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Abstract
Aims/hypothesis We sought to understand the relationships
between glycaemic status and both severity and progression
of coronary artery disease (CAD), the leading cause of
death in diabetes.
Methods Baseline fasting blood glucose (FBG) andHbA1c (%)
were measured in 426 patients with known or suspected stable
CAD, who underwent coronary artery intravascular ultrasound
(IVUS) at baseline and after a mean follow-up period of
664 days (range 257 to 961). The patients were categorised as
normoglycaemic (n=226, 53%), or as having impaired
fasting glucose (n=118, 28%) or diabetes (n=82, 19%).
Results The maximum percentage coronary atheroma area at
baseline was greater in diabetic patients (73.33±8.86%) than
in those with normoglycaemia (69.08±10.43%; p=0.001)
and impaired fasting glucose (69.32±9.59%; p=0.0031). In
averaged IVUS measurements of the 30-mm target segment
(n=332 participants), change in percentage atheroma area
during follow-up was also greater in the diabetes (1.86±
3.90%) than in other groups (0.28±3.32% and 0.56±2.96%,
p=0.0047 global). FBG correlated with maximum percent-
age atheroma area at baseline (r=0.17; p=0.0003). HbA1c

also correlated with maximum percentage atheroma area at
baseline (r=0.26; p=0.0001) and with change in maximum
plaque area (r=0.16; p=0.016). A similar pattern of results

occurred with plaque volume. The relationships between
diabetes or HbA1c and both IVUS measurements of plaque
burden and remodelling persisted after adjustment.
Conclusions/interpretation Fasting blood glucose, HbA1c

and the presence of diabetes are associated with the severity
and progression of coronary atherosclerosis. These obser-
vations support the hypothesis that better glycaemic control
may favourably influence CAD in patients with abnormal
glucose tolerance or diabetes.
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Abbreviations
CAD Coronary artery disease
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Introduction

Despite the increasing global prevalence of glucose
intolerance and diabetes, a disease where coronary artery
disease (CAD) is the leading cause of death [1], the
evolution of CAD in these conditions is incompletely
understood. To date, quantitative studies of human coronary
atherosclerosis in patients with diabetes have provided
conflicting information [2–5]. Also, while individuals with
impaired fasting glucose (IFG) tolerance have an increased
cardiovascular risk [6], the severity and progression of
coronary atherosclerosis in this group have not been
compared with that in patients with and without diabetes.
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Coronary angiography is the standard clinical method for
CAD assessment, but it only provides a silhouette image of the
arterial lumen and thus fails to adequately quantify CAD
severity [7]. Intravascular ultrasound (IVUS) provides a
quantitative tomographic assessment of atheroma burden
and its change over time, as well as of atheroma progression
or regression; it is therefore a much more sensitive tool for
CAD evaluation than angiography [8, 9]. IVUS also
characterises coronary artery remodelling [10]. However,
IVUS studies of glycaemic status and CAD have been limited
by small sample size and lack of serial imaging [2, 11, 12].

The purpose of this study was to define the features of
CAD in patients with impaired glucose tolerance and in
those with diabetes using retrospective analysis of patients
who had undergone serial IVUS measurements as part of a
clinical trial. We hypothesised that graded relationships
would exist between glycaemic status and both coronary
atheroma severity and remodelling at single time-points and
during follow-up.

Methods

Patient population The patients in this study were drawn
from the Avasimibe and progression of coronary lesions
assessed by intravascular UltraSound (A-PLUS) trial, a
multicentre placebo-controlled study of the acyl coenzyme
A: cholesterol acyltransferase enzyme inhibitor, avasimibe
[13]. In 25 centres in Canada, US, Europe, Australia and
South Africa, 525 patients had a baseline IVUS assessment
[13, 14]. Of these, 426 also had an evaluable repeat IVUS
examination with glycaemic data [14]. These patients
underwent clinically indicated coronary angiography at
baseline for suspected or proven CAD. To facilitate the
IVUS examination, the target coronary artery for IVUS
needed to have a 20 to 50% diameter stenosis in a coronary
artery ≥2.5 mm in diameter by visual angiographic
assessment. Patients undergoing percutaneous coronary
intervention of a non-IVUS target artery could be included.
The protocol was approved by the Institutional Review
Boards of all participating sites [14] and all patients gave
written informed consent.

