ratio, 1.79 [95% ClI, 1.10-2.90]; P=0.018) together with family history, baseline percent
atheroma volume, and rapid PP,

CONCLUSIONS: In patients with stable coronary artery disease, the combination of hyperglycemia with low HDL-C is associated
with rapid PP independently of other risk factors, baseline plaque burden, and treatment. The combination of hyperglycemia
with high systemic blood pressure independently predicts the worse outcome beyond PP,
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GRAPHIC ABSTRACT: A graphic abstract is available for this article.

Cardiometabolic Risk and Plaque Progression in CAD

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT02803411.
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See Editorial by Matuck and Arbab-Zadeh

CLINICAL PERSPECTIVE

The results of the present study highlight the rel-
evance of specific cardiometabolic risk conditions
for the progression of coronary atherosclerosis and
cardiovascular outcome in patients with suspected or
known stable coronary artery disease. The combina-
tion of hyperglycemia (expressing insulin resistance
even in the absence of established type-2 diabetes)
and low HDL-C (high-density lipoprotein cholesterol)
is associated with the extent of coronary plaque bur-
den and, independently of other risk factors, strongly
and specifically predicts rapid plaque progression
despite current treatment. These findings underline
the relevance of early and more aggressive control of

Nonstandard Abbreviations and Acronyms

prediabetic and diabetic states in patients with coro-
nary artery disease through lifestyle and pharmaco-
logical interventions. They also suggest the need for
more extensive research to elucidate the mechanisms
by which hyperglycemia and low HDL-C interact to
cause an adverse cardiometabolic profile prone to
atherogenesis. Hyperglycemia, in combination with
hypertension, is also associated with an increased
risk of future coronary artery disease-related events
beyond the progression of coronary atherosclerosis.
The present results confirm the persisting prognostic
relevance of impaired glycemic control and hyperten-
sion, underscoring the need for a more aggressive
treatment of cardiometabolic profiles and blood pres-
sure levels to reduce the residual risk of cardiovascu-
lar events. New large clinical studies could be needed
to test whether specific new treatments addressed to
lower glucose levels and improve HDL and endothe-
lial function would be particularly relevant to reducing
the residual global burden of atherosclerotic cardio-
vascular disease.

cause of death, and among them, ischemic heart

disease is still the most prevalent, accounting for
9 440 000 deaths per year worldwide and for an esti-
mated 185 000 000 disability-adjusted life years (years
of life lost due to premature mortality plus years lived
with disability)."

Atherosclerotic cardiovascular disease (ASCVD) is
still the major cause of CVD morbidity and mortality,
and the current guidelines on CVD prevention in clini-
cal practice concentrate principally on the prevention

Cardiovascular diseases (CVD) are still the major
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ASCVD atherosclerotic cardiovascular
disease

BMI body mass index

CAD coronary artery disease

CCTA coronary computed tomography
angiography

CpPv calcified plaque volume

CVvD cardiovascular diseases

FPG fasting plasma glucose

HDL-C high-density lipoprotein cholesterol

HU Hounsfield units

LDL-C low-density lipoprotein cholesterol

MACE major adverse cardiac events

MeS metabolic syndrome

NCPV noncalcified plaque volume

PARADIGM  Progression of Atherosclerotic
Plaque Determined by Computed
Tomographic Angiography Imaging

PAV percent atheroma volume

PP coronary plaque burden progression

PV plaque volume

SBP systemic blood pressure

of ASCVD and of ASCVD-related risk (10-year risk
of fatal and nonfatal CVD events).? Interestingly, both
in the worldwide report on global burden of CVD and
in the European CVD prevention guidelines, the main
modifiable CVD and ASCVD risk factors include high
apolipoprotein-B-containing  lipoproteins, of which
LDL-C (low-density lipoprotein cholesterol) is the most
abundant, high systemic blood pressure (SBP), cigarette
smoking, and high fasting plasma glucose (FPG; pre-
diabetes and type-2 diabetes under treatment)."? These
are considered the main targets for lifestyle change and
for optimal medical treatment in patients with suspected
or known ASCVD.?

Among these risk factors, the prevalence of high
FPG has increased steeply in middle- and high-income
countries® and is one of the relevant components of the
cardiometabolic risk condition known as metabolic syn-
drome (MeS), defined by a variable combination of high
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FPG, high triglycerides, low HDL-C (high-density lipo-
protein cholesterol), high SBP, and central obesity,* most
of which have been associated with the residual CVD
risk, that is, the risk persisting despite optimal medical
treatment.®®

The relative role of cardiometabolic risk factors, com-
pared with other established risk factors, to predict the
presence, extent, and progression of coronary athero-
sclerosis and major adverse cardiac events (MACE) in
current populations of patients with known or suspected
stable coronary artery disease (CAD) under optimal med-
ical treatment is not completely understood. Such infor-
mation is crucial to discriminate, among patients who will
benefit from a global cardiovascular prevention address-
ing multiple risk factors, those individuals in whom addi-
tional treatment targeting more aggressively specific risk
determinants would produce additional benefit.

The recent diffusion of coronary computed tomogra-
phy angiography (CCTA) as a tool to quantify and char-
acterize coronary atherosclerosis and its progression
offers the opportunity to better define the relative role of
risk factors in the atherosclerotic process. Large registry
data have demonstrated the association of major cardio-
vascular risk factors with the prevalence, severity, and
extent of CAD estimated at CCTA as well as the addi-
tional prognostic value of CCTA beyond all risk factors
such as age and sex.” The PARADIGM (Progression of
Atherosclerotic Plaque Determined by Computed Tomo-
graphic Angiography Imaging) is the largest serial CCTA
registry to date using rigorous quantification methodol-
ogy of coronary plaques and with a long-term follow-up
for events available? Its design allowed to demonstrate
the impact of baseline plaque characteristics and some
of the established risk factors such as age, sex, diabetes,
obesity, or the integrated ASCVD risk score on coronary
plaque progression®'! as well as the predictors of statin
nonresponse.'?

The present study aimed to assess whether specific
combinations of emerging cardiometabolic risk determi-
nants are able to predict coronary atherosclerotic plaque
burden, coronary plaque burden progression (PP), and
MACE, independently from established CVD risk factors,
in patients with known or suspected stable CAD from the
PARADIGM study.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Study Design, Population, and Baseline Clinical

Characterization

The PARADIGM study is a prospective, open-label, interna-
tional, multicenter observational registry designed to evaluate
the association between changes in coronary atherosclerotic
plaque, assessed by serial CCTA, and clinical risk profiles, as
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well as their impact on MACE in patients with known or sus-
pected CAD. The study rationale and design have been previ-
ously described in detail® The study population includes 2252
adults who underwent serial CCTA for evaluation of suspected
angina symptoms over an interscan period of at least 24
months at 13 cardiovascular centers in 7 countries. This study
was approved by institutional review boards at each site, and
participants gave informed consent.

