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A B S T R A C T

Background: Data on the impact of glycemic status on coronary plaque progression have been limited. This study
evaluated the association between glycemic status and coronary plaque volume change (PVC) using coronary
computed tomography angiography (CCTA).
Methods: A total of 1296 subjects (61 ± 9, 56.9% male) who underwent serial CCTA with available glycemic
status were enrolled and analyzed from the Progression of AtheRosclerotic PlAque DetermIned by Computed
TomoGraphic Angiography IMaging (PARADIGM) registry. The median inter-scan period was 3.2 (2.6–4.4) years.
Quantitative assessment of coronary plaques was performed at both scans. All participants were categorized into
the following groups according to glycemic status: normal, pre-diabetes (pre-DM), and diabetes mellitus (DM).
Results: During the follow-up, significant differences in PVC (normal: 51.3 ± 83.3 mm3 vs. pre-DM:
51.0 ± 84.3 mm3 vs. DM: 72.6 ± 95.0 mm3; p < 0.001) and annualized PVC (normal: 14.9 ± 24.9 mm3 vs.
pre-DM: 15.7 ± 23.8 mm3 vs. DM: 21.0 ± 27.7 mm3; p = 0.001) were observed among the 3 groups.
Compared with normal individuals, individuals with pre-DM showed no significant differences in the adjusted
odds ratio (OR) for plaque progression (PP) (1.338, 95% confidence interval [CI] 0.967–1.853; p = 0.079).
However, the adjusted OR for PP was higher in DM individuals than in normal individuals (1.635, 95% CI
1.126–2.375; p = 0.010).
Conclusion: DM had an incremental impact on coronary PP, but pre-DM appeared to have no significant asso-
ciation with an increased risk of coronary PP after adjusting for confounding factors.
Clinical trial registration: ClinicalTrials.gov NCT02803411.

1. Introduction

Diabetes mellitus (DM) is strongly associated with increasing risk of
cardiovascular (CV) disease and adverse clinical outcomes.1–3 Several
meta-analyses have revealed that DM imparted a 2- to 3-fold increase in
the risk of developing coronary artery disease (CAD).4–6 However, data
on the association between pre-diabetes (pre-DM) and the risk of CAD
are limited in general population. Although a large cross-sectional study
has suggested that DM but not pre-DM is related to increased risk for

subclinical coronary atherosclerosis,7 data on the natural history of
coronary atherosclerosis according to glycemic status have been lim-
ited. Recently, compared with invasive methods, improved technology
in coronary computed tomography angiography (CCTA) has allowed for
the non-invasive assessment of coronary atherosclerosis with high-di-
agnostic performance.8,9 Therefore, the present study used serial CCTA
to evaluate the change of coronary plaque volume along the full length
of the coronary vascular tree according to glycemic status.

Abbreviations

CAD coronary artery disease
CCTA coronary computed tomography angiography
CI confidence interval
CV cardiovascular

DM diabetes mellitus
HbA1C hemoglobin A1C
OR odds ratio
PP plaque progression
Pre-DM pre-diabetes
PVC plaque volume change

Fig. 1. Representative Image for the measurement of coronary plaque.
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2. Methods

2.1. Design overview, setting, and participants

The overall study design of the Progression of AtheRosclerotic
PlAque DetermIned by Computed TomoGraphic Angiography IMaging
(PARADIGM) registry has been previously described.10 PARADIGM is a
prospective, open-label, international, multicenter dynamic observa-
tional registry designed to evaluate associations between changes in
serial CCTA imaging findings and clinical presentation. Between 2003
and 2015, a total of 2252 consecutive subjects underwent CCTA at 13
centers in 7 countries. All subjects who participated in PARADIGM
underwent 2 or more clinically indicated CCTAs using 64-detector rows
or greater for CAD evaluation with at least a 2-year interval between
the baseline and follow-up CCTA. Among 2252 consecutive partici-
pants, 1296 subjects with available glycemic data were included in the
present study. All participants were categorized into 3 groups according
to glycemic status: normal (n = 469), pre-DM (n = 440), and DM
(n = 387). Pre-DM was defined as a fasting plasma glucose of
100–125 mg/dL or hemoglobin A1C (HbA1C) levels 5.7–6.4%.11 DM
was defined as either fasting glucose ≥126 mg/dL, HbA1C levels
≥6.5%, a referral diagnosis of diabetes, or antidiabetic treatment.11,12

The study protocol was approved by the institutional review boards of
all centers, and when required, all patients provided written informed
consent.