Patients were randomly assigned to one of three doses of
avasimibe or to placebo [14]. Patients with normal fasting
blood glucose (FBG), IFG and diabetes were distributed
equally among the treatment groups (p=0.62). The average
duration of follow-up was 664 days (range 257 to 961).
None of the three doses of avasimibe had a significant
effect upon the IVUS endpoint measures of the study [14].

Definitions of IFG and diabetes Fasting blood glucose,
HbA1c, body weight, BMI and diabetes treatment at
baseline were recorded. The only exclusion criterion with

respect to diabetes or its treatment was patients with
uncontrolled diabetes defined as HbA1c>10%. Glucose,
HbA1c and other blood chemistry measurements were done
by a central core laboratory using standard techniques.
Blood tests were performed after an overnight fast.

Diabetes was considered present at baseline if the patient
had a history of diabetes (with or without treatment) or
baseline FBG≥7.0 mmol/l (126 mg/dl) [15]. IFG was
defined as FBG≥5.6 mmol/l but <7.0 mmol/l [15]. FBG<
5.6 mmol/l was considered normal.

IVUS image acquisition and analysis The IVUS method
employed has been described in detail previously [13]. In
brief, single-vessel coronary IVUS studies were performed
at baseline and follow-up using 30 MHz IVUS catheters
(Boston Scientific, Natick, MA, USA). The IVUS catheter
was advanced distally at least 40 mm beyond the coronary
artery ostium to a recognisable landmark (arterial branch).
The transducer was then pulled back automatically at a
speed of 0.5 mm/s up to the guiding catheter, using a
motorised device. A second pullback was then performed in
the same coronary artery using the same guidelines to
ensure high-quality imaging [16].

All IVUS examinations were analysed at the Montreal
Heart Institute IVUS Core Laboratory by experienced
technicians supervised by a cardiologist according to
published standards [9, 17]. The lumen and external elastic
membrane borders were manually traced on one of every
four digitised cross-sections with a custom-developed
system (INDEC BioSystems, Mt View, CA, USA). Con-
tours were interpolated for all the digitised cross-sections
between the ones manually drawn. A total of 900 cross-
sections were analysed in the 30-mm coronary artery
segment of interest at baseline and follow-up.

IVUS endpoints and definitions The two-dimensional (D)
outcome measures at baseline and follow-up consisted of
the largest plaque area, the minimum lumen area and the
total vessel area. Percentage atheroma area (cross-sectional
area narrowing) was also calculated, equal to the largest
plaque area divided by the total vessel area multiplied by
100. Percentage atheroma area therefore represents the
fraction of total vessel area occupied by plaque [9]. In
addition, mean plaque area, mean lumen area and mean
vessel area were calculated from serial measurements
obtained within the same coronary artery. Averaged
measurements from these cross-sections were available in
332 participants.

The 3-D IVUS endpoints were: (1) plaque volume,
lumen volume, total vessel volume and percentage athero-
ma volume at baseline and follow-up; and (2) their change
over time in matched 30 mm target coronary artery
segments (900 images traced at baseline and follow-up).
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Percentage atheroma volume was calculated by dividing
plaque volume by total vessel volume and then multiplying
by 100. Plaque, lumen and total vessel volumes were
computed for the entire length of the analysed segments by
multiplying the corresponding areas of each of the cross-
sections by the distance between the neighbouring slices
and then adding all the products. The intraclass correlation
coefficients for inter-observer variability of measurement of
plaque and vessel volumes in our laboratory are 0.98 and
0.99 [18]. 3-D measurements were available in 419
participants. The nominal changes in 2-D and 3-D variables
were calculated by subtracting baseline data from follow-up
measurements. Vascular remodelling, defined as the change
in total vessel dimensions over time, was characterised by
analyses of 2-D and 3-D measurements [9, 17].