Of the initial 2252 patients, a total of 1200 were included
in the present study after the exclusion of patients with CCTA
with inadequate image quality for quantitative plaque analysis
(n=492) or a lack of available information on clinical events at
follow-up (n=235) and on risk factors, circulating lipid profile,
and statin use (n=325; Figure 1). Risk factor profile, laboratory
data, and medication use were collected at the time of the first
CCTA scan. Laboratory and statin use data were also collected
at the time of the follow-up CCTA scan. The recorded non-
cardiometabolic risk factors included age, sex, family history of
CVD, history of previous CAD, and smoking habits (previous
or current tobacco smoking). The modifiable cardiometabolic
risk factors were defined according to current international
standards for CVD risk assessment' and, for the MeS com-
ponents, according to the International Diabetes Federation'
and the American Heart Association/National Heart, Lung, and
Blood Institute™ clinical definitions, as later agreed upon.*'®
Annotations were based on patients’ clinical records plus
annotated treatment and, when appropriate, on available clini-
cal and bio-humoral measurements. High LDL-C was defined

2252 patients
PARADIGM Study

492 excluded:
inadequate CCTA imaging quality for
quantitative plaque analysis

4

1760 patients

235 excluded:
record of events at F-up not available

4

1525 patients

325 excluded:

45, record of risk factors not available
100, record of statin use not available
180, record of lipid profile not available

1200 patients

Figure 1. Patient flow chart.

Criteria for the selection of the present population of 1200

patients from the initial 2252 patients enrolled in the PARADIGM
(Progression of Atherosclerotic Plaque Determined by Computed
Tomographic Angiography Imaging) study. CCTA indicates coronary
computed tomography angiography; and F-up, follow-up.
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as hypercholesterolemia under treatment with statins or other
lipid-lowering drugs, or LDL-C >130 mg/dL. The MeS com-
ponents included high SBP (hypertension under treatment or
SBP>130/85 mm Hg), high FPG (FPG >100 mg/dL or diabe-
tes, defined by treatment with hypoglycemic agents or insulin or
FPG > 126 mg/dL), high body mass index (BMI; >30 kg/m?),
low HDL-C (<40 mg/dL in males and <60 mg/dL in females),
and high triglycerides (>150 mg/dL). BMI was used instead of
waist circumference, which was not available in the PARADIGM
population. A BMI >25 kg/m? cutoff was also considered in
a subanalysis to account for a more adequate threshold for
the majority of patients enrolled in the PARADIGM study who
were of East Asian ethnicity'® and in line with the International
Diabetes Federation guidelines underlying the difficulty of
choosing cutoff values for waist measurements, and for BM|,
in different ethnic groups.* The presence of MeS was defined
by the combination in each patient of at least 3 of the follow-
ing: high SBP, high BMI as a proxy for obesity, high FPG, high
triglycerides, and low HDL-C.*'®

Coronary CCTA Data Measurements and
Analysis

All data acquisition and postprocessing of CCTA exams were
in accordance with the Society of Cardiovascular Computed
Tomography guidelines.'™® Scans were performed using
>64-detector row single- or dual-source scanners, with mul-
tiple vendors, using both prospective and retrospective gating.
DICOM (Digital Imaging and Communications in Medicine)
files from baseline and follow-up CCTAs were transferred to a
Central Core Laboratory for blind analysis of coronary athero-
sclerosis as previously described.'® Quantitative plaque analy-
sis was performed by independent level lll-experienced CCTA
readers, blinded to the clinical results, using a semi-automated
plaque analysis software, with manual correction (QAngioCT
Research Edition v2.1.9.1, Medis Medical Imaging Systems,
Leiden, the Netherlands), which has shown excellent intraob-
server, inter-observer, and interscan reproducibility in previous
studies®?' and in the PARADIGM population.' Per segment
and per lesion analysis were performed for coronary plaque,
lumen, and vessel in all coronary artery segments >2 mm in
diameter from the coronary tree. The presence of atherosclero-
sis was defined as any tissue >1 mm? within or adjacent to the
lumen that could be discriminated from surrounding pericardial
tissue, epicardial fat, or lumen and identified in >2 planes.'"
Fiduciary landmarks were used for co-registration of segments
and lesions as previously described.'® Nonevaluable segments
in either baseline or follow-up CCTAs were excluded pairwise
for plaque progression analyses to obtain the same number of
evaluated coronary segments at the 2 CCTA scans. Segments
that had been stented between the 2 CCTAs were excluded in
both scans. Segmental data were summed to per-patient level
according to a modified 17-segment coronary tree model."”
For the present analysis, only per-patient data were used.
Regardless of the presence of atherosclerotic plaques, plaque
volume (PV; mm®) of every coronary segment (PV=vessel
volume—lumen volume) was summed to generate the whole
heart PV per patient. Coronary plaques were further classified
by composition according to the predefined intensity cutoffs in
Hounsfield units (HU) for calcified plaques (>350 HU), fibrous
plaques (131-350 HU), fibro-fatty plaques (31-130 HU), and
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necrotic cores (—30 to 30 HU).222* Noncalcified PV (NCPV)
per patient was defined as the sum of PV of plaques with <350
HU and calcified PV per patient as the sum of PV of plaques
>350 HU. Change in whole heart PV, NCPV, and calcified PV
per patient was obtained as PVs at follow-up CCTA minus PVs
at baseline CCTA. Annual change of PV, NCPV and calcified
PV per patient (mm®/y) was defined as PVs change divided by
interscan period. For the present analysis, whole heart percent
atheroma volume (PAV=PV/vessel volumex100) per patient
was chosen as the primary index of atherosclerotic plaque bur-
den according to a prior analysis showing the lowest variance
of this measure.®® Annual change of whole heart PAV (%/y)
was defined as PAV divided by interscan period.

Study End Points

The first objective of the present analysis was to explore the
relative role of single and combined cardiometabolic risk fac-
tors, in particular MeS and its components, together with other
CVD risk factors as determinants of coronary plaque burden
and its progression. To this aim, the first end point was chosen
as an annual change in whole heart PAV >1%/y as an indicator
of rapid PR.'°

The second objective was to assess the relative impact
of the same single and combined risk factors, together with
plaque burden and rapid PP, on clinical outcome. To this aim,
the outcome end point was MACE, defined as the occur-
rence of nonfatal myocardial infarction, death, or unplanned,
symptom-driven revascularization. Unplanned revasculariza-
tion was defined as a procedure performed >30 days from
any CCTA exam. Patients experiencing events in the interscan
period between the baseline and follow-up CCTA scans were
not omitted from the main analysis.

