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Abstract
Patients with diabetes mellitus (DM) may show diffuse coronary artery atherosclerosis on coronary computed tomography 
angiography (CTA). The present study aimed at quantification of atherosclerotic plaque with CTA and its association with 
myocardial ischemia on positron emission tomography (PET) in DM patients. Of 922 symptomatic outpatients without 
previously known coronary artery disease who underwent CTA, 115 with DM (mean age 65 ± 8 years, 58% male) who had 
coronary atherosclerosis and underwent both quantified CTA (QCTA) and PET were included in the study. QCTA analysis 
was performed on a per-vessel basis and the most stenotic lesion of each vessel was considered. Myocardial ischemia on PET 
was based on absolute myocardial blood flow at stress ≤ 2.4 ml/g/min. Of the 345 vessels included in the analysis, 135 (39%) 
had flow-limiting stenosis and were characterized by having longer lesions, higher plaque volume, more extensive plaque 
burden and higher percentage of dense calcium (37 ± 22% vs 28 ± 22%, p = 0.001). On univariable analysis, QCTA param-
eters indicating the degree of stenosis, the plaque extent and composition were associated with presence of ischemia. The 
addition of the QCTA degree of stenosis parameters (x2 36.45 vs 88.18, p < 0.001) and the QCTA plaque extent parameters 
(x2 88.18 vs 97.44, p = 0.01) to a baseline model increased the association with ischemia. In DM patients, QCTA variables 
of vessel stenosis, plaque extent and composition are associated with ischemia on PET and characterize the hemodynamic 
significant atherosclerotic lesion.
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Introduction

Cardiovascular disease is a well-recognized complication of 
diabetes mellitus (DM) with detrimental impact on patient’s 
life [1]. Coronary computed tomography angiography (CTA) 
has repeatedly demonstrated diffuse coronary artery ath-
erosclerosis in DM patients [2, 3]. DM is associated with 
high coronary plaque burden, more diseased coronary seg-
ments, more non-obstructive plaques compared to non-DM 
patients, and obstructive lesions in 30% of asymptomatic 
patients detected on coronary CTA [2–4]. Noteworthy, 
in DM patients, the degree of coronary stenosis detected 
on coronary CTA has no direct association with ischemia 
detected on single-photon emission computed tomography 
myocardial perfusion [5, 6]. However, in the general popula-
tion, coronary CTA variables of atherosclerosis and beyond 
were predictive of ischemia detected with the same method 
[7, 8]. Thus, in DM patients, a more detailed evaluation of 
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atherosclerosis (beyond the degree of coronary artery ste-
nosis), and a better way of ischemia detection have to be 
applied.

Recently, quantitative coronary CTA (QCTA) has evolved 
as a new technique that offers quantified, not only visual 
assessment, of the coronary plaque burden: the degree 
of obstruction, the plaque extent and composition can be 
automatically defined. QCTA has been validated and the 
provided variables have been associated with ischemia and 
cardiac events in the general population [7, 9–11]. Moreo-
ver, positron emission tomography (PET) has emerged as 
a non-invasive method that evaluates myocardial perfusion 
and quantification of myocardial blood flow, accurately iden-
tifying flow-limiting coronary lesions compared to invasive 
fractional flow reserve. [12, 13].

However, QCTA analysis to identify coronary plaque 
characteristics (degree of obstruction, the plaque extent and 
composition) causing myocardial blood flow reduction and 
ischemia on PET has never been applied in symptomatic DM 
patients. Therefore, the current analysis aims at identifying 
QCTA coronary plaque characteristics, beyond the degree 
of coronary stenosis, which are associated with myocardial 
ischemia on PET in DM patients.

Methods

Study population

In total, 922 consecutive symptomatic outpatients with 
suspected coronary artery disease and with intermediate 
pre-test likelihood for obstructive coronary artery disease 
underwent coronary CTA from 2007 till 2011 at the Turku 
PET Centre in Finland [10]. QCTA analysis was not feasi-
ble in 153 patients. Additionally, 261 had no atherosclerotic 
plaques on initial qualitative visual assessment. Of the 508 
patients having any degree of atherosclerosis on coronary 

CTA, 295 underwent PET for ischemia detection based on 
clinical decision due to suspected obstructive CAD. Finally, 
115 of these patients, who had DM and with feasible QCTA 
analysis and available PET were included in the current anal-
ysis. DM is defined as being on anti-diabetic treatment or 
having HbA1c ≥ 6.0% or plasma glucose > 6.0 mmol/l (dia-
betes and very high risk pre-diabetes) [14]. All the baseline 
demographic and clinical characteristics of the population 
and their survival data and the presence of a cardiac event 
defined as cardiac death, acute myocardial infarction, hospi-
talization for acute coronary syndrome and revascularization 
were prospectively collected and retrospectively analyzed 
from the departmental clinical database.

The study was performed according to the Declaration of 
Helsinki. The study was approved by the Ethics committee 
of the Hospital District of South-West Finland, and the need 
for patient written informed consent was waived.

Coronary CTA image acquisition and quantitative 
analysis

All the patients included in the current analysis underwent 
a coronary CTA and a PET scan with a hybrid 64-row PET/
CT scanner (GE Discovery VCT, General Electric Medical 
Systems, Waukesha, WI, USA). The coronary CTA scan 
was performed with collimation of 64 × 0.625 mm, gan-
try rotation time 350 ms, tube current 600–750 mA, volt-
age 100–120 kV according to patient size and prospective 
electrocardiographic triggering if feasible, according to the 
heart rate [10]. Before the coronary CTA acquisition, a bolus 
dose of 0–30 mg metoprolol was intravenously injected and 
800 μg nitrate were sublingually administered. During the 
acquisition, 60–80 mL iomeprol (contrast agent of 400 mg 
iodine/mL) was infused at a rate of 4–4.5 mL/s, followed 
by saline flush.