Statistical analyses Continuous data are presented as
mean±SD or difference in mean±SEM. Correlations were
performed using Pearson’s tests. One-way ANOVA, Krus-
kal–Wallis non-parametric test and χ2 test were conducted to
analyse baseline data and evaluate associations between
glycaemic status and continuous 2-D and 3-D IVUS
variables. Homogeneity of the correlation coefficients was
tested by a z statistic based on Fisher’s z transformation of
correlation coefficients, in order to assess the influence of
baseline percentage atheroma area on the relationships
between plaque area and lumen and vessel areas. Multi-
variate backward linear regressions were performed to assess
whether glycaemic status, FBG and HbA1c were independent
predictors of IVUS measurements. The variables included in
these models were age, sex, systolic and diastolic blood
pressure, smoking, BMI, statin use and hypertensive
medication at baseline (beta blockers, ACE inhibitors,
angiotensin receptor blockers or calcium channel blockers).
Lipid measurements and C-reactive protein were included
in the models with FBG and HbA1c. Only variables with
p<0.2 in univariate analysis were considered in the multi-
variate analyses. A two-sided probability level of p<0.05
was taken as significant. All analyses were done with SAS
(version 9.1; SAS Institute, Cary, NC, USA).

Results

Of the 426 patients included in the study, 226 (53%) had
normal FBG, 118 (28%) had IFG and 82 (19%) had
diabetes. Of these, 332 (175 [53%] with normal FBG, 90
[27%] with IFG and 67 [20%] with diabetes) had paired
measurements for mean coronary dimensions in the
analysed segment. The baseline features of the three groups
are listed in Table 1. As expected, BMI, systolic blood
pressure and HbA1c levels increased from the normal to the
IFG group, and from the IFG to the diabetes group.

Coronary atheroma burden and progression As shown in
Table 2 for the 2-D IVUS data, the minimum lumen area in
the 30-mm target coronary artery segment was smaller at
baseline in participants with diabetes (p=0.019), while
maximum percentage atheroma area at baseline (p=0.0031)
and at follow-up (p=0.0096) was greater than in normo-
glycaemic and IFG participants. In a multivariate model
including age, sex, systolic and diastolic blood pressure,
statin use and hypertensive medication at baseline, diabetes
(p=0.0044) and hypertensive medication (p=0.029) were
the only predictors of maximum percentage atheroma area
at baseline. Minimum lumen area at baseline, an index of
remodelling, correlated with diabetes (p=0.019), hyperten-
sive medication (p=0.037) and female sex (p=0.0071) in
the multivariate model.

For the averaged 2-D IVUS data, mean percentage
atheroma area was greater at baseline (p=0.023) and at
follow-up (p=0.0008) in participants with diabetes than in
the other two groups. The change over time in mean
percentage atheroma area was also greater in diabetic
participants than in normoglycaemic (p=0.0012) and IFG
(p=0.017) participants.

Similarly, for the 3-D IVUS data, percentage atheroma
volume was greater at baseline (p=0.0047) and at follow-
up (p=0.0005) in participants with diabetes than in
normoglycaemic and IFG participants. For each of the
aforementioned IVUS measurements, the differences in the
normal and IFG groups were not statistically significantly
different.

Differences in remodelling patterns according to glycaemic
status and atheroma severity Change in mean plaque area
correlated with change in mean lumen area by 2-D IVUS in
normoglycaemic (r=0.34, p<0.0001) and IFG participants
(r=0.57, p<0.0001), but not in diabetic participants
(p=0.72). The correlation between change in mean plaque
area and change in mean lumen area was influenced by
the severity of percentage atheroma area at baseline, this
influence being subject to a threshold effect, which
differed according to glycaemic status: thus the mean
percentage atheroma area threshold was 30% in the
normoglycaemic group (p=0.0011), 40% in the IFG group
(p=0.038) and 50% in diabetes (p=0.0001). The positive
correlation between change in mean plaque area and
change in mean vessel area also differed in all patients
when categorised according to percentage atheroma area
severity at baseline (≤50% vs >50%, p=0.015), particu-
larly in diabetic patients.

By 3-D IVUS, lumen volume at follow-up tended to be
smaller in diabetic patients (216.73±89.57 mm3) than in IFG
(244.84±90.84 mm3) and normoglycaemic (235.73±
79.30 mm3) participants (p=0.07). Change in per cent
atheroma volume tended to correlate with change in total
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vessel volume in diabetic participants (r=−0.21, p=0.059), but
not in IFG (p=0.30) or normoglycaemic participants (p=0.98).