2.2. Acquisition and interpretation of CCTA

All testing, data acquisition, and image post-processing for CCTA
were in accordance with Society of Cardiovascular Computed
Tomography guidelines.13,14 CCTA was conducted using a scanner with
≥64-detector rows in all centers. Baseline and follow-up datasets from
each center were transferred to an offline workstation for analysis using
semi-automated plaque analysis software (QAngioCT Research Edition
v2.1.9.1; Medis Medical Imaging Systems, Leiden, the Netherlands)
with manual correction. Independent level III–experienced readers who
were masked to the clinical and test results analyzed all CCTAs. Seg-
ments with a diameter ≥2 mm were evaluated using a modified 17-
segment American Heart Association model for coronary segment
classification.14,15 Segments were matched between baseline and

follow-up CCTA using branch points as landmarks. For longitudinal
comparisons of CCTAs, both baseline and follow-up coronary segments
were co-registered using fiduciary landmarks, including distance from
ostia or branch vessels takeoffs. Plaque volumes (mm3) of all coronary
segments were obtained and then summated to generate the total
plaque volume on a per-patient level. Plaque volume change (PVC) was
defined as plaque volume at follow-up minus plaque volume at baseline
in per-patient level. Annualized PVC was defined as PVC divided by
inter-scan period. Coronary plaque progression (PP) was defined as the
difference in plaque volume between follow-up and baseline CCTA > 0.
Atherosclerotic plaque volume was further subclassified by composi-
tion, employing pre-defined intensity cutoff values in Hounsfield units
(HU) for necrotic core (−30 to 30 HU), fibro-fatty plaque (31–130 HU),
fibrous plaque (131–350 HU), and calcified plaque (≥351 HU).16,17

Representative CCTA imaging is presented in Fig. 1.

2.3. Statistical analysis

Continuous variables are expressed as the mean ± SD or medians
and interquartile range. Categorical variables are presented as absolute
values and proportions. The continuous variables across the 3 glycemic
groups were compared using one-way analysis of variance with
Bonferroni's post hoc test or Kruskal-Wallis test for continuous vari-
ables, as appropriate. Categorical variables were compared using a chi-
square test. Univariate and multivariate logistic regression analysis was
performed to identify the independent predictors of PP. Variables with
p < 0.05 in the univariate analysis were considered confounding
variables and entered into multivariate logistic regression analysis. All
statistical analyses were performed using the Statistical Package for the
Social Sciences version 19 (SPSS, Chicago, Illinois), and a p value <
0.05 was considered significant for all analyses.

3. Results

3.1. Baseline characteristics

The mean age of participants was 61 ± 9 years, and 738 (56.9%)
were male. Of the participants, 469 (36.2%), 440 (34.0%), and 387
(29.8%) were categorized as normal, pre-DM, and DM, respectively.
The baseline characteristics of participants according to glycemic status

Table 1
Baseline clinical characteristics.

Normal (n = 469) Pre-DM (n = 440) DM (n = 387) p

Age, years 61 ± 10 61 ± 9 62 ± 9 *† 0.019
Male, n (%) 261 (55.7) 243 (55.2) 234 (60.5) 0.246
Body mass index, kg/m2 24.5 ± 3.1 25.2 ± 3.1 * 25.5 ± 3.5 * < 0.001
Systolic blood pressure, mmHg 125 ± 16 127 ± 17 128 ± 17 * 0.027
Diastolic blood pressure, mmHg 77 ± 10 77 ± 11 77 ± 11 0.503
Hypertension, n (%) 247 (52.9) 254 (57.7) 272 (70.3) < 0.001
Dyslipidemia, n (%) 144 (30.8) 160 (36.4) 173 (44.7) < 0.001
Smoking, n (%) 175 (37.5) 184 (41.8) 170 (44.0) 0.135
Total cholesterol, mg/dL 185 ± 38 189 ± 36 173 ± 40 *† < 0.001
Triglyceride, mg/dL 133 ± 83 146 ± 79 * 151 ± 87 * 0.005
High-density lipoprotein, mg/dL 50 ± 13 49 ± 13 47 ± 12 * 0.005
Low-density lipoprotein, mg/dL 116 ± 36 116 ± 31 101 ± 34 *† < 0.001
Creatinine, mg/dL 1.0 ± 0.7 1.0 ± 0.6 1.0 ± 0.4 0.821
Fasting glucose, mg/dL 90 ± 6 104 ± 10 * 142 ± 50 *† < 0.001
HbA1C, % 5.4 ± 0.2 5.8 ± 0.2 * 7.5 ± 1.3 *† < 0.001
Medications, n (%)
Beta-blockers 143 (30.8) 129 (29.3) 148 (38.3) *† 0.013
Calcium channel blockers 125 (27.0) 115 (26.2) 152 (39.5) *† < 0.001
ACEIs/ARBs 143 (30.8) 130 (29.6) 174 (45.2) *† < 0.001
Diuretics 42 (9.1) 42 (9.6) 47 (12.2) 0.278
Statins 198 (44.4) 190 (44.6) 211 (56.7) *† < 0.001