After the acquisition, the QCTA image analysis was 
performed using previously validated software (QAngio 
CT Research Edition, version 1.3.6; Medis Medical Imag-
ing Systems, Leiden, the Netherlands) by an experienced 
reader (V.K. holds a level 3 accreditation by the Society of 
Cardiac Computed Tomography and is reading CT exams 
since 2013) blinded to the PET data [9, 10]. This software 
automatically extracted a 3-dimensional coronary tree and 
labelled each vessel and segment based on the American 
Heart Association 17-segment model [9]. The reader con-
firmed the multiplanar reformation of the vessels and the 
segmentation by revising the raw 3-dimensional data. The 
next step was the automatic quantification of all the athero-
sclerotic lesions of each vessel by the software based on 
the multiplanar reformation previously approved. For each 
lesion the analysis provided quantified data, as previously 
described [9], for the degree of lumen obstruction (lumen 
diameter, lumen area, lumen diameter stenosis and lumen 

Fig. 1  QCTA of the left anterior descending (LAD) coronary artery 
at the level of the most severe lesion of the vessel, causing ischemia 
of the anterior and anterior-septal wall of the left ventricle on PET 
in a male patient. Panels A, B, E and F QCTA reveals all the char-
acteristics of a plaque in the mid LAD (mLAD) that are associated 
with ischemia: lumen area stenosis 73%, lumen area 1.07mm2, lesion 
length 14 mm, mean plaque burden 78.39%, calcium volume  25mm3. 
The yellow line is the lumen contour and the orange line is the ves-
sel wall contour. The quantification of the most obstructive (O) lesion 
was done from proximal (P) to distal (D) border of the lesion, anno-
tated by blue lines, and using as references the proximal region (S) 
and the distal region E, annotated by red lines. In Panel F, fibrotic 
tissue was labelled in dark green, fibro-fatty tissue in light green, 
dense calcium in white and necrotic core in red. Panels C and D PET 
at stress demonstrates the regional reduced perfusion of the anterior 
and anterior-septal wall due to ischemia. In the bulls-eye view (C), 
the green area indicates absolute blood flow of 1.75 ml/g/min which 
denotes ischemia

◂
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area stenosis), for the plaque extent (lesion length, plaque 
volume, mean plaque burden and remodeling index) and for 
the plaque composition (dense calcium (≥ 350 HU) volume, 
fibrous tissue (131 to 350 HU) volume, fibro-fatty tissue 
(76 to 130 HU) volume and necrotic core (low-attenuation, 
-30 to 75 HU) volume). Consequently the reader picked the 
tightest lesion per vessel based on the degree of obstruction 
provided by the QCTA analysis. That was considered the 

potential lesion of each vessel causing ischemia of the cor-
responding myocardial territory. Thus, the QCTA analysis 
was performed on a-per-vessel basis. Figure 1 and Fig. 2 
demonstrate two representative case examples.

On a per-patient-basis the software provided the num-
ber of obstructive and non-obstructive lesions, the number 
of proximal lesions and the number of calcified and mixed 
lesions.

Fig. 2  QCTA of the left anterior descending (LAD) coronary artery 
at the level of the most severe lesion of the vessel, not causing 
ischemia of the left ventricle on PET in a female patient. Panels A, 
B, E and F QCTA reveals all the characteristics of a plaque in the 
mid LAD (mLAD) that are associated with absence of ischemia: 
lumen area stenosis 61%, lumen area 3.16mm2, lesion length 6 mm, 
mean plaque burden 64%, calcium volume  1mm3. The yellow line is 
the lumen contour and the orange line is the vessel wall contour. The 
quantification of the most obstructive (O) lesion was done from prox-

imal (P) to distal (D) border of the lesion, annotated by blue lines, 
and using as references the proximal region (S) and the distal region 
E, annotated by red lines. In Panel F, fibrotic tissue was labelled in 
dark green, fibro-fatty tissue in light green, dense calcium in white 
and necrotic core in red. Panels C and D PET at stress demonstrates 
normal perfusion of all the myocardial walls. In the bulls-eye view 
(D), the red area indicates absolute blood flow of 3.5 ml/g/min which 
denotes absence of ischemia
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PET image acquisition and quantitative analysis

After coronary CTA image acquisition and first pass quali-
tative analysis, dynamic PET scan at rest and adenosine-
induced stress was performed with the same scanner. The 
first step was the bolus injection of 900 to 1100  MBq 
15O-labeled water (Radiowater Generator, Hidex Oy, Fin-
land) over 15 s at an infusion rate of 10 mL/min. Then, a 
dynamic cardiac acquisition at rest was performed (14 × 5 s, 
3 × 10 s, 3 × 20 s, and 4 × 30 s). After a 10-min interval of 
the first tracer injection, the adenosine infusion at a rate of 
140 μg/kg/min started for the stress phase preparation and 
2 min later another bolus of 15O-labeled water was given and 
the stress PET scan started. Adenosine infusion ended with 
the accomplishment of the stress phase.

After the acquisition, the quantitative image analysis was 
performed by an experienced reader (V.U.) blinded for the 
QCTA analysis using the previously validated Carimas™ 
software [15, 16]. On PET, 3 myocardial territories were 
defined based on the corresponding main coronary artery 
(1. left main and left anterior descending, 2. left circumflex, 
3. right coronary artery). Absolute myocardial blood flow 
at stress ≤ 2.4 ml/g/min in any of the 3 vessel-based myo-
cardial-territories was considered positive for myocardial 
ischemia, as has been previously defined [15, 17]. Overall, 
345 (115 × 3) regions were analyzed and characterized as 
ischemic or not based on the absolute myocardial perfusion 
at stress.

Statistical analysis

Continuous variables are presented as mean ± standard devi-
ation if normally distributed and as median (interquartile 
range) if non-normally distributed. Categorical variables 
are expressed as frequencies (percentage). The cumulative 
cardiac-event-free survival rates were calculated based on 
Kaplan–Meier method and comparisons between groups 
were assessed by log-rank test.