Relationships between both FBG and HbA1c and coronary
atheroma severity Fasting blood glucose at baseline corre-
lated with maximum percentage atheroma area at baseline
(r=0.17, p=0.0003) as shown in Table 3. FBG correlated
negatively with minimum lumen area at baseline (r=−0.14,
p=0.0026) and at follow-up (r=−0.10, p=0.043). In
averaged measurements, FBG also correlated with mean
plaque area at follow-up (r=0.12, p=0.03). A similar
pattern of correlations occurred between FBG and percent-
age atheroma volume, both at baseline (r=0.15, p=0.002)
and follow-up (r=0.15, p=0.0016). FBG tended to corre-
late negatively with lumen volume at baseline (r=−0.09,
p=0.066) and at follow-up (r=−0.09, p=0.083).

HbA1c levels were available in 224 participants at
baseline. HbA1c ranged from 4.0 to <6.0% in 150
participants (67%), from 6.0 to <7.0% in 41 (18%) and
from 7.0 to <8.0% in 23 (10%); in ten (4%) patients, it was

≥8.0%. The correlations with HbA1c were roughly similar
to those described above for FBG. HbA1c correlated
positively with maximum percentage atheroma area at
baseline (r=0.26, p=0.0001) and at follow-up (r=0.23,
p=0.0006), and with the changes in plaque area (r=0.16,
p=0.016) and maximal vessel area (r=0.20, p=0.0023).
HbA1c correlated negatively with minimum lumen area at
baseline (r=−0.19, p=0.0042). In averaged measurements,
HbA1c correlated with mean plaque area at follow-up (r=
0.15, p=0.040), and with the changes in mean plaque area
(r=0.22, p=0.0017) and mean percentage atheroma area
(r=0.15, p=0.042). HbA1c also correlated with plaque
volume at baseline and at follow-up, as shown in Table 3,
as well as with the change over time in plaque volume (r=
0.l8, p=0.0055).

To determine whether there might be a threshold for
HbA1c, we examined percentage atheroma volume at
baseline in quartiles of HbA1c. A significant correlation
was seen (p=0.016), with percentage atheroma volume
being higher in the highest quartile, where HbA1c was

Table 1 Baseline characteristics of the 426 participants according to glycaemic status

Variables All NG IFG Diabetes p value p value

NG vs IFG Diabetes
vs NG

Diabetes
vs IFG

n (%) 426 226 (53) 118 (28) 82 (19)

Men (%) 344 (81) 174 (77) 105 (89) 65 (79) 0.026 0.0070 0.67 0.058

Age (years) 58±10 57±10 58±9 60±10 0.14

BMI (kg/m2) 28.5±3.9 27.9±4.0 28.9±3.3 29.8±4.3 0.0004 0.031 0.0001 0.077

Current smoker, n (%) 79 (19) 45 (20) 20 (17) 14 (17) 0.74

Systolic BP (mmHg) 127±18 125±17 128±18 133±21 0.0015 0.17 0.0003 0.032

Diastolic BP (mmHg) 75±10 76±11 75±10 75±10 0.98

FBG (mmol/l) 5.7±1.6 4.9±0.5 5.9±0.3 7.7±2.4 <0.0001 <0.0001 <0.0001 <0.0001

HbA1c (%)a 6.0±1.0 5.4±0.3 5.6±0.3 7.0±1.1 <0.0001 0.0002 <0.0001 <0.0001

C-reactive protein (mg/l)b 3.4±7.0 3.5±5.6 3.3±10.2 3.3±3.7 0.18

Total cholesterol (mmol/l) 4.3±0.7 4.3±0.7 4.3±0.7 4.3±0.6 0.50

LDL-cholesterol (mmol/l) 2.4±0.5 2.4±0.5 2.4±0.5 2.4±0.5 0.75

HDL-cholesterol (mmol/l) 1.1±0.3 1.2±0.3 1.1±0.3 1.1±0.3 0.20

VLDL (mmol/l)b 0.9±0.4 0.8±0.4 0.9±0.5 0.9±0.3 0.021 0.12 0.0072 0.28

Triacylglycerol (mmol/l) 1.6±0.8 1.6±0.8 1.7±0.9 1.7±0.7 0.074

Medication, n (%)