Values represent the mean ± standard deviation or number (%).
ACEIs = Angiotensin-converting enzyme inhibitors; ARBs = Angiotensin receptor blockers; DM = diabetes mellitus.
*p < 0.05 vs. normal, †p < 0.05 vs. pre-diabetes.
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are described in Table 1. Compared with normal, both pre-DM and DM
participants had significantly higher body mass index and triglyceride
levels. Age was higher but the levels of total and low-density lipopro-
tein cholesterol were lower in DM participants than in both normal and
pre-DM participants (all p < 0.05). There was a significant difference
in the incidence of hypertension and dyslipidemia, but no significant
difference in the incidence of male gender and smoking among all 3
groups. Baseline coronary characteristics according to glycemic status
at baseline CCTA are present in Table 2. Median inter-scan period was
3.2 (2.6–4.4) years. There were significant differences in the lesion
length, vessel volume, lumen volume, and plaque volume among the 3
groups.

3.2. Plaque volume changes according to glycemic status

The results of changes in coronary plaque volume according to
glycemic group are presented in Fig. 2. A significant difference in PVC
observed among the 3 groups (normal: 51.3 ± 83.3 mm3 vs. pre-DM:
51.0 ± 84.3 mm3 vs. DM: 72.6 ± 95.0 mm3; p < 0.001). Compared
with normal participants, pre-DM participants showed no significant
differences in PVC (p = 0.999). However, the PVC was significantly
higher in DM participants than in both normal and pre-DM participants
(p < 0.05, respectively). Similarly, the annualized PVC was sig-
nificantly different among the 3 groups (normal: 14.9 ± 24.9 mm3 vs.
pre-DM: 15.7 ± 21.0 mm3 vs. DM: 21.0 ± 27.7 mm3; p = 0.001).
There was no significant difference in annualized PVC changes between
normal participants and pre-DM participants (p = 0.999). However, the
annualized PVC was significantly higher in DM participants than in
both normal and pre-DM participants (p < 0.05, respectively).

3.3. Association between glycemic status and coronary PP

Univariate logistic regression analysis showed that age (odds ratio
[OR]: 1.036, 95% confidential interval [CI]: 1.021–1.051; p < 0.001),
male gender (OR: 1.597, 95% CI: 1.222–2.086; p = 0.001), body mass
index (OR: 1.091, 95% CI: 1.044–1.141; p < 0.001), smoking (OR:
1.705, 95% CI: 1.284–2.263; p < 0.001), hypertension (OR: 1.999,
95% CI: 1.528–2.616; p < 0.001), dyslipidemia (OR: 1.603, 95% CI:
1.200–2.142; p = 0.001), and baseline plaque volume (OR: 1.007, 95%
CI: 1.006–1.009; p < 0.001) were significantly associated with in-
creased risk of coronary PP. Compared with the normal group, the pre-
DM (OR: 1.435, 95% CI: 1.056–1.950; p = 0.021) and DM (OR: 2.290,
95% CI: 1.614–3.250; p < 0.001) groups had an increased risk of
coronary PP. In the multivariate logistic regression analysis, there was
no significant difference in the adjusted OR of pre-DM participants for
PP compared with that of normal participants (1.338, 95% CI:
0.967–1.853; p = 0.079). However, the adjusted OR for PP was higher
in DM participants than in normal participants (1.635, 95% CI:
1.126–2.375; p = 0.010) (Table 3). The relationship of glycemic status
to the progression of coronary plaque sub-types is described in Table 4.

4. Conclusions

The present study evaluated the natural history of coronary ather-
osclerosis related to glycemic status in subjects with low-to-inter-
mediate risk. The main finding of this study is that pre-DM, unlike DM,
is not independently associated with an increased risk of coronary PP
during a short-term period.

The COronary CT Angiography EvaluatioN For Clinical Outcomes:
An InteRnational Multicenter Registry (CONFIRM) previously revealed
that DM was strongly associated with increased prevalence, extent, and
severity of CAD using CCTA.18 However, the relationship between pre-
DM and CAD was inconsistent.19,20 Recently, quantitative CCTA has
been proven to be a useful non-invasive tool to evaluate the progression
of coronary atherosclerosis.21 In the present study, traditional risk
factors including age, body mass index, smoking, and hypertension had
a significant impact on the increase of coronary plaque volume over
time. Compared with individuals with normal glycemic status, DM was
independently associated with increased coronary plaque volume, but
pre-DM did not have a significant impact on coronary PP after adjusting
for confounding factors.