Statistical Analysis

Continuous variables are expressed as mean+SD. Plaque data
are expressed as median with interquartile range because of
their left-skewed distribution. Categorical variables are pre-
sented as absolute values (percentage). In patient groups strat-
ified for presence/absence of the MeS, continuous data were
compared with the Mann-Whitney U test, or Kruskal-Wallis test
for unpaired data, and Wilcoxon signed-rank test for paired
data, as appropriate. Categorical variables were compared with
x? test or McNemar test, as appropriate. Univariate and multi-
variable linear regression analyses were performed to identify
the association of single or combined cardiometabolic risk fac-
tors and other clinical risk factors with baseline plaque burden
(PAV), while univariate and multivariable logistic regression
analyses were used to estimate their independent predictive
role in rapid PP. The selection of variables for the multivariate
analysis was performed using a clinical criterium, considering
all the CVD risk factors. All analyses were corrected for statin
treatment at baseline. Supplementary analyses for predictors
of rapid PP were also performed: (1) using BMI >25 kg/m?
as a proxy for obesity; (2) in male or female patients; and (3)
in patients without an established diagnosis of diabetes (as
defined by treatment with hypoglycemic agents or insulin or
FPG >126 mg/dL). Additional supplementary analyses for pre-
dictors of baseline PAV and of rapid PP were also performed,
adjusting for all medical therapy at baseline and for statin treat-
ment at follow-up CCTA, respectively.
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The ability of the single cardiometabolic risk factors to pre-
dict patient outcome was assessed using Kaplan-Meier curves,
and multivariable Cox analyses were performed to evaluate the
independent predictive role of single or combined cardiometa-
bolic risk factors and other clinical risk factors on MACE with-
out or with the inclusion of baseline PAV and rapid PP in the
models. All analyses were adjusted for statin treatment at base-
line. The Statistical Package for the Social Sciences version
19 (SPSS, Chicago, IL) was used. A A<0.05 was considered
statistically significant for all analyses.

RESULTS

Patients Characteristics

The mean age of the 1200 patients (665 males, 55%)
was 6019 years. Ethnicity was East Asian (92%) or
White (8%). A family history of CVD was present in
26% of patients. The clinical presentation at the time of
baseline CCTA included stable chest pain (84%), mainly
atypical or noncardiac than typical (70% and 9% versus
5%), dyspnea (7%), while 9% of patients were asymp-
tomatic. Among modifiable CVD risk factors, previous
CAD was present in 16%, smoking habits in 40%, and
high LDL-C in 29%. Among cardiometabolic CVD risk
factors, which are also components of the MeS, high
SBP and high FPG were the most frequent (62% and
53%, respectively), followed by low HDL-C, high triglyc-
erides, and high BMI (37%, 34%, and 5%, respectively).
The majority of patients were under medical treatment at
the time of the baseline CCTA (79%), and, among treat-
ments, aspirin and statins were the most frequent (60%
and 48%, respectively), followed by antihypertensive
drugs (ranging from 34% to 319%), antidiabetics (13%),
nitrates (11%), and diuretics (10%).

The combination of at least 3 cardiometabolic risk fac-
tors identifying the MeS was observed in 366 patients
(31%). The clinical characteristics, risk factors, medica-
tion use, and bio-humoral profiles in the whole population
and in patients grouped according to presence/absence
of MeS are presented in Table 1. Patients with MeS were
older and more frequently female than patients without.
They had a lower frequency of high LDL-C and a higher
frequency of high SBPF, high FPG, low HDL-C, high tri-
glycerides, and high BMI, that is, all 5 components of the
syndrome. Patients with MeS received more frequently
any kind of medical treatment apart from nitrates, which
were similarly administered in patients with or without
MeS. Bio-humoral data confirmed the differences in car-
diometabolic risk profile among the 2 groups and notably
showed similar values of total-C, lower values of LDL-
C, and higher values of non-HDL-C and Remnant-C in
patients with the MeS as compared with patients without.

Changes in statin treatment, bio-humoral profiles, and
other measurable risk factors from the time of base-
line CCTA to that of follow-up CCTA are shown in Fig-
ure 2. At follow-up, statin treatment was more frequent
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Table 1. Baseline Clinical Characteristics of the Study
Population

Whole Metabolic | Metabolic
population, | syndrome | syndrome

N=1200 (-), n=834 | (+), n=366 | P value
Nonmodifiable CVD risk factors
Age, y 609 60+9 6219 <0.001
Sex male 665 (55) 488 (59) 177 (48) 0.001
Ethnicity East Asian 1107 (92) 762 (91) 345 (94) 0.084
Ethnicity White 93 (8) 72 (9) 21 (6)
Family history 306 (26) 210 (25) 96 (26) 0.148
Symptoms
Typical chest pain 59 (5) 42 (5) 17 (5) 0.640
Atypical/noncardiac 952 (79) 659 (79) 293 (80)
chest pain
Dyspnea 85 (7) 55 (7) 30 (8)
Asymptomatic 104 (9) 78 (9) 26 (7)
Modifiable CVD risk factors
Previous CAD 187 (16) 131 (16) 56 (15) 0.850
Smoking 482 (40) 325 (39) 157 (43) 0.201
High LDL-C 350 (29) 260 (31) 90 (25) 0.021
High SBP* 741 (62) 416 (50) 325 (89) <0.001
High FPG* 634 (53) 322 (39) 312 (85) <0.001
Low HDL-C* 447 (37) 174 (21) 273 (75) <0.001
High TG* 410 (34) 149 (18) 261 (71) | <0.001
High BMI* 59 (5) 18 (2) 41 (11) <0.001
Medications
Beta-blockers 378 (32) 237 (28) 141 (39) <0.001
Calcium antagonists 376 (31) 222 (27) 154 (42) <0.001
RAS inhibitors 403 (34) 241 (29) 162 (44) | <0.001
Nitrates 132 (11) 88 (11) 44 (12) 0.454
Diuretics 120 (10) 70 (8) 50 (14) 0.005
Anti-diabetic 159 (13) 71 (9) 88 (24) <0.001
Aspirin 597 (50) 395 (47) 202 (55) 0.012
Statins 577 (48) 385 (46) 192 (52) 0.044
Laboratory data
Total-C, mg/dL 183+39 184+39 181+40 0.206
LDL-C, mg/dL 112+35 114+35 107+34 0.001
FPG, mg/dL 111+35 105+29 124142 <0.001
TG, mg/dL 143+81 119166 196188 <0.001
HDL-C, mg/dL 49+12 52+12 4219 <0.001
Non-HDL-C, mg/dL 134+37 132437 139+38 0.004
Remnant-C, mg/dL 22+19 1816 32+22 <0.001
HbA1C, % 6.4+1.2 6.3%1.1 6.8+1.4 <0.001

Continuous variables are presented as mean+SD, categorical variables as
absolute N and (%). Continuous data were compared with the Mann-Whitney U
test and categorical variables with %? test. £<0.05 show statistically significant
differences. BMI indicates body mass index; CAD, coronary artery disease; CVD,
cardiovascular diseases; FPG, fasting plasma glucose; HbA1C, hemoglobin Alc
(measured in a subgroup of 548 patients); HDL-C, high-density lipoprotein
cholesterol; LDL-C, low-density lipoprotein cholesterol; RAS, renin angiotensin
system; Remnant-C, remnant cholesterol; SBF, systemic blood pressure; TG,
triglycerides; and Total-C, total cholesterol.

