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Introduction

The high diagnostic accuracy of 320 detector-row computed 
tomography coronary angiography (320-CTCA) in 
patients with suspected coronary artery disease (CAD) 
has been demonstrated in multiple single-centre trials, 

when compared with invasive coronary angiography (ICA)  
(1-4). In contrast with traditional 64-detector CT, 320-CTCA 
enables complete acquisition of the coronary tree in a single 
gantry rotation. However, 320-CTCA using first generation 
scanners requires strict heart rate (HR) control (≤60 beats 
per minute) due to a limited effective temporal resolution 
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of 175msec, which is similar to traditional 64-detector  
systems (5). To achieve strict HR control, negative 
chronotropes (most commonly beta-blockers) are often 
administered via oral or intravenous route. This may increase 
patient length of stay, time to 320-CTCA, and may be 
contraindicated in a proportion of patients (6-10). 

Imaging at higher HR (11-14) is often associated with 
motion artifacts resulting in suboptimal image quality (15). 
It is also associated with increased radiation exposure due 
to requirement for multiple gantry rotations (13), or wider 
padding around a mid-diastolic phase. 

Second generation 320-CTCA has an effective temporal 
resolution of 137.5 msec with half-segment reconstruction. 
This has the potential to image the entire coronary tree 
at elevated HR with a single gantry rotation at 0.5mm 
slice collimation with complete 16 cm cranio-caudal 
coverage. Recent studies using second-generation 320-
CTCA have demonstrated superior image quality at varying 
HR (11) and lower radiation dose (12) when compared 
with first-generation scanners (14). Data on the diagnostic 
performance in comparison to ICA at low and high HR 
is lacking. This study’s primary aim is to evaluate the 
diagnostic accuracy of second-generation 320-CTCA 
compared to ICA in patients with traditionally controlled 
(HR ≤60 bpm) and elevated HR (61–80 bpm). The 
secondary aim is to determine the impact of HR control on 
image quality and radiation exposure.

Methods

Study population

Consecutive patients referred for clinically mandated 
ICA to a tertiary referral centre (Monash Heart, Monash 
Medical Centre, Melbourne, Australia) between November 
2012 and March 2014 for evaluation of suspected CAD 
were prospectively screened. Patients were excluded 
if they had known obstructive CAD as determined on 
invasive angiography (≥50% stenosis), coronary artery 
bypass grafting, previous coronary stenting, advanced 
atrioventricular block, atrial or ventricular arrhythmia, 
decompensated heart failure, steroid-dependent asthma or 
renal insufficiency (eGFR <60 mL/min/1.73 m2). 

All patients gave written consent prior to inclusion in the 
study. After informed consent, all eligible patients who did 
not fulfill exclusion criteria underwent research 320-CTCA 
within one week of ICA. No patients required intervention 
between ICA and 320-CTCA. The institutional review 

board approved the study and all recruited patients provided 
signed informed consent. 

ICA protocol and interpretation

ICA was performed via standard techniques by either radial 
or femoral approach at operator discretion. ICA images 
were visually evaluated by an interventional cardiologist 
blinded to clinical data and CTCA results by visual stenosis 
grade. Coronary segments were classified according to the 
modified American Heart Association 17-segment model (16) 
and significant stenosis was defined as ≥50% reduction of 
maximal coronary luminal diameter. 