Continuous QCTA variables are compared by using 
unpaired Student t-test based on the presence of correspond-
ing ischemia on PET on a per-vessel-territory analysis. Uni-
variable analysis was performed with binary logistic regres-
sion to detect QCTA variables associated with ischemia on 
PET on a per-vessel-territory analysis. A clinical multivari-
able model including age and gender was assessed for its 
association with ischemia on PET. Then, the incremental 
value of QCTA variables assessing the degree of obstruc-
tion, plaque extent and plaque composition were tested by 
adding them to the baseline clinical model on a stepwise 
approach, using binary logistic regression analysis. The odds 
ratio and 95% confidence interval were reported for uni- 
and multivariable analysis. The relative fit of the four tested 
models was calculated with the − 2 log likelihood. The four 

tested models were compared with chi-square (x2) test and 
c-statistics. Receiver operating characteristic analysis was 
used to assess the value of QCTA variables in predicting 
corresponding territory ischemia on PET, according to the 
Youden’s index (Sensitivity + Specificity-1), the sensitivity, 
the specificity and the area under the curve.

A p-value of < 0.05 was considered statistically signifi-
cant. Statistical analysis was performed by SPSS (SPSS ver-
sion 22, Inc., Chicago, IL, USA).

Results

Table 1 describes the demographic characteristics of the 
115 symptomatic DM patients (mean age 65 ± 8 years, 58% 
male). The coronary CTA characteristics of the popula-
tion are provided in Table 1; the mean number of obstruc-
tive lesions was 2.61 ± 2.03, the mean number of proximal 
obstructive lesions was 1.30 ± 1.19 and the mean number of 

Table 1  Patient characteristics

AU arbitary units, CTA  computed tomography angiography, No num-
ber, PET positron emission tomography

Diabetics (N = 115)

Clinical characteristics
 Age, years 65 ± 8
 Male, n (%) 67 (58)
 Blood glucose, mg/dl 124 ± 30
 Glycated haemoglobin, % 6.55 ± 1.15
 Family history, n (%) 49 (43)
 Smoking, n (%) 13 (11)
 Dyslipidemia, n (%) 95 (83)
 Hypertension, n (%) 101 (88)
 Chronic kidney disease: stage 1/2/3, n (%) 56(52)/ 45(42)/ 7(6)
 Statin, n (%) 78 (78)
 Aspirin, n (%) 81 (81)
 Insulin, n (%) 17 (15)

CT characteristics
 Degree and extent of stenosis

   No of atherosclerotic plaques (< 30% steno-
sis)

4.17 ± 2.20

   No of non-obstructive lesions (30–50% 
stenosis)

1.57 ± 1.16

   No of obstructive lesions (> 50% stenosis) 2.61 ± 2.03
 Location of obstructive lesions

   No of proximal lesions > 50% stenosis 1.30 ± 1.19
 Composition and extent of stenosis

   No of partially calcified plaques (≥ 30% 
stenosis)

0.83 ± 0.99

   No of calcified plaques (≥ 30% stenosis) 2.68 ± 2.21
   No of non-calcified plaques (≥ 30% stenosis) 0.38 ± 0.66

  Calcium score, AU 293 (106;727)
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calcified plaques was 2.68 ± 2.21 per patient. The median 
calcium score was 293 (106; 727) AU (Table 1).

During a median follow-up period of 3.64 years (inter-
quartile range 2.53—5.37  years) the patients without 
ischemia on PET had no events while those with ischemia 
had 8 cardiac events and cardiac-event-free survival rate 
94%, 90% and 80% at 2-, 4- and 6-years respectively (rank-
test p-value 0.024) (Fig. 3A). The patients with ischemia on 
PET and atherosclerotic lesion on the corresponding artery 
on CTA had worse cardiac-event-free survival rate (93%, 
86% and 69% at 2-, 4- and 6-years respectively) compared 
with those without corresponding lesion on CTA and those 
without ischemia (rank-test p-value 0.009) (Fig. 3B).

Thus, the presence of an atherosclerotic lesion in the 
corresponding artery to the ischemic myocardial territory 
increases the chances of a cardiac event and makes it clini-
cally relevant to focus on a per-vessel-territory analysis in 
order to identify QCTA atherosclerosis characteristics asso-
ciated with ischemia on PET.

QCTA characteristics and PET ischemia 
on a per‑vessel analysis

In total 345 coronary arteries were included, corresponding 
to 345 myocardial territories with 135 of them (39%) hav-
ing ischemia on PET. Vessels corresponding to ischemic 

territories on PET showed worse degree of obstruction as 
expressed by vessel’s lumen area, lumen area stenosis and 
diameter stenosis (Table 2). Moreover, these vessels had 
longer lesions, larger atherosclerotic plaque volume, more 
extensive plaque burden and showed more positive remod-
eling (Table 2). Additionally, vessels with flow-limiting 
lesions showed atherosclerotic plaques with larger volumes 
of calcium, necrotic core, fibrotic tissue and fibrous-fatty tis-
sue (Table 2). Atherosclerotic plaques causing ischemia had 
higher percentage of dense calcium (37 ± 22% vs 28 ± 22%, 
p = 0.001) and lower percentage of fibrous-fatty tissue 
(9 ± 8% vs 14 ± 11%, p < 0.001) compared to vessels without 
flow-limiting lesions (Figs. 1, 2).

QCTA parameters associated with ischemia on PET 
on a per‑vessel‑territory analysis

All the QCTA parameters expressing the degree of stenosis, 
the plaque extent and the plaque composition were associ-
ated with the presence of ischemia on univariable analysis 
(Table 3).

Multivariable models were built to identify the addi-
tive incremental value of the QCTA plaque characteristics 
(Table 4). By adding the degree of stenosis parameters on 
QCTA, the baseline clinical model improved its associa-
tion with ischemia (chi-square 36.45 vs 88.18, p < 0.001, 

Fig. 3  Kaplan–Meier analysis of cardiac-event-free survival according to: Α Perfusion defect on PET. B Perfusion defect on PET and atheroscle-
rosis lesion on CTA 
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c-statistics 0.783). At the next step, by adding the plaque 
extent QCTA parameters, the model association with 
ischemia further increased (chi-square 88.18 vs 97.44, 
p = 0.01, c-statistics 0.800). Finally, by adding the plaque 
composition, the association with ischemia did not increase 
further (chi-square 97.44 vs 99.30, p = 0.39, c-statistics 
0.800) (Fig. 4).