*Modifiable CVD risk factors which are also components of the metabolic
syndrome.
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Figure 2. Changes in statin treatment, in bio-humoral profiles, and in other measurable risk factors from the time of baseline
coronary computed tomography angiography (CCTA) to that of follow-up CCTA.

Bar graph representing statin use as well as blood lipids, fasting plasma glucose (FPG), systolic blood pressure (SBP), and body mass index
(BMI), values (meantSE) measured in the whole population at the time of baseline CCTA and of follow-up CCTA. Continuous data were
compared with the Wilcoxon signed-rank test for paired data and categorical variables with McNemar test. HDL-C indicates high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TG, triglycerides; and Total-C, total cholesterol.

than at baseline, and most lipid biomarkers significantly
decreased, more evidently for total-C (—14.9+1.2 mg/dL),
LDL-C (—16.0+1.1 mg/dL), non-HDL-C (—14.6+41.4
mg/dL), and triglycerides (—=179£2.4 mg/dL) than
for HDL-C (—0.9£0.3 mg/dL), with a small increase in
remnant-C (1.9£20.4). On the contrary, there were no
significant changes in FPG (—=0.33+32.1 mg/dL), systolic
BP (—1.1£19.2 mm Hg), or BMI (0.02+0.8 kg/m?).

Cardiometabolic Risk, Atherosclerotic Coronary
Plaque Burden, and Progression

Plaque burden measurements at baseline and follow-up
CCTA, as well as their annual changes, are described in the
whole population and compared among patients grouped
according to presence/absence of MeS in Table 2.

At baseline, patients with MeS had a higher whole
heart plaque burden (PV and PAV), including both cal-
cified and noncalcified volumes, than patients without
MeS. The median interscan period was 3.6 (interquar-
tile range, 1.4) years. At follow-up, all plague burden

Circ Cardiovasc Imaging. 2024;17:e016481. DOI: 10.1161/CIRCIMAGING.123.016481

parameters increased in the whole population and were
higher in patients with MeS than in patients without MeS.
Moreover, patients with MeS showed a higher annual
increase in total, and in particular, calcified plaque bur-
den than patients without MeS. Rapid coronary PP (delta
PAV/y >1%) was observed in 341 (28%) participants
and was more frequent in patients with MeS.
Univariable analyses of the association between
clinical characteristics, medical therapy, and baseline
PAV or rapid PP are reported in Tables S1 and S2.
At multivariable linear regression analysis, age, sex
male, previous CAD, smoking habits, and MeS were
associated with baseline PAV (Table 3, model 1A).
Among cardiometabolic risk factors, high FPG and
low HDL-C were significantly associated with baseline
PAV (Table 3, model 1B), in particular when combined
(Table 3, model 1C). High SBP showed a weak associa-
tion. At multivariable logistic regression analysis, age,
smoking habits, and MeS were independent predictors
of rapid PP, together with baseline PAV when included
in the model (Table 4, models 2A and 2B). When MeS
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Table 2. Coronary Atherosclerotic Plaque Burden, Plaque Progression, and Outcome

Whole population, Metabolic syndrome Metabolic syndrome
N=1200 (-), n=834 (+), n=366 P value
Plaque burden at baseline
PV, mm? 4756 (4.18-140.02) 39.13 (0-127.01) 69.81 (14.89-170.64) <0.001
NCPV, mm?® 30.00 (1.3194.47) 23.8-995 (0-83.13) 39.93 (9.29-126.26) <0.001
CPV, mm? 6.78 (0-38.83) 4.97 (0-33.50) 12.25 (0.03-50.92) <0.001
PAV, % 2.65 (0.18-7.99) 2.20 (0-7.37) 3.86 (0.97-9.58) <0.001
NCPAV, % 1.70 (0.09-5.35) 1.35 (0-4.67) 2.31 (0.51-6.80) <0.001
CPAV, % 0.37 (0-2.32) 0.26 (0-1.99) 0.70 (0-2.69) 0.001
Plaque burden at follow-up
PV, mm? 85.24 (17.94-211.52) 72.42 (12.16-188.32) 120.94 (38.95-256.10) | <0.001
NCPV, mm? 43.32 (6.80-115.51) 34.15 (4.31-101.20) 57.76 (17.97-152.06) <0.001
CPV, mm? 22.09 (1.65-80.67) 18.58 (0.34-72.31) 37.96 (3.94-101.86) <0.001
PAV, % 4.68 (1.11-12.30) 3.88 (0.76—11.06) 6.60 (2.35-15.44) <0.001
NCPAV, % 2.44 (0.48-6.47) 2.06 (0.28-5.62) 3.37 (1.03-8.21) <0.001
CPAV, % 1.26 (0.09-5.00) 0.97 (0.02-4.64) 2.11 (0.21-5.36) <0.001
Plaque burden annual change
Delta PV/y, mm? 7.24 (0.19-20.74) 5.67 (0-18.89) 10.62 (1.90-28.01) <0.001
Delta NCPV/y, mm® 0.93 (-0.37-8.70) 0.61 (-0.24-7.40) 1.51 (-0.74-12.04) 0.153
Delta CPV/y, mm® 3.45 (0.10-11.12) 1.78 (0.01-9.62) 5.44 (0.66-15.70) <0.001
Delta PAVYy, % 0.41 (0.03-1.17) 0.33 (0-0.99) 0.59 (0.14-1.42) <0.001
Delta NCPAV/y, mm® 0.05 (-0.03-0.47) 0.03 (-0.02-0.43) 0.10 (-0.04-0.63) 0.040
Delta CPAV/y, mm? 0.19 (0.01-0.69) 0.16 (0-0.59) 0.29 (0.03-0.86) <0.001
Rapid plaque progression
Delta PAV/y >1% 341 (28) 208 (25) 133 (36) <0.001
Outcome
MACE 201 (17) 124 (15) 77 (21) 0.008
Nonfatal Ml 11(1) 6(1) 5(1) 0.279
Any cause death 17 (1) 14 (2) 3(1) 0.223
Unplanned revascularization 175 (15) 106 (13) 69 (19) 0.006

Coronary plaque variables are presented as median with interquartile range (IOR) and categorical variables as absolute N and
(%). Continuous data were compared with the Mann-Whitney U test and categorical variables with %? test. £<0.05 show statistically
significant differences. Two patients without MeS had unplanned revascularization and later on a nonfatal M. CPAV indicates calcified
percent atheroma volume; CPV, calcified plaque volume; MACE, major adverse cardiovascular events; MeS, metabolic syndrome; MI,
myocardial infarction; NCPAV, noncalcified percent atheroma volume; NCPV, noncalcified plaque volume; PAV, percent atheroma volume;

and PV, plaque volume.

was substituted with individual cardiometabolic risk
factors, only high FPG and low HDL-C remained inde-
pendent predictors of rapid PP (Table 4, model 2C),
in particular when combined and even when baseline
PAV was included in the model (Table 4, models 2D and
2E). The independent predictive role of the combination
of high FPG and low HDL-C for rapid PP (model 2E)
was confirmed in sensitivity analyses performed in male
or female patients, in patients without an established
diagnosis of diabetes, and using a BMI >25 kg/m? as
a proxy for obesity (Tables S3 through S6). Moreover,
the independent predictive role of the combination of
high FPG and low HDL-C for baseline PAV and rapid
PP was also confirmed when adjusting for full medical
therapy at baseline or for statin use at follow-up CCTA,
respectively (Tables S7 and S8).