320-CTCA protocol and interpretation

Upon arrival in the CTCA department, HR was evaluated. 
Patients with baseline HR ≤80 bpm underwent 320-
CTCA acquisition at their native HR; for patients with HR  
>80 bpm, 25 mg oral metoprolol or 5 mg oral ivabradine 
was administered with repeat dosing at 30-minute intervals 
to allow imaging to be performed at HR ≤80 bpm. On-
table intravenous metoprolol was administered if the HR 
increased above >80 bpm. All studies were performed on a 
second-generation 320-detector row system (AquilionOne 
VISION, Toshiba Medical Systems, Tokyo, Japan). 
Nitroglycerin 400 µg sublingually was administered  
1 minute before contrast injection. A bolus of 75 mL 
of 100% Iohexal (Omnipaque 350) was administered at  
6 mL/s followed by a 50 mL normal saline chaser. Scanning 
was manually triggered when peak contrast enhancement 
in the left ventricle was observed with no enhancement 
in the right ventricle. Scans were performed via an axial 
technique with detector collimation of 320 mm × 0.5 mm 
and no requirement for table movement due to 16 cm 
cranio-caudal coverage. Tube current was determined with 
the use of automatic exposure control (SUREExposure3D, 
Toshiba medical systems) on the basis of X-ray attenuation 
on anterior-posterior and lateral scout images and the 
reconstruction kernel. Tube potential was manually set by 
the radiographer with default at 100 kVp and adjusted to 
120 or 135 kVp when the automatic tube current selected 
was maximum. Gantry rotation time was 275 msec with 
effective temporal resolution of 137.5 msec. Scans were 
performed with prospective electrocardiographic triggering 
using 70–85% of the phase window at HR <70 bpm 
and 30–80% when HR >70 bpm. Image acquisition was 
restricted to single beat acquisition (multi-beat acquisition 
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was not performed). Images were reconstructed with a 512 
× 512 matrix, 0.5 mm thick sections and 0.25 mm increments 
using kernel FC43, iterative reconstruction with adaptive 
iterative dose reduction 3D (AIDR3D, Toshiba Medical Systems) 
standard and asymmetric cone beam reconstruction (17).  
Mean effective radiation exposure was derived from the dose-
length product multiplied by a conversion co-efficient for the 
chest (DLP × 0.014 mSv/mGy) (18). 

CTCA images were visually assessed by consensus by two 
CT trained cardiologists. Readers were blinded to clinical 
and ICA datasets. Reconstructed images were reviewed on 
a computer-based platform (Vitrea FX 2.0, Vital Images, 
Minnetonka, Minnesota) with the best phase chosen for 
interpretation. Quantification was performed according 
to standardized 17-segment model (16) for all segments 
≥1.5 mm diameter. Significant stenosis was defined as 
≥50% reduction of the maximal luminal diameter. Image 
quality was assessed at per-segment level according to a 
previously published 5-point Likert score (19): 1=poor, 
impaired image quality limited by excessive noise or poor 
vessel wall definition; 2=adequate, reduced image quality 
with poor vessel wall definition or excessive image noise, 
limitations in low contrast resolution remain evident; 
3=good, impact of image noise, limitations of low contrast 
resolution and vessel margin definition are minimal; 4=very 
good, good attenuation of vessel lumen and delineation 
of vessel walls, relative image noise is minimal, coronary 
wall definition and low contrast resolution well maintained 
and 5=excellent, excellent attenuation of the vessel lumen 
and clear delineation of the vessel walls, limited perceived 
image noise. If the segment was described as poor, the 
predominant artifact was identified as calcification, motion 
or noise. Non-interpretable segments were regarded as 
containing severe stenosis.

Statistical analysis

Continuous variables are reported as mean ± standard 
deviation or median with interquartile range. Normality 
of variables was assessed visually by plotting histograms 
and statistically by the Shapiro-Wilk test. Variables were 
compared using a Student t-test, Mann-Whitney or Kruskal 
Wallis as appropriate. Categorical variables were compared 
with a chi-square or Fishers exact test. Interobserver 
agreement between CT readers was measured the Cohen 
κ test with the scale: κ<0.2 indicates poor agreement, 0.21–
0.40 fair agreement, 0.41–0.60 moderate agreement, 0.61–
0.80 good agreement, 0.81–1.00 excellent agreement (12). 

Diagnostic accuracy of 320-CTCA compared to ICA are 
presented as sensitivity, specificity, positive predictive value 
(PPV) and negative predictive values (NPV); with precision 
expressed as 95% confidence intervals as well as by receiver 
operator characteristic (ROC) analysis comparison and 
chi-square test (20). Computation of confidence limits 
for vessels and segments were calculated by generalized 
estimating equations to account for within-patient 
clustering (21). Assessment of the Likert score of image 
quality probability according to HR group was evaluated by 
ordered logistic regression. Binary logistic regression was 
performed to assess the image quality difference between 
high and low HR groups against interpretable (Likert >2) vs. 
non-interpretable segments. Study analysis was performed 
on an intention-to-diagnose principle (3) to represent ‘real-
world’ practices. A P value <0.05 was considered statistically 
significant. Statistical analysis was performed using Stata 
14/MP (StataCorp, College Station, Texas, USA). 