ACE inhibitor 155 (36) 69 (31) 43 (36) 43 (52) 0.0020 0.27 0.0004 0.025

Angiotensin receptor blocker 33 (8) 15 (7) 9 (8) 9 (11) 0.45

Beta blocker 283 (66) 154 (68) 73 (62) 56 (68) 0.47

Calcium antagonist 134 (31) 63 (28) 46 (39) 25 (30) 0.11

Statin 380 (89) 203 (90) 108 (92) 69 (84) 0.23

Unless otherwise indicated, values are mean±1 SD.
a n=224 participants; HbA1c was available for 98 normoglycaemic, 54 prediabetic and 72 diabetic participants
b Data were non-normally distributed and a non-parametric Kruskal–Wallis test was used for these variables

NG, normoglycaemia

Diabetologia (2010) 53:652–658 655



>6.3%. There were no significant differences among the
lower three quartiles; however, each had a significantly
lower percentage atheroma volume than the highest
quartile.

In a multivariate model, HbA1c correlated with plaque
burden as measured by baseline atheroma volume (p=0.025),
as did female sex (p=0.032), while baseline LDL-cholesterol
was of borderline statistical significance (p=0.079). Both

Table 2 Comparisons between IVUS data in patients with and without diabetes

Variables All NG IFG Diabetes p value

Global NG
vs IFG

Diabetes
vs NG

Diabetes
vs IFG

Per cent of total cohort 53 28 19

2-D IVUS data

Minimum lumen area at
baseline (mm2)

4.55±2.17 4.68±2.13 4.71±2.28 3.94±2.01 0.019 0.90 0.0082 0.014

Maximum % atheroma area
at baseline

69.97±10.01 69.08±10.43 69.32±9.59 73.33±8.86 0.0031 0.83 0.0010 0.0052

Maximum % atheroma area
at follow-up

70.27±10.46 69.62±10.72 69.34±10.23 73.42±9.54 0.0096 0.81 0.0047 0.0065

Averaged 2-D IVUS data

Mean plaque area at
follow-up (mm2)

6.74±2.4 6.56±2.37 6.56±2.29 7.46±2.53 0.024 1.00 0.0092 0.020

Mean % atheroma area at
baseline

44.63±9.68 44.04±9.56 43.62±9.85 47.51±9.37 0.023 0.74 0.012 0.013

Mean % atheroma area at
follow-up

45.30±9.97 44.32±9.69 44.18±10.11 49.37±9.59 0.0008 0.91 0.0004 0.0011

Change in mean % atheroma
area (%)

0.68 ±3.40 0.28 ±3.32 0.56±2.96 1.86±3.90 0.0047 0.53 0.0012 0.017

3-D IVUS data

Atheroma volume at
baseline (%)

45.33±9.48 44.56±9.24 44.67±9.07 48.41±10.20 0.0047 0.92 0.0017 0.0061

Atheroma volume at
follow-up (%)

46.00±9.43 45.16±9.04 45.05±9.17 49.66±10.05 0.0005 0.92 0.0002 0.0007

Data are presented as mean±SD

2-D IVUS data were available in 426 (most severe lesion) and 332 (averaged measurements) participants, respectively; 3-D IVUS data were
available in 419 participants

NG, normoglycaemia

Variables FBG HbA1c

r p value r p value

2-D IVUS data

Minimum lumen area at baseline (mm2) −0.14 0.0026 −0.19 0.0042

Max. plaque area at follow-up (mm2) 0.079 0.104 0.18 0.0079

Maximum % atheroma area at baseline 0.17 0.0003 0.26 0.0001

Averaged 2-D IVUS data

Mean plaque area at follow-up (mm2) 0.12 0.030 0.15 0.040

Mean % atheroma area at follow-up 0.11 0.041 0.21 0.0027

3-D IVUS data

Plaque volume at baseline (mm3) 0.09 0.079 0.13 0.049

Plaque volume at follow-up (mm3) 0.083 0.09 0.20 0.0033

Lumen volume at baseline (mm3) −0.090 0.066 −0.11 0.09

Lumen volume at follow-up (mm3) −0.085 0.083 0.083 0.22

Atheroma volume at baseline (%) 0.15 0.0020 0.24 0.0003

Atheroma volume at follow-up (%) 0.15 0.0016 0.27 <0.0001

Table 3 Correlations of
baseline FBG and HbA1c with
coronary artery dimensions

2-D IVUS data were available in
426 (most severe lesion) and
332 (averaged measurements)
participants, respectively; 3-D
IVUS data were available in 419
participants
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FBG and glycaemic group correlated by univariate analysis,
but not when included in the multivariate model with HbA1c.