Circ Cardiovasc Imaging. 2024;17:e016481. DOI: 10.1161/CIRCIMAGING.123.016481

The individual and combined effects of high FPG and
low HDL-C on plaque burden progression, expressed by
the annual change of PAV, noncalcified percent atheroma
volume, and calcified percent atheroma volume (%/y), in
the whole population are shown in Figure 3. Both the
individual and synergistic effects of high FGP and low
HDL-C are evident in the progression of total plaque
burden. Either high FPG or low HDL-C are associated
with the progression of noncalcified percent atheroma
volume, while only high FPG is associated with the pro-
gression of calcified percent atheroma volume.

Cardiometabolic Risk, Rapid Coronary Plaque
Progression, and MACE

In a median follow-up period of 8.23 years (interquar-
tile range, 5.92-9.53), MACE occurred in 201 patients
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Table 3. Multivariable Linear Regression for the Association Between Baseline Clinical
Characteristics and Baseline Percent Atheroma Volume

Model 1A Model 1B Model 1C

Coefficient+SE Pvalue | CoefficienttSE Pvalue | Coefficient+SE P value
Age, y 0.24%+0.3 <0.001 0.23+0.03 <0.001 0.23%+0.03 <0.001
Sex male 1.93+0.50 <0.001 2.03+0.51 <0.001 2.02+0.50 <0.001
Family history —0.10+0.51 0.852 —0.09+0.51 0.861 —0.10+0.51 0.849
Previous CAD 3.41+0.65 <0.001 3.40+0.65 <0.001 3.41+0.65 <0.001
Smoking 1.04+0.50 0.037 1.01£0.50 0.042 1.06+0.50 0.033
High LDL-C —0.11£0.50 0.827 0.12%+0.50 0.807 0.07+0.50 0.888
MeS 1.34+0.49 0.006
High SBP 0.86+0.48 0.073 1.01+0.48 0.035
High FPG 1.12+0.46 0.015
High BMI —0.62+0.49 0.550 —0.62+1.03 0.550
Low HDL-C 1.10+0.49 0.025
High TG 0.50%0.48 0.304 0.56+0.48 0.243
High FPG and Low HDL-C 1.72+0.56 0.002

P<0.05 show statistically significant differences. Models are adjusted for baseline statin therapy. BMI indicates body mass index;
CAD, coronary artery disease; FPG, fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein

cholesterol; MeS, metabolic syndrome; SBP, systemic blood pressure; and TG, triglycerides.

(17%), including unplanned coronary revascularizations
in 175 (15%; Table 2). The 10-years event-free survival
rate was significantly lower in patients with MeS than in
those without MeS (85% versus 78%; P=0.012; Fig-
ure 4). Patients with either high FPG or high SBP had
similarly reduced event-free survival rates as compared
with patients with none of these 2 factors, while patients
with the combination of high FPG and high SBP had the
worst outcome (Figure 4).

The univariable analysis of the association between
baseline clinical characteristics and MACE s reported in
Table S9. At multivariable Cox analyses, age, family his-
tory, previous CAD, and MeS were independently asso-
ciated with MACE (Table 5, model 3A). When baseline
PAV and rapid PP were included in the model, previous
CAD and MeS were no longer independent predictors of
MACE (Table 5, model 3B). Among single cardiometa-
bolic risk factors, high SBP and high FPG were the only
independent predictors of MACE (Table 5, model 3C), in
particular when combined and even when baseline PAV
and rapid PP were included in the model (Table 5, mod-
els 3D and 3E).

DISCUSSION

In the current study, the analysis of a large cohort of
patients with suspected or known stable CAD undergo-
ing serial coronary CCTA allowed us to demonstrate that
the specific cardiometabolic risk profile characterized
by hyperglycemia and low HDL-C levels is associated
with the presence and extent of coronary atheroscle-
rosis and, most importantly, predicts a rapid progres-
sion of coronary plaque burden independently of other

Circ Cardiovasc Imaging. 2024;17:e016481. DOI: 10.1161/CIRCIMAGING.123.016481

established risk factors and treatment. Even in the pres-
ent population, characterized by a relatively low mortal-
ity rate, patients with a rapid progression of coronary
plaque burden demonstrated a worse outcome, mainly
due to the increased frequency of late, unplanned revas-
cularizations. Importantly, high FPG, in combination with
high SBPF, was also able to further stratify patient risk
of adverse cardiac events, besides the extent of coro-
nary atherosclerosis and its rapid progression over time.
The present results underline the relevance of a specific
combination of cardiometabolic risk factors in the same
patient as determinants of coronary atherosclerosis
residual risk, that is, the risk persisting despite current
treatments.

Cardiometabolic Risk, Progression of Coronary
Atherosclerosis, and Outcome

A few studies have reported that the progression of
coronary atherosclerosis, as measured by serial CCTA,
is related to the globally estimated clinical risk of
future cardiovascular events, in particular in diabetic
patients.?6?" In a previous PARADIGM study analysis, it
has been shown that plaque progression measured by
the annual rate of PAV, noncalcified percent atheroma
volume, and calcified percent atheroma volume increase
from baseline to follow-up CCTA was associated with
increasing cumulative estimated ASCVD risk.® As in
other studies, however, the prospective contribution of
individual and combined cardiometabolic risk factors on
rapid progression of coronary atherosclerosis and on
actually measured future adverse cardiovascular events
has not been explored.
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Table 4. Multivariable Logistic Regression for the Association Between Baseline Clinical Characteristics and Rapid Plaque