Results

Patient population

Of 885 consecutive patients undergoing ICA, 107 met 
inclusion criteria for study participation (Figure 1). During 
scan acquisition, 55 patients (Group 1) met traditional rate 
control criteria with HR ≤60 bpm and 52 (Group 2) had 
elevated HR from 61–80 bpm. The mean HR in Group 1 
was 52±5 bpm compared to 69±8 bpm in Group 2 (P<0.001). 
The range of heart rate in the study was from minimum  
37 bpm to maximum 80bpm. Twenty-nine patients required 
rate control medication due to baseline HR >80 bpm with 
17 patients in Group 1 (31%) and 12 in Group 2 (21%), 
P=0.25. Baseline demographics and 320-CTCA scan 
parameters are shown in Tables 1 and 2 respectively.

Invasive angiography

There were 215 significant stenoses identified with 110 in 
Group 1 and 105 in Group 2 (P=0.93). Single vessel disease 
was present in 36 patients, double vessel disease in 28 
patients and triple vessel disease in 10 patients in the entire 
cohort. There were no complications related to ICA. 

Diagnostic accuracy

Disease prevalence
There was a high prevalence of significant CAD (≥50% 
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stenosis in any coronary segment) with per-patient 
prevalence in Group 1 in 39/55 (70.9%) on ICA vs. 37/55 
(67.2%) on 320-CTCA (P=0.68). In Group 2 the prevalence 
of significant disease was 35/52 patients (67.3%) on ICA vs. 
34/52 (65.3%) on 320-CTCA (P=0.84). 

Per-segment analysis
In Group 1,855 segments were evaluated by 320-CTCA 
and 807 segments in Group 2. At a per-segment level in 
Group 1 vs. Group 2, there was no significant difference in 

the sensitivity (89% vs. 84%, P=0.78), specificity (95% vs. 
96%, P=0.54), PPV (73% vs. 76%, P=0.57) and NPV (98% 
vs. 97%, P=0.28) (Table 3). Overall per-segment accuracy 
was 94% in both groups. 

Per-vessel analysis
There were 220 vessels analysed in Group 1 and 208 in 
Group 2. Overall accuracy was 92% in the Group 1 and 
95% in Group 2. There was no significant difference in 
sensitivity (94% vs. 98% P=0.92), specificity (91% vs. 94%, 
P=0.35), PPV (81% vs. 86% p=0.32) or NPV (97% vs. 99% 
P=0.37) between groups. 

885 consecutive patients referred for invasive coronary angiography 
from November 2012 to March 2014

778 patients excluded

107 patients recruited

HR <80bpm on arrival
N=78

Imaging performed when  
HR <80

Group 2
(HR 60–80 n=52)

11 received rate control medication

Imaging performed at native HR Imaging performed when HR <80

HR <80bpm on arrival
N=78

• Known CAD n=709
• CAD on CTCA n=342
• CAD on ICA n=367

• eGFR <60, n=24
• Refused informed consent, n=11
• Persistent atrial fibrillation, n=18
• Included in another CT trial, n=16

R
eceived rate control 

m
edication

Ye
s

No

Figure 1 Group selection. CTCA, computed tomography 
coronary angiography; CAD, coronary artery disease; ICA, invasive 
coronary angiography; eGFR, estimated glomerular filtration rate; 
HR, heart rate.