HbA1c levels were lower in diet-controlled diabetic
patients (6.5±1.0%, n=14, p<0.0001) and in diabetic
patients treated with oral hypoglycaemic drugs (6.9±
0.9%, n=39, p<0.0001) than in those treated with insulin
(7.8±1.1%, n=19).

Discussion

The major findings of our study are that: (1) coronary
atheroma burden was greater in diabetic patients than in
patients with normal glycaemia or IFG; (2) the relationship
between atherosclerosis severity and coronary remodelling
differed according to glycaemic status; and (3) FBG and
HbA1c correlated with plaque burden, atherosclerosis pro-
gression and coronary remodelling across all patient groups.

To date, most imaging studies relating glycaemic status
to CAD have lacked information on serial examinations
[2, 11, 12, 19, 20], diabetes treatment [3, 5, 10–12, 19],
FBG [5, 10, 11, 19, 20] or a non-diabetic control group
[11, 20]. Our investigation provides more detailed infor-
mation than these previous reports, helps clarify some of
the outstanding questions on this subject and complements
the results from a recent pooled analysis of five randomised
clinical trials [3]. Our study provides clinically relevant
insights into ‘early’ CAD in diabetic patients compared
with normoglycaemic and IFG patients.

Glycaemic status, coronary atheroma burden and coronary
remodelling Our study is the first to provide IVUS
information on coronary atheroma burden in patients with
IFG. We found that atheroma burden and the progression of
atheroma burden are increased in diabetes, but not in IFG
patients. Atheroma progression is related to continuous
measures of glycaemic control, implying that intensive
control of diabetes [21] may attenuate the progression of
coronary atherosclerosis in diabetes.

We observed that the usual interrelationships between
plaque and lumen areas [10] were disturbed in diabetes and
that vascular remodelling was thus not active as a protective
mechanism across as wide a range of lesion severity as in
non-diabetic patients. This failure of vascular remodelling
associated with diabetes may be caused by increased
extracellular fibrosis [22].

Blood glucose, HbA1c and CAD Consistent with the report
from Nicholls et al. [3], we demonstrated that coronary
atheroma burden correlates with actual measures of
glycaemic control, such as FBG and HbA1c. Poor metabolic
control, reflected by elevated FBG and HbA1c, correlates

with an increased atheroma burden. HbA1c correlated better
with atheroma burden and progression of atherosclerosis
over time, probably because it represents a better assess-
ment of glycaemic control over time than a single FBG
measurement.

We also demonstrated correlations between HbA1c and
vascular remodelling. The correlations between HbA1c and
changes in total vessel dimensions over time can probably
be explained at least in part by enhanced plaque accumu-
lation due to poor glycaemic control. Our observations
extend those of Nicholls et al. [3] and differ from earlier,
smaller studies that failed to demonstrate a relationship
between HbA1c and remodelling [11, 20]. In the Reversal of
atherosclerosis with aggressive lipid lowering therapy
(REVERSAL) trial, a similarly sized trial to our own,
diabetes status was not a predictor of coronary artery
remodelling, but data on FBG and HbA1c were lacking
[10].

Study limitations Patients with HbA1c>10% were not
included in this analysis; therefore our findings may
under-represent the magnitude of the diabetes-related
effects on CAD. We did not have information on fasting
insulin concentrations or abdominal girth. Also, we only
had one measurement of FBG and HbA1c, and might have
found tighter correlations if we had had average measure-
ments over the course of follow-up. In addition, we had no
data on postprandial glucose levels or overall glycaemic
burden; indeed, patients were classified on the basis of
medical history and one measurement of FBG. We were
unable to distinguish between type 1 and type 2 diabetes at
baseline. However, our patients certainly appeared to be
fairly typical of patients with coronary disease and diabetes.

Conclusions Glycaemic status and measures of glycaemic
control in a population of non-diabetic and diabetic
participants are associated with the severity and progres-
sion of coronary atherosclerosis. The relationship between
the severity of atherosclerosis and coronary remodelling is
also affected by glycaemic status. Our observations support
the role of early detection and intervention in IFG and
diabetes.
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