Progression

Model 2A Model 2B Model 2C Model 2D Model 2E
OR OR OR OR OR
(95% CI) P value (95% CI) P value (95% CI) P value (95% CI) P value (95% CI) P value
Age,y 1.05 <0.001 1.02 0.006 1.02 <0.001 1.05 <0.001 1.02 0.010
(1.03-1.07) (1.01-1.04) (1.01-1.04) (1.03-1.06) (1.01-1.04)
Sex male 1.22 0.192 0.98 0.885 0.98 0.053 1.34 0.068 1.06 0.727
(0.91-1.64) (0.71-1.35) (0.71-1.35) (0.98-1.80) (0.76-1.47)
Family history 1.17 0.315 1.19 0.295 1.16 0.336 1.27 0.328 1.17 0.331
(0.87-1.57) (0.86-1.64) (0.86-1.57) (0.89-1.58) (0.85-1.62)
Previous CAD 1.28 0.175 0.90 0.622 1.27 0.196 1.27 0.194 0.90 0.604
(0.90-1.84) (0.60-1.36) (0.88-1.83) (0.86-1.83) (0.59-1.36)
Smoking 1.66 <0.001 1.63 0.009 1.63 0.001 1.62 0.002 1.49 0.015
(1.24-2.15) (1.11-2.10) (1.21-2.19) (1.20-2.18) (1.08-2.05)
High LDL-C 0.97 0.856 0.99 0.975 1.07 0.652 1.07 0.670 1.08 0.663
(0.72-1.31) (0.72-1.36) (0.79-1.45) (0.79-1.45) (0.78-1.49)
MeS 1.63 <0.001 1.51 0.007
(1.24-2.16) (1.12-2.03)
High SBP 1.18 0.259 1.08 0.254 1.08 0.636
(0.88-1.58) (0.88-1.59) (0.79-1.48)
High FPG 1.50 0.004
(1.14-1.98)
High BMI 1.08 0.798 1.08 0.799 1.20 0.561
(0.60-1.95) (0.60-1.95) (0.65-2.21)
Low HDL-C 1.82 <0.001
(1.37-2.43)
High TG 1.15 0.350 1.15 0.323 1.12 0.470
(0.86-1.52) (0.87-1.53) (0.82-1.52)
High FPG or 1.62 0.014 1.40 0.065
low HDL-C (1.09-2.12) (0.98-2.00)
High FPG and 2.72 <0.001 2.37 <0.001
low HDL-C (1.84-4.02) (1.56-3.61)
PAV, % 1.12 <0.001 1.12 <0.001
(1.10-1.15) (1.10-1.15)

P<0.05 show statistically significant differences. Models are adjusted for baseline statin therapy. BMI indicates body mass index; CAD, coronary artery disease; FPG,
fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; MeS, metabolic syndrome; OR, odds ratio; PAV, percent

atheroma volume; SBP, systemic blood pressure; and TG, triglycerides.

Besides established ASCVD risk factors, the general
combination of at least 3 cardiometabolic risk factors,
described as MeS,*'*'® has received particular atten-
tion over the past decades due to its elevated prevalence
and the consideration that it is projected to continuously
increase in parallel with the prevalence of obesity and
type-2 diabetes. In the general population, it has been
shown that MeS is associated with a higher risk of the
combined outcome end point of MACE as well as with
cardiovascular and all-cause mortality, even if the effects
of MeS were not in excess of those related to the pres-
ence of single components.?® The possible association
of specific combinations of cardiometabolic risk factors
with coronary atherosclerosis progression and with major
ASCVD-related events has not been explored.

The first relevant result of the present study is the
demonstration for the first time that the combination
of high FPG with low HDL-C levels, which is very fre-
quent in diabetes and prediabetic states, is a strong

Circ Cardiovasc Imaging. 2024;17:e016481. DOI: 10.1161/CIRCIMAGING.123.016481

and independent determinant of rapid coronary plaque
progression, outperforming other cardiometabolic risk
factors and even after adjustment for baseline plaque
burden and statin treatment.

High FPG, including prediabetes and overt diabetes,
is a major determinant of CVD-related outcomes in the
general population,’ and its relationship with progres-
sive CAD has been clearly demonstrated. In previous
PARADIGM analyses, either established type-2 diabe-
tes or the triglyceride-glucose index, a surrogate index
for insulin resistance, were shown as independent pre-
dictors of coronary plaque progression and adverse
plaque features at CCTA.'9?7 In a recent post hoc analy-
sis of trials involving serial coronary intravascular ultra-
sonography measurements in patients with or without
diabetes, mainly testing aggressive treatment strate-
gies for specific CVD risk factors on coronary plaque
progression, greater (on-treatment) HbA1c levels were
associated with annualized changes in PAV and with
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Figure 3. Individual and combined effects of high fasting plasma glucose (FPG) and low high-density lipoprotein cholesterol
(HDL-C) on plaque burden progression, expressed by annual change of percent atheroma volume (PAV), noncalcified PAV

(NCPAV), and calcified PAV (CPAV) (%/y) in the whole populati

on.

Bar graph representing annual changes (delta) in whole heart PAV (%/y; A), whole heart NCPAV (%!/y; B), and whole heart CPAV (%/y; C) for
4 groups: patients without high FPG and without low HDL-C (none), patients with only high FPG, patients with only low HDL-C, and patients
with both high FPG and low HDL-C. Continuous data were compared with the Kruskal-Walllis test, and multiple comparisons were performed

using Mann-Whitney U test with Bonferroni correction for P value.

MACE independently of achieved CVD risk factor con-
trol.3% Similar results were obtained in a previous PAR-
ADIGM analysis in patients without baseline coronary
plaque burden.®

Low levels of HDL-C have always been considered
a relevant ASCVD risk determinant, but genetic studies
and clinical trials have challenged the notion that HDL-C
levels may be causally linked to CVD, independent of
the cholesterol content in LDL particles. In particular, the
failure of many cholesteryl ester transfer protein inhibi-
tors to raise HDL-C levels raised doubts on the protec-
tive role of HDL. These findings have raised attention
to the multiple biological functions of HDL beyond the
so-called reverse cholesterol transport, including anti-
inflammatory and anti-oxidative properties, which may be
in turn involved in atherogenesis.®?

Recent data indicate that HDL-C levels and HDL
particle functionality are correlated with the pathogen-
esis and prognosis of type-2 diabetes. HDL is a complex
macromolecular cluster of various components, such

as apolipoproteins, enzymes, and lipids. Hyperglycemia
leads to reduced HDL-C levels and deteriorated HDL
functionality via various alterations in HDL particles’
proteome and lipidome. In turn, reduced HDL-C levels
and impaired HDL functionality impact the performance
of key organs related to glucose homeostasis, such as
pancreas and skeletal muscles. Thus, a bidirectional cor-
relation between these 2 conditions exists, leading to a
perpetual self-feeding cycle.3® Experimental data under-
lined the impact of deficiency of apolipoprotein A1 and
lecithin-cholesterol acyltransferase, key components of
HDL structure, on glucose homeostasis in diet-induced
obesity murine models.3* These findings suggested that
HDL structure, rather than adipose tissue, is responsible
for the observed glucose metabolic abnormalities and,
in turn, might have an effect on coronary plaque burden.
Whichever the interaction is, recent results on the favor-
able prognostic impact of new glucose lowering drugs in
patients with and without established diabetes underline
the relevance of counteracting this cardiometabolic risk
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Figure 4. Survival analysis.