Table 1 Baseline clinical demographics

Characteristic
Group 1 (HR 
≤60) (n=55)

Group 2 (HR 
60–80) (n=52)

P value

Age (y) 63±10 63±9 0.99

BMI (m/kg)
2

28.5±4.3 28.3±5 0.81

Males 36 (65%) 32 (62%) 0.35

Hypertension 34 (62%) 30 (55%) 0.47

Hyperlipidaemia 24 (44%) 25 (48%) 0.76

Diabetes 10 (18%) 12 (23%) 0.59

Smoker 24 (44%) 23 (44%) 0.93

Family history of IHD 26 (47%) 24 (44%) 0.78

Baseline beta blocker 23 (42%) 19 (37%) 0.58

Values are mean ± SD or n (%). BMI, body mass index; IHD, 
ischaemic heart disease

Table 2 320-CTCA scan parameters

Parameter
Group 1 (HR 
≤60) (n=55)

Group 2 (HR 
60–80) (n=52)

P value

Acquisition heart rate 
(bpm), (mean ± SD)

52±5 69±8 <0.001

Received rate control 
medication, n (%)

17 (31%) 12 (23%) 0.36

Tube current (mA), 
(mean ± SD)

590±191 568±178 0.57

Tube Voltage, kVp, 
median (IQR)

100 (100–120) 100 (100–120) 0.51

Radiation dose (mSv), 
median (IQR)

2.45  
(1.62–3.24)

2.70  
(1.58–4.39)

0.35



300 Nerlekar et al. Diagnostic accuracy of second generation 320-CTCA

© Cardiovascular Diagnosis and Therapy. All rights reserved. Cardiovasc Diagn Ther 2017;7(3):296-304cdt.amegroups.com

Per-patient analysis
The overall per-patient diagnostic accuracy across all 107 
patients was 96%. There was no significant difference in 
accuracy parameters in the Group 1 vs. Group 2. Sensitivity 
was 97% vs. 100% (P>0.99), specificity 88% vs. 88% 
(P>0.99), PPV 95% vs. 95% (P=0.96) and NPV 94% vs. 
100% (P=0.37). 

ROC analysis at a per-patient level found no difference 
in diagnostic accuracy between groups (Group 1 0.93 vs. 
Group 2 0.94, P=0.82).

Image quality

The interobserver agreement between readers was excellent 
(κ=0.84). Of 1,662 segments evaluated on 320-CTCA, 
1,632 (98%) were interpretable (defined as Likert score 
≥2). There was a significant difference in image quality 
between groups, with median Likert score 4 (IQR 3–4) in 
Group 1 vs. 4 (IQR 3–4) in Group 2 (P<0.01) with a larger 
proportion of ‘adequate’ (Likert score=2) segments in the 
Group 2 (73 vs. 21 in Group 1, P<0.01) (Table 4). 

Ordered logistic regression demonstrated a decrease 

in image quality, with increasing Likert score for each 
unit increase in HR (β coefficient –0.371 (95% CI: –0.56, 
–0.17, P<0.001) with reducing probabilities across all levels 
of Likert score. However when assessed according to 
interpretable vs. non-interpretable segments, there was no 
significant difference in the log odds of higher image quality 
in Group 1 vs. Group 2 (β coefficient –0.19 (95% CI: –1.00, 
0.61, P=0.64) (Table 4). 

There was no difference in the number of poor or non-
interpretable segments between groups (P=0.13) with 
assessment of the best CT phase. Of these 30 poor/non-
interpretable segments in the entire cohort, 4 were due 
to motion artefact: 2 in controlled HR group (in the right 
posterior descending artery and posterolateral ventricular 
branch in the same patient) vs. 2 in elevated HR group: (in 
the mid left anterior descending artery and first diagonal 
branch in two different patients). The remaining segmental 
non-interpretability was due to severe calcium burden. 

Radiation dose

There was no significant difference in median radiation 

Table 3 Diagnostic accuracy parameters of 320-CTCA

Classification Group
Disease 

prevalence 
(%)

Sensitivity 
(%)

P value
Specificity 

(%)
P value

Positive 
predictive 
value (%)

P value
Negative 
predictive 
value (%)

P value
Accuracy  

(%)

Per patient, 
n=107

Group 1,  
(HR≤60),  

n=55

69 97 (86–100)  
(37/38)

>0.99 88 (64–99)  
(15/17)

1.00 95 (83–99)  
(37/39)

0.96 94 (70–100)  
(15/16)

0.37 96 (85–99)  
(52/55)

Group 2,  
(HR 60–80),  

n=52

67 100 (90–100)  
(34/34)