The QCTA plaque characteristic of each category (degree 
of stenosis, plaque extent, plaque composition) that had the 

highest Youden index on receiver operating characteristic 
curve analysis to identify the best cut-off for association 
with territory ischemia on PET is: the lumen area steno-
sis with a cut-off value 42.50%, sensitivity 70%, specific-
ity 58%, Youden index 28% (AUC 0.671, CI 0.615–0.728, 
p-value < 0.001), the mean plaque burden with a cut-off 
value 44.78%, sensitivity 69%, specificity 63%, Youden 
index 32% (AUC 0.686, CI 0.629–0.742, p-value < 0.001), 
the calcium volume with a cut-off value 9.47mm3, sensitiv-
ity 56%, specificity 73%, Youden index 29% (AUC 0.650, 
CI 0.592–0.709, p-value < 0.001).

Discussion

The current study demonstrated that QCTA parameters 
assessing the stenosis degree (lumen area and area steno-
sis), the atherosclerotic plaque extent (lesion length, mean 
plaque burden) and the plaque composition (more calcified 
plaques) are associated with ischemia of the corresponding 
myocardial territory detected on PET in DM patients. The 
association with ischemia on PET was increased by adding 
the QCTA evaluated plaque extent parameters to the degree 
of lumen stenosis in DM patients.

Atherosclerosis in diabetic patients

It is widely accepted that DM patients consist a special 
population with high prevalence of atherosclerosis and 
coronary artery disease. In an autopsy cohort of 2029 
decedents, the diabetics had higher prevalence of coro-
nary atherosclerosis and within the DM decedents without 

Table 2  QCTA characteristics 
of the most severe lesion per-
vessel according to ischemia of 
the corresponding myocardial 
territory on PET

PET positron emission tomography, QCTA  quantitative computed tomography angiography

QCTA parameters Total vessels (N = 345) Vessel-territory ischemia on PET P-value

Yes (N = 135) No (N = 210)

Degree of obstruction parameters
 Lumen diameter, mm 1.32 ± 0.98 1.21 ± 0.80 1.39 ± 1.07 0.09
 Lumen area,  mm2 2.68 ± 2.78 2.11 ± 1.97 3.04 ± 1.15 0.002
 Diameter stenosis, % 30.37 ± 24.35 40.82 ± 26.16 23.66 ± 20.54  < 0.001
 Area stenosis, % 45.54 ± 31.82 58.11 ± 31.67 37.46 ± 29.25  < 0.001

Plaque extent parameters
 Lesion length, mm 9.64 ± 9.51 12.44 ± 10.51 7.84 ± 8.35  < 0.001
 Plaque volume,  mm3 71.47 ± 87.17 97.28 ± 106.51 54.87 ± 67.27  < 0.001
 Mean plaque burden, % 39.77 ± 24.72 48.43 ± 23.87 34.21 ± 23.68  < 0.001
 Remodeling index 0.69 ± 0.42 0.76 ± 0.38 0.64 ± 0.44 0.01

Plaque composition parameters
 Dense calcium volume,  mm3 20.77 ± 36.66 31.18 ± 48.35 14.08 ± 24.45  < 0.001
 Fibrotic tissue volume,  mm3 25.54 ± 32.60 34.37 ± 37.80 19.86 ± 27.40  < 0.001
 Fibrous-fatty volume,  mm3 5.23 ± 6.80 6.31 ± 7.91 4.54 ± 5.89 0.02
 Necrotic core volume,  mm3 1.47 ± 2.56 1.82 ± 2.88 1.24 ± 2.30 0.04

Table 3  QCTA parameters associated with corresponding ischemia 
on PET on a per-vessel-territory basis

CI confidence interval, OR odds ratio, PET positron emission tomog-
raphy, QCTA  quantitative computed tomography angiography

Univariable analysis

OR 95% CI P-value

Degree of obstruction
 Lumen area stenosis, % 9.31 4.30–20.13  < 0.001
 Lumen diameter, mm 0.83 0.66–1.03 0.090
 Lumen area,  mm2 0.87 0.80–0.96 0.003

Plaque extent
 Lesion length, mm 1.05 1.03–1.08  < 0.001
 Plaque volume,  mm3 1.01 1.00–1.01  < 0.001
 Mean plaque burden, % 13.74 4.92–38.37  < 0.001
 Remodeling index 1.94 1.14–3.30 0.015

Plaque composition
 Dense Calcium volume,  mm3 1.02 1.01–1.02  < 0.001
 Fibrotic tissue volume,  mm3 1.02 1.01–1.02  < 0.001
 Fibrous-Fatty volume,  mm3 1.04 1.00–1.07 0.020
 Necrotic core volume,  mm3 1.09 1.00–1.19 0.049
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clinically known coronary artery disease 75% had high-
grade atherosclerosis and 50% had multivessel coronary 
artery disease [18]. Coronary atherosclerosis in DM 
patients is not only an anatomical coincidence. Already 
from the Framingham study in 1979 it was well demon-
strated that DM is a major predisposing factor to cardio-
vascular disease and it was not until recently that DM was 
considered coronary artery disease equivalent [19, 20]. 
Nonetheless, cardiovascular disease is the leading cause of 
morbidity and mortality in DM patients due to micro- and 
macrovascular disease; at every level of risk factors such 
as age, hypertension, hypercholesterolemia and smoking, 
the DM patients have at least twofold higher risk compared 
to non-DM individuals [21]. Thus, is of paramount impor-
tance in DM patients to detect coronary atherosclerosis in 
advance and this can trustworthy be done with the QCTA 
parameters of lumen stenosis and plaque extent that are 
indicative of ischemia on PET as demonstrated in the cur-
rent analysis.