Kaplan-Meier curves for event-free survival in patients with no MeS (blue) and in patients with MeS (red; A). Kaplan-Meier curves for event-free
survival in patients without high fasting plasma glucose (FPG) and without high systemic blood pressure (SBP; green), patients with only high
FPG (blue), patients with only high SBP (yellow), and patients with both high FPG and high SBP (red; B). MeS indicates metabolic syndrome.
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Table 5. Multivariable Cox Regression for the Association Between Baseline Clinical Characteristics, Rapid PP, and Major
Adverse Cardiovascular Events

Model 3A Model 3B Model 3C Model 3D Model 3E

HR (95% CI) P value | HR (95% CI) P value | HR (95% CI) P value | HR (95% CI) P value | HR (95% CI) P value
Age, y 1.03 (1.01-1.05) | <0.001 | 1.02 (1.00-1.03) | 0.035 1.03 (1.01-1.04) | 0.001 1.03 (1.01-1.04) | 0.001 1.02 (1.00-1.08) | 0.065
Sex male 1.36 (0.98-1.88) | 0.064 1.25 (0.90-1.74) | 0.179 1.31 (0.94-1.83) | 0.107 1.30 (0.94-1.82) | 0.117 1.20 (0.86-1.66) | 0.295
Family 1.51 (1.12-2.04) | 0.007 1.52 (1.13-2.06) | 0.006 1.54 (1.07-1.95) | 0.005 1.54 (1.14-2.09) | 0.005 1.55 (1.14-2.10) | 0.005
history
Previous 1.60 (1.17-2.23) | 0.006 1.37 (0.97-1.93) | 0.071 1.60 (1.14-2.23) | 0.006 1.60 (1.15-2.23) | 0.006 1.36 (0.97-1.92) | 0.077
CAD
Smoking 1.25 (0.91-1.70) | 0.163 | 1.18 (0.86-1.61) | 0.298 | 1.27 (0.93-1.74) | 0.130 | 1.27 (0.93-1.74) | 0.127 | 1.20 (0.88-1.64) | 0.252
High LDL-C | 1.05 (0.77-1.44) | 0.747 1.06 (0.77-1.44) | 0.729 1.10 (0.80-1.51) | 0.546 1.10 (0.81-1.51) | 0.540 1.09 (0.80-1.50) | 0.590
MeS 1.37 (1.08-1.83) | 0.032 1.28 (0.96-1.72) | 0.091
High SBP 1.39 (1.01-1.16) | 0.045
High FPG 1.36 (1.01-1.82) | 0.040
High BMI 0.68 (0.35-1.34) | 0.270 0.68 (0.35-1.34) | 0.263 0.73 (0.37-1.44) | 0.366
Low HDL-C 1.08 (0.80-1.46) | 0.599 1.07 (0.80-1.45) | 0.641 1.01 (0.75-1.86) | 0.965
High TG 1.07 (0.80-1.45) | 0.641 1.07 (0.79-1.44) | 0.654 1.05 (0.78-1.41) | 0.752
High SBP 1.65 (1.03-2.67) | 0.039 | 1.54 (0.95-2.49) | 0.079
or high
FPG
High SBP 2.06 (1.28-3.33) | 0.003 1.79 (1.10-2.90) | 0.018
and high
FPG
PAV, % 1.08 (1.02-1.04) | <0.001 1.03 (1.01-1.04) | 0.002
Rapid PP 1.44 (1.06-1.95) | 0.018 1.42 (1.05-1.93) | 0.024

<0.05 show statistically significant differences. Models are adjusted for baseline statin therapy. BMI indicates body mass index; CAD, coronary artery disease; FPG,
fasting plasma glucose; HDL-C, high-density lipoprotein cholesterol; HR, hazard ratio; LDL-C, low-density lipoprotein cholesterol; MeS, metabolic syndrome; PAV, percent
atheroma volume; PP, plaque progression; SBF, systemic blood pressure; and TG, triglycerides.

profile as a measure to prevent CVD and CAD-related
events?®

Another relevant finding of the present study is the
demonstration of the prognostic impact of the combina-
tion of high FPG and high SBPF, underlying the additional
role of hypertension over an atherogenic cardiometabolic
profile in causing CAD-related events and, in particular,
late revascularizations.

High SBP is currently the first, in ranking order, modi-
fiable risk factor accounting for cardiovascular mortality
and all-cause disability-adjusted life years lost." Never-
theless, data on the relationship between hypertension
and coronary atherosclerosis progression are scanty. In a
small, low-risk population of patients with suspected CAD
submitted to serial CCTA, hypertension was an indepen-
dent determinant of noncalcified plaque progression but
was not significantly associated with annual progression
of total plaque burden (on a per-plaque and per-patient
analysis).?® On the contrary, the combination of estab-
lished diabetes and hypertension predicted MACE risk
in patients without obstructive CAD, even after adjust-
ment for baseline extent of coronary atherosclerosis.®
The present results extend and clarify previous findings
demonstrating that in patients with suspected or known
CAD, high FPG and high SBP, determined at a first diag-
nostic evaluation, persist at follow-up despite treatment.

Circ Cardiovasc Imaging. 2024;17:e016481. DOI: 10.1161/CIRCIMAGING.123.016481

High FPG, even after exclusion of established diabetes,
is a key determinant of the extent of coronary athero-
sclerosis and of its rapid progression, and, in combination
with high SBR, it is also able to further stratify the risk of
MACE beyond baseline coronary plaque burden and its
progression over time.

Hypertension is associated with abnormal vasodilatory
capacity, which plays a crucial role in CAD. Changes in
signaling pathways in vascular endothelial and smooth
muscle cells are key molecular mechanisms that trigger
endothelial/vascular dysfunction, which characterizes
hypertension. Among the complex molecular mechanisms
involved, the nitric oxide— nitric oxide-sensitive guanylate
cyclase-cGMP pathway is considered one of the most rel-
evant3® In the context of the cardiometabolic risk profile
described above, the presence of hypertension could thus
express a relevant coexistent impairment of endothelial
function able to reinforce the atherogenic process and, in
particular, enhance the functional effects of coronary ath-
erosclerosis such as myocardial ischemia. It is conceivable
that the increased prevalence of MACE in the present
population in patients with combined high FPG and high
SBR, mainly driven by unplanned revascularizations, could
be explained at least in part by a higher predisposition to
recurrent ischemia and related symptoms, which could
have promoted more frequent late revascularizations.
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Other cardiometabolic risk factors, that is, obesity
and hypertriglyceridemia, had no significant independent
impact on coronary plaque progression and outcome in
the PARADIGM population.