Despite different clinical features of DM according to ethnicity,22

individuals with DM exhibit multiple concomitant metabolic abnorm-
alities.23,24 Both the European Society of Cardiology and American
College of Cardiology/American Heart Association recommend stricter
lipid-lowering therapy, especially for low-density lipoprotein choles-
terol, in subjects with established DM.25,26 In the present study, we
observed that DM subjects had significantly lower levels of low-density
lipoprotein cholesterol than did both normal and pre-DM subjects ac-
cording to current guidelines. However, annualized PVC was sig-
nificantly higher in DM subjects than in both normal and pre-DM
subjects. This finding might imply that strict lipid lowering therapy
might be insufficient to prevent coronary PP in DM subjects. Recently,
several studies reported the effectiveness of intensive glucose control

Table 2
Baseline lesion characteristics.

Normal (n = 469) Pre-DM (n = 440) DM (n = 387) p

Lesion length, mm 373.1 (277.7–441.1) 388.5 (295.5–476.2) * 365.8 (241.2–443.5)† 0.001
Vessel volume, mm3 1890.6 (1324.5–2542.1) 2038.5 (1427.5–2837.9) * 1883.0 (1193.7–2496.3)† 0.012
Lumen volume, mm3 1773.0 (1252.5–2475.4) 1925.8 (1321.3–2707.7) * 1761.3 (1097.1–2382.3)† 0.006
Plaque volume, mm3 35.4 (0.0–125.0) 40.8 (5.1–141.5) 77.3 (22.6–175.3) *† < 0.001

Fibrous 16.7 (0.0–57.1) 18.8 (2.3–59.7) 31.5 (9.0–77.6) *† < 0.001
Fibrous-fatty 2.3 (0.0–20.0) 2.8 (0.0–19.1) 7.4 (0.3–32.0) *† < 0.001
Necrotic-core 0.0 (0.0–1.0) 0.0 (0.0–0.09) 0.1 (0.0–2.5) *† < 0.001
Dense calcium 3.1 (0.0–33.1) 7.4 (0.0–40.8) * 15.7 (0.8–55.6) *† < 0.001

Values are median (interquartile range). DM = diabetes mellitus. *p < 0.05 vs. normal, †p < 0.05 vs. pre-diabetes.

Fig. 2. Coronary plaque volume changes according to glycemic status.
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for reducing adverse CV outcomes.27,28 These results suggest that cor-
onary atherosclerotic progression is closely linked to chronic exposure
to hyperglycemia. Thus, strict glycemic control might be emphasized to
prevent or delay coronary PP in DM subjects. In addition, further pro-
spective studies are required to address this issue.

The concept of metabolic syndrome, a cluster of metabolic disorders
with representative of insulin resistance, has been advocated as a useful
clinical tool to predict the development of DM and CV disease.29 A
previous cohort study reported that metabolic syndrome had an in-
cremental impact on subclinical atherosclerosis in subjects without
established DM.30 Another cross-sectional study reported that pre-DM,
unlike established DM, was not associated with an increased risk of
subclinical coronary atherosclerosis.7 Considering the impact of meta-
bolic disorders on adverse CV outcomes,31,32 both controlling con-
comitant metabolic abnormalities and early detecting the development
of DM might be important in subjects with pre-DM.

The present study has some limitations. First, data on the oral glu-
cose tolerance test were not available in the present study. Second,
participants with pre-DM had a near upper limit normal HbA1C levels
which was, on average, in absolute values not significantly different
from normal. Third, the inter-scan period was somewhat short to judge
the impact of glycemic status on the progression of coronary athero-
sclerosis. Fourth, larger plaque volumes at baseline might lead to larger
increases in plaque volume. However, we evaluated the association
between glycemic status and coronary PP after adjustment for baseline
plaque volume. Fifth, we could not confirm the glycemic status on small
coronary artery in the present study. Finally, despite the application of
strict and standardized criteria for the CCTA assessment, atherosclerosis
findings might be influenced by the Hounsfield unit density. Despite
these limitations, this study used serial CCTA to estimate plaque volume
change in a large cohort of multi-ethnic subjects and identified the
impact of glycemic status on coronary PP beyond traditional CV risk
factors.

In conclusion, DM had an incremental impact on coronary PP, but
pre-DM appeared to have no significant association with an increased
risk of coronary PP after adjusting for confounding factors.
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