Atherosclerosis CTA characteristics in diabetic 
patients

The extensive coronary atherosclerosis of the DM patients 
has been confirmed with CTA studies. Pundziute et al. ana-
lyzed a cohort of 215 symptomatic patients, 86 with DM, 
and demonstrated that the DM patients had more non-
obstructive plaques and more coronary segments diseased on 
CTA, indicating more diffuse atherosclerosis [3]. These data 
have been confirmed by comparing CTA with intravascular 
ultrasound plaque extent and composition in 60 patients; 
the DM patients (n = 19) had more plaques and most were 
calcified on CTA and intravascular ultrasound [2]. These 
studies were based on visual assessment of the coronary 
plaques. A recent study that conducted QCTA analysis dem-
onstrated that the plaque volume in DM patients evolves in a 
more pronounced way compared to non-DM subjects within 
3.8 years scan interval indicating that the plaque volume on 
QCTA leads the atherosclerosis progression [22]. However, 

Table 4  Multivariable models of clinical and QCTA associates of corresponding ischemia on PET on a per-vessel-territory basis

CI confidence interval, OR odds ratio, PET positron emission tomography, QCTA  quantitative computed tomography angiography

Multivariable analysis Model comparison

OR 95% CI P-value* -2 log likelihood Chi-square P-value† C-index

Model 1 (clinical) 425.39 36.45 – 0.657
 Age, years 1.01 0.98–1.04 0.63
 Male gender 4.27 2.59–7.06  < 0.001

Model 2
(Model 1 + degree of obstruction)

373.66 88.18  < 0.001 0.783

 Age, years 0.99 0.96–1.03 0.64
 Male gender 4.83 2.79–8.36  < 0.001
 Lumen area stenosis, % 11.14 4.91–25.28  < 0.001
 Lumen area,  mm2 0.80 0.72–0.89  < 0.001

Model 3
(Model 2 + plaque extent)

364.40 97.44 0.01 0.800

 Age, years 0.99 0.96–1.03 0.57
 Male gender 5.22 2.98–9.16  < 0.001
 Lumen area stenosis, % 0.61 0.07–5.06 0.64
 Lumen area,  mm2 0.72 0.62–0.84  < 0.001
 Lesion length, mm 1.03 1.00–1.07 0.058
 Mean plaque burden, % 31.94 2.03–502.12 0.014

Model 4
(Model 3 + plaque composition)

362.54 99.30 0.39 0.800

 Age, years 0.99 0.96–1.02 0.53
 Male gender 5.14 2.93–9.02  < 0.001
 Lumen area stenosis (%) 0.58 0.07–5.03 0.62
 Lumen area,  mm2 0.71 0.60–0.83  < 0.001
 Lesion length, mm 1.00 0.95–1.06 0.91
 Mean plaque burden, % 37.34 2.19–636.22 0.012
 Calcium volume,  mm3 1.00 0.99–1.01 0.40
 FibroFatty volume,  mm3 1.03 0.97–1.10 0.27
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QCTA data are scarce for DM patients and the current analy-
sis offers a deep insight in DM atherosclerosis burden high-
lighting the clinical value of plaque extent, plaque burden, 
which are in line with the aforementioned plaque volume, 
and lumen area besides the classical parameter of the ste-
nosis degree.

The clinical value of CTA in asymptomatic DM patients 
has been demonstrated through long-term outcome studies. 
Kang et al. suggested that 31.6% of the DM patients had 
obstructive coronary artery disease on CTA and 6-year event 
free survival of 86%, which was significantly worse compared 
to those with non-obstructive disease or normal coronaries 
with survival 96% and 99% respectively. [23] In line, a meta-
analysis of 6,225 DM patients concluded that CTA can safely 
rule out cardiovascular events in mid and long term follow-
up and identify the high-risk patients with obstructive lesions 
[24]. Another study of asymptomatic DM patients performed 
QCTA analysis and identified the plaque characteristics that 
were associated with acute coronary syndrome in 9-years 

follow-up. The plaque volume, the low-density plaque con-
tent < 50 Hounsfields Units and the mild plaque calcification 
on QCTA were the parameters defining the lesion that was the 
culprit one 9-years later [25]. However, none of these studies 
either using CTA or QCTA characteristics studied sympto-
matic DM patients focusing on how to predict ischemia.

Thus, the question of how the QCTA in symptomatic DM 
patients correlates with myocardial ischemia at the time of the 
exam still waits to be elucidated. The current study resolved 
this query by suggesting that both stenosis degree and plaque 
extent define ischemia, in parallel with the aforementioned 
studies that correlated these CTA parameters with long-term 
events.

Fig. 4  C-statistics and chi-
square for comparing multi-
variable models of clinical and 
QCTA parameters identifying 
ischemia on PET, on a per-
vessel-territory basis in diabetic 
patients. Bar graphs represent 
the (Panel A) c-index and 
(Panel B) x2 of each model. The 
addition of QCTA obstruction 
degree significantly increased 
the association of the clinical 
model with ischemia on PET. 
Furthermore, by adding the 
plaque extent, the association 
with ischemia incrementally 
increased. Finally, adding the 
plaque composition improved, 
but not significantly, the mod-
el’s association with ischemia 
on PET
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Atherosclerosis QCTA characteristics associated 
with Ischemia detection in diabetic patients

This study is the first to associate QCTA characteristics 
with ischemia on PET in the corresponding myocardial 
territory in symptomatic DM patients.

Myocardial ischemia of symptomatic DM patients had 
been studied in an attempt to identify patients at need for 
further interventions. Giri et al. demonstrated that in the 
case of normal myocardial perfusion on stress single-
photon emission computed tomography, the symptomatic 
DM patients had significantly worse cardiac survival com-
pared to non-DM, indicating that this stress technique is 
not adequate to reassure the DM patients. [26] As a result 
a better stress technique for ischemia detection has to be 
applied. The resolution of the conundrum could be the use 
of 15O-labeled water dynamic PET with absolute quantita-
tion of myocardial perfusion that is proven to have better 
diagnostic accuracy compared to scintigraphy in diag-
nosing ischemia against invasive fractional flow reserve 
which is the gold standard [27]. Thus, in the current study 
dynamic PET has been used for ischemia detection in the 
symptomatic DM patients.