88 (64–99)  
(15/17)

95 (81–99)  
(34/36)

100 (78–100)  
(15/15)

96 (87–100)  
(50/52)

Per vessel, 
n=428

Group 1,  
(HR≤60)  
n=220

28 94 (84–98)  
(58/62)

0.92 91 (86–95)  
(144/158)

0.35 81 (69–89)  
(58/72)

0.32 97 (93–99)  
(144/148)

0.37 92 (87–95)  
(202/220)

Group 2,  
(HR 60–80),  

n=208

28 98 (91–100)  
(57/58)

94 (89–97)  
(137/146)

86 (76–94)  
(57/66)

99 (96–100)  
(137/138)

95 (91–98)  
(198/208)

Per segment, 
n=1,662

Group 1,  
(HR ≤60),  

n=855

13 89 (81–94)  
(95/107)

0.78 95 (93–97)  
(712/748)

0.54 74 (64–80)  
(95/128)

0.57 98 (97–99)  
(712/724)

0.28 94 (93–96)  
(807/855)

Group 2,  
(HR 60–80),  

n=807

13 84 (76–90)  
(90/107)

96 (94–97)  
(671/700)

76 (67–83)  
(90/119)

97 (96–99)  
(671/688)

94 (92–95)  
(761/807)

Diagnostic parameter values represented by parameter percentage and respective 95% confidence intervals with raw numbers for 
parameter calculation below.  
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Table 4 Analysis of image quality between groups

Parameter Group 1, (HR ≤60), (n=855) Group 2, (HR 60–80), n=807 P value

Median Likert Score [IQR] 4 [3, 4] 4 [3, 4] <0.01

Likert score

Uninterpretable 2 (0.2%) 6 (0.7%) 0.13

(I) Poor 9 (1.0%) 13 (1.6%) 0.32

(II) Adequate 21 (2.4%) 73 (9.0%) <0.01

(III) Good 258 (30.2%) 242 (30.0%) 0.93

(IV) Very good 446 (52.2%) 380 (47.1%) 0.04

(V) Excellent 119 (13.9%) 93 (11.5% 0.14

Predicted probabilities

(I) Poor 0.014 0.019

(II) Adequate 0.035 0.049

(III) Good 0.281 0.347

(IV) Very good 0.527 0.481

(V) Excellent 0.144 0.104

Ordinal logistic regression β coefficient –0.371 (95% CI: –0.57, –0.17) <0.01

Binary logistic regression β coefficient 
(interpretable vs. non-interpretable)

–0.19 (95% CI: –1.00, 0.61) 0.64

Predicted probabilities as based on ordinal logit. Ordinal logistic regression co-efficient as based on ordinal outcome variable Likert 1 to 5. 
Binary logistic regression coefficient as based on non-interpretable (Likert <2) vs. interpretable (Likert ≥2) segments.

dose between groups [2.45 (IQR 1.62–3.24) mSv in Group 1 
vs. 2.70 (IQR 1.58–4.39) mSv in Group 2 (P=0.35)] (Table 2).  
When stratified by HR of ≤60, 61–70 and 71–80 bpm, 
there was no difference in radiation dose (2.45 vs. 2.24 
vs. 3.51 mSv, P=0.31). There remained no difference 
when the lowest cohort of HR (≤60 bpm) vs. the highest  
(71–80 bpm) were compared, P=0.10. 

Discussion

We evaluated the diagnostic accuracy of second generation 
320-CTCA in 107 consecutively enrolled patients with 
suspected CAD. Our results demonstrate that second 
generation 320-CTCA preserves diagnostic accuracy with 
HR up to 80bpm compared to traditional HR controlled 
patients ≤60 bpm. Diagnostic accuracy was preserved despite 
the high prevalence of obstructive CAD (67%) and diagnostic 
performance is similar to previously reported results in first 
generation 320-detector scanners (21). Our results do not 
advise liberal avoidance of heart rate control prior to CTCA, 

but rather serve as reassuring data in patients in whom rate 
control can be challenging or contraindicated. The results 
also demonstrate that image quality, and radiation dose 
may not be significantly compromised using the second 
generation scanner. 