Obesity is an emergent risk factor for CVD, being
closely associated with prediabetic and diabetic condi-
tions." In the general population, it has been associated
with worse outcome,’ particularly in men, independent
of the presence of the MeS.3° However, the relationship
between high BMI and outcome in patients with CAD
is more complex. In women with suspected CAD from
the WISE study,*® higher BMI values were not associ-
ated with significant CAD and MACE. On the contrary,
in patients with stable CAD and a long-term follow-up,
obesity, but not overweight, was independently associ-
ated with increased mortality.*" In a recent report from
the STABILITY trial in patients with stable CAD, all-cause
and cardiovascular mortality were lowest in patients
with a BMI between 25 and 35 kg/m? while very low
or very high BMI values were strong markers of poor
prognosis.*?*3

In the present study, BMI >30 kg/m? was not inde-
pendently associated with increased coronary plaque
burden, rapid PP, or MACE. Since the present population
included mainly patients of East Asian ethnicity, a dif-
ferent cutoff for a high BMI value (25 kg/m?) was also
used, but the results did not change. These results may
indirectly confirm the few available data on the relation-
ship between high BMI and coronary plaque progression,
documenting that CAD progression and CAD-related
outcomes seem to depend more on the associated
metabolic phenotype®® or visceral adiposity than on BMI
itself.4*

A potential causal role of triglycerides, triglyceride-
rich lipoproteins, and their remnants in atherogenesis
has been recently underlined.® As a matter of fact, high
triglycerides are often associated with low HDL-C as
determinants of a specific cardiometabolic risk profile,
known as atherogenic dyslipidemia, which is indepen-
dent of LDL-C, correlates with insulin resistance and
incident diabetes, and is associated with ASCVD risk
in general populations.**™*® In patients with suspected
or known CAD, this condition may specifically influ-
ence CAD-related events and responses to statin treat-
ment*9%2 High triglyceride levels are also associated
with decreased HDL function, so that the proatherogenic
properties of triglyceride-rich lipoproteins can be coupled
with reduced antiatherogenic effects of HDL-C, both
contributing to enhanced atherosclerotic plaque forma-
tion and progression.®3** In a previous study in patients
with suspected or known stable CAD, the combination
of high triglycerides with low HDL-C, as expressed by
a high triglyceride/HDL-C ratio, was associated with a
higher CCTA-derived risk score and was an independent
predictor of the primary composite outcome end point of
all-cause mortality and nonfatal myocardial infarction.5®
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In a subgroup of this population in which coronary plaque
burden progression could be evaluated by a second
CCTA scan, a higher baseline triglyceride/HDL-C ratio
was also associated with a higher increase in coronary
plaque burden at follow-up.?®

In the present study, patients with the MeS had higher
values of triglycerides, non-HDL-C, and remnant-C as
well as lower values of HDL-C. Nevertheless, high triglyc-
erides were not independent determinants of coronary
plaque burden and progression and were not associated
with outcome. On the contrary, low HDL-C was an inde-
pendent predictor of the extent of coronary atheroscle-
rosis and of rapid PP, even if it was not independently
related to outcome. Since the present results could have
been influenced by the specific population analyzed, with
a low prevalence of obesity and possible peculiar dietary
habits, they cannot be extended to more general popu-
lations. Nevertheless, they may suggest that the impact
of triglyceride-rich lipoproteins on ASCVD risk might be
substantially mediated by indirect effects on other ath-
erogenic mechanisms.

Limitations

The present analysis has several limitations. The
selected population was at relatively low risk, being
composed of patients with atypical chest pain and a
low prevalence of severe CAD. The prevalent ethnic-
ity was East Asian with a possible cardiometabolic risk
profile and lifestyle and dietary habits not superimpos-
able with other populations. Differences in nutritional
habits may have reduced the relevance of some com-
ponents, such as triglyceride levels, in the cardiometa-
bolic risk profile shown to be associated with coronary
plague progression. The value of BMI, instead of waist
circumference, was used to define obesity based on
a cutoff value that mainly applies to European and
US populations. Patients of East Asian ethnicity may
have different associations between BMI, percentage
of body fat, and CVD risks compared with European
populations.'® Nevertheless, even when a lower cutoff
value for BMI was used in the analyses, the results did
not change. There is a recognized difficulty in choosing
cutoff values even for waist measurements in different
ethnic groups,* and in any case, these parameters may
be considered only as approximate indicators of visceral
adiposity,** which should be determined by more accu-
rate measurements not available in the present study.
Moreover, LDL-C and Remnant-C were calculated and
not directly measured. Finally, due to the observational
design of the study, information on medical therapy
was limited to the use of medical treatment at the time
of the baseline CCTA and to the use of statins at the
time of the second CCTA. Full data on dosages and
adherence to treatment were not recorded. There was
no control over optimal medical treatment, so some
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patients could have been undertreated. In particular, it
could not be assessed whether effective glycemic con-
trol was achieved since HbA1c data were available only
in a minority of patients (n=548). Additionally, because
only patients who had both a baseline and a follow-up
CCTA scan were eligible, patients had a relatively low
prevalence of obstructive CAD and event rate. Patients
in whom coronary disease could have progressed more
rapidly and, hence, could have been more likely to expe-
rience clinical events may not have been referred for a
second coronary CCTA. Thus, some selection bias was
inevitable, and the generalizability of the present results
to higher-risk populations is not known.

Conclusions

In summary, this is the first prospective large study in
which the relative independent role of established and
emerging cardiometabolic risk factors could be tested
in predicting both progressive coronary atherosclerosis
and cardiovascular outcomes. The present results sig-
nificantly expand previous knowledge by demonstrating
that: (1) high circulating FPG (expressing insulin resis-
tance even in the absence of established type-2 diabe-
tes) and low HDL-C, both individually and in combination,
are relevant determinants of the extent of coronary
plaque burden and of its progression over time; (2) these
2 factors identify a specific cardiometabolic condition,
independent of other risk factors, strongly and specifi-
cally associated with a more rapid PP persisting despite
current treatment; (3) high SBP is able to condition,
in association with high FPG, additional risk of future
CAD-related events besides the progression of coronary
atherosclerosis; and (4) among other modifiable risk fac-
tors, the independent and strong effects of smoking are
confirmed, while the impact of LDL-C is possibly miti-
gated by the large current use of statins, which is further
increased once coronary atherosclerosis is documented
by CCTA.

Further clinical studies could be needed to confirm
and expand the present results to larger multi-ethnic
populations and to assess whether better control of the
specific cardiometabolic condition identified by hypergly-
cemia and low HDL-C by lifestyle and pharmacological
interventions could reduce coronary plaque progression
and, together with a better control of hypertension,®
could prevent adverse related events. The observed
role of the combination of high FPG and low HDL-C to
predict rapid coronary PP underlines the need to bet-
ter elucidate the mechanisms by which these 2 factors
may interact to cause an adverse cardiometabolic profile
prone to atherogenesis.

Testing specific new treatments addressed to lower
glucose levels to improve HDL and endothelial function
would be particularly relevant to reducing the residual
global burden of ASCVD.
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