However, in most symptomatic DM patients the first diag-
nostic test is CTA but not a stress test. According to PROM-
ISE (Prospective Multicenter Imaging Study for Evaluation 
of Chest Pain) randomized trial, CTA diagnostic strategy 
is better for reducing adverse cardiovascular events com-
pared to functional stress testing (adjusted hazard ratio 0.38, 
p = 0.01) [28]. Hence, it would be ideal to better identify the 
detailed CTA parameters that are predictive of myocardial 
ischemia. Diaz-Zamudio et al. studied 184 patients (15% 
with DM, 66% symptomatic) with QCTA and scintigraphy 
myocardial perfusion imaging and demonstrated that QCTA 
parameter of low-density non-calcified plaque burden was 
associated to corresponding territory ischemia on scintig-
raphy, independently of the stenosis degree [7]. However, 
besides the more tight stenosis, in the current analysis of DM 
patients it was not the low-density plaque burden, but the 
total plaque burden and the calcified plaques indicative of 
ischemia on PET, possibly reflecting the faster progression 
of atherosclerosis in DM patients. [3]

The invasive fractional flow reserve detects accurately 
ischemia that was predicted by the QCTA parameters of 
lesion length and plaque burden independently to stenosis 
severity in a study by Park et al., similarly to the current 
analysis, in a population including 21% DM patients [29]. 
Additionally, Kitabata et al. proved that lesions leading to 
30–49% stenosis are associated significantly more with 
ischemia compared with lesions with < 30% stenosis [30]. 
All these results support that a severe stenotic lesion is 
not per se flow limiting while a non-severe should not be 
ignored.

Recently, the CTA derived fractional flow reserve (FFR-
CT) has evolved as a new non-invasive method to identify 
the hemodynamically significant lesions detected on CTA in 
the general population and especially in DM patients, who 
often have it impaired [30]. Although the DM patients have 
more extensive atherosclerosis and more calcified vessels, 
causing blooming effect, the accuracy of FFR-CT was com-
parable between DM and non-DM patients [31]. In contrast 
to the current analysis, the abnormal FFR-CT ≤ 0.75, which 
is indicative of hemodynamic significant lesion, is associ-
ated with low-attenuation non-calcified plaques which is an 
established marker of high risk vulnerable plaque and has 
been predictive of adverse cardiac events in DM patients. 
[25, 32].

Therefore, this study is the first to select QCTA imaging 
and associate its parameters with corresponding ischemia 
on PET (best non-invasive method for ischemia detection) 
to further improve the diagnostic accuracy of CTA in symp-
tomatic DM patients. Hence, the recognition of a lesion on 
QCTA, in a diabetic symptomatic patient, with tight lumen 
area stenosis, narrow lumen area, increased length and 
increased plaque burden is likely associated with ischemia 
and would guide the therapeutic choices accordingly taking 
into account not only the anatomy but the possible corre-
sponding ischemia.

Limitations

The current retrospective analysis of prospectively collected 
data is an observational study. The prognostic implications 
of QCTA parameters associated with ischemia on PET have 
to be demonstrated in prospective survival studies taking 
into account the pharmacological or interventional treatment 
applied based on QCTA and PET findings.

Conclusion

In symptomatic DM patients undertaking CTA for diagnos-
tic purposes, applying QCTA atherosclerosis analysis of the 
tightest per vessel lesion identified corresponding myocar-
dial ischemia on PET. The QCTA parameters of area ste-
nosis, lumen area, lesion length, plaque burden and plaque 
calcification are associated with ischemia on PET in patients 
with DM. The QCTA evaluated plaque extent parameters 
improved the prediction of ischemia beyond the degree of 
coronary lumen stenosis.

Acknowledgements None.

Funding The Study has been financially supported by the Academy of 
Finland Centre of Excellence on Cardiovascular and Metabolic Dis-
eases, the Finnish Foundation for Cardiovascular Research and the 
Turku University Hospital.



The International Journal of Cardiovascular Imaging 

1 3

Declarations 

Conflict of interest The department of Cardiology of the Leiden 
University Medical Centre received research grants from Biotronik, 
Medtronic, Boston Scientific Corporation, St Jude Medical, Lantheus 
Medical Imaging and GE Healthcare.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

 1. Muhlestein JB, Lappe DL, Lima JA, Rosen BD, May HT, Knight 
S, Bluemke DA, Towner SR, Le V, Bair TL, Vavere AL, Anderson 
JL (2014) Effect of screening for coronary artery disease using CT 
angiography on mortality and cardiac events in high-risk patients 
with diabetes: the factor-64 randomized clinical trial. JAMA 
312:2234–2243

 2. Pundziute G, Schuijf JD, Jukema JW, van Werkhoven JM, Nuci-
fora G, Decramer I, Sarno G, Vanhoenacker PK, Reiber JH, 
Wijns W, Bax JJ (2009) Type 2 diabetes is associated with more 
advanced coronary atherosclerosis on multislice computed tomog-
raphy and virtual histology intravascular ultrasound. J Nucl Car-
diol 16:376–383

 3. Pundziute G, Schuijf JD, Jukema JW, Boersma E, Scholte AJ, 
Kroft LJ, van der Wall EE, Bax JJ (2007) Noninvasive assessment 
of plaque characteristics with multislice computed tomography 
coronary angiography in symptomatic diabetic patients. Diabetes 
Care 30:1113–1119

 4. Park GM, Lee SW, Cho YR, Kim CJ, Cho JS, Park MW, Her SH, 
Ahn JM, Lee JY, Park DW, Kang SJ, Kim YH, Lee CW, Koh EH, 
Lee WJ, Kim MS, Lee KU, Kang JW, Lim TH, Park SW, Park SJ, 
Park JY (2014) Coronary computed tomographic angiographic 
findings in asymptomatic patients with type 2 diabetes mellitus. 
Am J Cardiol 113:765–771

 5. Choi EK, Chun EJ, Choi SI, Chang SA, Choi SH, Lim S, Rivera 
JJ, Nasir K, Blumenthal RS, Jang HC, Chang HJ (2009) Assess-
ment of subclinical coronary atherosclerosis in asymptomatic 
patients with type 2 diabetes mellitus with single photon emis-
sion computed tomography and coronary computed tomography 
angiography. Am J Cardiol 104:890–896

 6. de Graaf MA, Roos CJ, Mansveld JM, Kharagjitsingh AV, Dib-
bets-Schneider P, Kroft LJ, Jukema JW, Ficaro EP, Bax JJ, Scholte 
AJ (2015) Changes in ischaemia as assessed with single-photon 
emission computed tomography myocardial perfusion imaging in 
high-risk patients with diabetes without cardiac symptoms: Rela-
tion with coronary atherosclerosis on computed tomography coro-
nary angiography. Eur Heart J Cardiovasc Imaging 16:863–870

 7. Diaz-Zamudio M, Fuchs TA, Slomka P, Otaki Y, Arsanjani R, 
Gransar H, Germano G, Berman DS, Kaufmann PA, Dey D (2017) 
Quantitative plaque features from coronary computed tomography 

angiography to identify regional ischemia by myocardial perfu-
sion imaging. Eur Heart J Cardiovasc Imaging 18:499–507

 8. van Velzen JE, Schuijf JD, van Werkhoven JM, Herzog BA, Paz-
henkottil AP, Boersma E, de Graaf FR, Scholte AJ, Kroft LJ, de 
Roos A, Stokkel MP, Jukema JW, Kaufmann PA, van der Wall EE, 
Bax JJ (2010) Predictive value of multislice computed tomogra-
phy variables of atherosclerosis for ischemia on stress-rest single-
photon emission computed tomography. Circ Cardiovasc Imaging 
3:718–726

 9. de Graaf MA, Broersen A, Ahmed W, Kitslaar PH, Dijkstra J, 
Kroft LJ, Delgado V, Bax JJ, Reiber JH, Scholte AJ (2014) Fea-
sibility of an automated quantitative computed tomography angi-
ography-derived risk score for risk stratification of patients with 
suspected coronary artery disease. Am J Cardiol 113:1947–1955

 10. Uusitalo V, Kamperidis V, de Graaf MA, Maaniitty T, Stenstrom 
I, Broersen A, Dijkstra J, Scholte AJ, Saraste A, Bax JJ, Knuuti 
J (2017) Coronary computed tomography angiography derived 
risk score in predicting cardiac events. J Cardiovasc Comput 
Tomogr 11:274–280

 11. de Graaf MA, El-Naggar HM, Boogers MJ, Veltman CE, Bro-
ersen A, Kitslaar PH, Dijkstra J, Kroft LJ, Al Younis I, Reiber 
JH, Bax JJ, Delgado V, Scholte AJ (2013) Automated quantita-
tive coronary computed tomography correlates of myocardial 
Ischaemia on gated myocardial perfusion SPECT. Eur J Nucl 
Med Mol Imaging 40:1171–1180

 12. Valenta I, Antoniou A, Marashdeh W, Leucker T, Kasper E, 
Jones SR, Dannals RF, Solnes L, Pomper MG, Schindler TH 
(2017) Pet-measured longitudinal flow gradient correlates with 
invasive fractional flow reserve in cad patients. Eur Heart J 
Cardiovasc Imaging 18:538–548

 13. Danad I, Raijmakers PG, Driessen RS, Leipsic J, Raju R, 
Naoum C, Knuuti J, Maki M, Underwood RS, Min JK, Elmore 
K, Stuijfzand WJ, van Royen N, Tulevski, II, Somsen AG, Huis-
man MC, van Lingen AA, Heymans MW, van de Ven PM, van 
Kuijk C, Lammertsma AA, van Rossum AC, Knaapen P (2017) 
Comparison of coronary ct angiography, spect, pet, and hybrid 
imaging for diagnosis of ischemic heart disease determined by 
fractional flow reserve. JAMA Cardiol

 14. American DA (2015) (2) classification and diagnosis of diabe-
tes. Diabetes Care 38(Suppl):S8–S16

 15. Joutsiniemi E, Saraste A, Pietila M, Maki M, Kajander S, 
Ukkonen H, Airaksinen J, Knuuti J (2014) Absolute flow or 
myocardial flow reserve for the detection of significant coronary 
artery disease? Eur Heart J Cardiovasc Imaging 15:659–665

 16. Nesterov SV, Han C, Maki M, Kajander S, Naum AG, Helenius 
H, Lisinen I, Ukkonen H, Pietila M, Joutsiniemi E, Knuuti J 
(2009) Myocardial perfusion quantitation with 15O-labelled 
water pet: high reproducibility of the new cardiac analysis soft-
ware (carimas). Eur J Nucl Med Mol Imaging 36:1594–1602

 17. Kajander S, Joutsiniemi E, Saraste M, Pietila M, Ukkonen H, 
Saraste A, Sipila HT, Teras M, Maki M, Airaksinen J, Har-
tiala J, Knuuti J (2010) Cardiac positron emission tomography/
computed tomography imaging accurately detects anatomically 
and functionally significant coronary artery disease. Circulation 
122:603–613

 18. Goraya TY, Leibson CL, Palumbo PJ, Weston SA, Killian JM, 
Pfeifer EA, Jacobsen SJ, Frye RL, Roger VL (2002) Coronary 
atherosclerosis in diabetes mellitus: a population-based autopsy 
study. J Am Coll Cardiol 40:946–953

 19. Kannel WB, McGee DL (1979) Diabetes and glucose toler-
ance as risk factors for cardiovascular disease: the Framingham 
study. Diabetes Care 2:120–126

 20. Saely CH, Aczel S, Koch L, Schmid F, Marte T, Huber K, 
Drexel H (2010) Diabetes as a coronary artery disease risk 
equivalent: before a change of paradigm? Eur J Cardiovasc 
17:94–99

http://creativecommons.org/licenses/by/4.0/


 The International Journal of Cardiovascular Imaging

1 3

 21. Laakso M (2010) Cardiovascular disease in type 2 diabetes from 
population to man to mechanisms: the Kelly west award lecture 
2008. Diabetes Care 33:442–449

 22. Kim U, Leipsic JA, Sellers SL, Shao M, Blanke P, Hadamitzky M, 
Kim YJ, Conte E, Andreini D, Pontone G, Budoff MJ, Gottlieb I, 
Lee BK, Chun EJ, Cademartiri F, Maffei E, Marques H, Shin S, 
Choi JH, Virmani R, Samady H, Stone PH, Berman DS, Narula 
J, Shaw LJ, Bax JJ, Min JK, Chang HJ (2018) Natural history of 
diabetic coronary atherosclerosis by quantitative measurement of 
serial coronary computed tomographic angiography: results of the 
paradigm study. JACC Cardiovasc Imaging 11:1461–1471

 23. Kang SH, Park GM, Lee SW, Yun SC, Kim YH, Cho YR, Park 
HW, Suh J, Yang DH, Kang JW, Lim TH, Jung CH, Koh EH, Lee 
WJ, Kim MS, Lee KU, Park JY (2016) Long-term prognostic 
value of coronary CT angiography in asymptomatic type 2 diabe-
tes mellitus. JACC Cardiovasc Imaging 9:1292–1300

 24. Celeng C, Maurovich-Horvat P, Ghoshhajra BB, Merkely B, 
Leiner T, Takx RA (2016) Prognostic value of coronary com-
puted tomography angiography in patients with diabetes: a meta-
analysis. Diabetes Care 39:1274–1280

 25. Halon DA, Lavi I, Barnett-Griness O, Rubinshtein R, Zafrir B, 
Azencot M, Lewis BS (2019) Plaque morphology as predictor of 
late plaque events in patients with asymptomatic type 2 diabe-
tes: a long-term observational study. JACC Cardiovasc Imaging 
12:1353–1363

 26. Giri S, Shaw LJ, Murthy DR, Travin MI, Miller DD, Hachamov-
itch R, Borges-Neto S, Berman DS, Waters DD, Heller GV (2002) 
Impact of diabetes on the risk stratification using stress single-
photon emission computed tomography myocardial perfusion 
imaging in patients with symptoms suggestive of coronary artery 
disease. Circulation 105:32–40

 27. Danad I, Raijmakers PG, Driessen RS, Leipsic J, Raju R, Naoum 
C, Knuuti J, Maki M, Underwood RS, Min JK, Elmore K, Stui-
jfzand WJ, van Royen N, Tulevski II, Somsen AG, Huisman MC, 
van Lingen AA, Heymans MW, van de Ven PM, van Kuijk C, 
Lammertsma AA, van Rossum AC, Knaapen P (2017) Com-
parison of coronary CT angiography, SPECT, PET, and hybrid 

imaging for diagnosis of ischemic heart disease determined by 
fractional flow reserve. JAMA cardiology 2:1100–1107

 28. Sharma A, Coles A, Sekaran NK, Pagidipati NJ, Lu MT, Mark 
DB, Lee KL, Al-Khalidi HR, Hoffmann U, Douglas PS (2019) 
Stress testing versus CT angiography in patients with diabetes and 
suspected coronary artery disease. J Am Coll Cardiol 73:893–902

 29. Park HB, Heo R, B OH, Cho I, Gransar H, Nakazato R, Leipsic J, 
Mancini GBJ, Koo BK, Otake H, Budoff MJ, Berman DS, Erglis 
A, Chang HJ, Min JK (2015) Atherosclerotic plaque character-
istics by CT angiography identify coronary lesions that cause 
ischemia: A direct comparison to fractional flow reserve. JACC 
Cardiovasc Imaging 8:1–10

 30. Kitabata H, Leipsic J, Patel MR, Nieman K, De Bruyne B, Rog-
ers C, Pontone G, Norgaard BL, Bax JJ, Raff G, Chinnaiyan KM, 
Rabbat M, Ronnow Sand NP, Blanke P, Fairbairn TA, Matsuo H, 
Amano T, Kawasaki T, Morino Y, Akasaka T (2018) Incidence 
and predictors of lesion-specific ischemia by FFRCT: Learnings 
from the international advance registry. J Cardiovasc Comput 
Tomogr 12:95–100

 31. Nous FMA, Coenen A, Boersma E, Kim YH, Kruk MBP, Tesche 
C, de Geer J, Yang DH, Kepka C, Schoepf UJ, Persson A, Kurata 
A, Budde RPJ, Nieman K (2019) Comparison of the diagnostic 
performance of coronary computed tomography angiography-
derived fractional flow reserve in patients with versus without 
diabetes mellitus (from the machine consortium). Am J Cardiol 
123:537–543

 32. Mrgan M, Norgaard BL, Dey D, Gram J, Olsen MH, Gram J, Sand 
NPR (2020) Coronary flow impairment in asymptomatic patients 
with early stage type-2 diabetes: Detection by FFRCT. Diab Vasc 
Dis Res 17:1479164120958422

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Atherosclerotic plaque characteristics on quantitative coronary computed tomography angiography associated with ischemia on positron emission tomography in diabetic patients
	Abstract
	Introduction
	Methods
	Study population
	Coronary CTA image acquisition and quantitative analysis
	PET image acquisition and quantitative analysis
	Statistical analysis

	Results
	QCTA characteristics and PET ischemia on a per-vessel analysis
	QCTA parameters associated with ischemia on PET on a per-vessel-territory analysis

	Discussion
	Atherosclerosis in diabetic patients
	Atherosclerosis CTA characteristics in diabetic patients
	Atherosclerosis QCTA characteristics associated with Ischemia detection in diabetic patients
	Limitations

	Conclusion
	Acknowledgements 
	References