This is the first reported study of diagnostic accuracy 
in second generation 320-scanners. Previous studies have 
focused primarily on image quality and radiation exposure. 
Notably patients in this study underwent a scan protocol 
in which the acquisition window was widened when HR 
was elevated to allow for multiple phase reconstruction and 
evaluation. This obviated the need for 2 beat scans using 
multi-segment reconstruction which has described as a 
limitation in previous studies (22). Furthermore the AIDR 
3D algorithm was incorporated into our protocol which may 
improve spatial resolution and reduce image noise to enhance 
image quality and lower radiation dose (23). 

Surprisingly our findings indicate a comparable radiation 
dose in scans acquired during high and controlled heart rates. 
This may be secondary to the use of higher tube current and 
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lower tube potential (24) to achieve sub-millisievert radiation 
dose scans (12). Furthermore, the faster gantry rotation speed 
of 275 ms, allowing near isophasic imaging of the coronary 
tree avoids the need for multiple rotations. However, as 
mentioned our study utilized an increased phase window 
when HR >70 bpm to maximize phase capture. We did 
not find a difference in radiation dose across stratified HR 
cohorts, although there was clearly a numerical difference in 
those with HR >70 bpm at 3.51 vs. 2.45 mSv in those with 
HR <60 bpm, but this did not achieve statistical significance. 
Narrowing the phase window would further reduce radiation 
dosing although this requires confirmation with prospective 
testing. 

Various Likert scoring systems have been used to report 
image quality in CTCA with recent studies comparing first 
and second generation quality differences, but not within 
scanner differences based on heart rate (11,14). These scoring 
systems have generally been described in terms of means, 
however the use of mean values representing an ordinal scale 
that is likely to be non-normally distributed data is hard to 
interpret. We have reported medians to reflect the skewed 
distribution of Likert score, and additionally performed 
ordered logistic regression to better reflect statistical 
parameters of image quality. These methods demonstrate 
that increasing heart rate reduces the probability of achieving 
excellent image quality; however the difference in image 
scores between interpretable and non-interpretable segments 
is not significant. 

The impact of reducing image quality with increasing 
heart rate, whilst not affecting overall stenosis severity, may 
have implications at a lesion level when analysing plaque 
characteristics. Therefore, pending further study, optimal heart 
rate control is necessary for plaque composition analysis.

In patients requiring HR control prior to 320-CTCA 
beta-blockers are most commonly used, however their use 
is contraindicated in chronic obstructive or reactive airways 
disease, and are avoided in those with hypotension (8). 
Up to 16% of patients presenting for CTCA have such 
contraindications (6,7,9,10) whilst up to 50% will have 
an elevated HR (7,10). Even with the addition of beta-
blockade, up to 44% of patients may not be able to reach 
suggested target HR for protocol acceptable imaging (7). 
The demonstration of an ability of second-generation 320-
CTCA to accurately scan patients with HR up to 80 bpm 
may not only result in less requirement for beta-blockade, 
but also increased clinical service delivery and efficiency.

Limitations

We acknowledge certain limitations to our study: this is 
a single-centre study of a selected and non-randomized 
patient population with vendor specific software and may 
not be generalizable to scanners with lower temporal 
resolution. Additionally, the study was reported by highly 
experienced cardiologists and therefore results may not be 
applicable to lower volume centres. The two groups are 
based on HR at presentation with subsequent beta-blockade 
if dictated by study protocol, providing two convenience 
samples rather than randomized groups. The relatively 
small numbers in each group may have resulted in a type 
II error with regards to no difference in radiation dose 
between groups. Furthermore, we excluded patients who 
had persistent atrial fibrillation. This is because our aim 
was to assess the influence of heart rate alone on diagnostic 
accuracy, without R-R interval variability. Finally, we did 
not assess plaque composition and only luminal stenosis 
which may impact lesion-level characterization. 

Conclusions

In patients with suspected CAD, second-generation 320-
CTCA (Aquilion ONE) provides good overall diagnostic 
accuracy despite reduced image quality in patients with HR 
up to 80bpm. There is a small, non-significant increase in 
radiation dose with patients at higher heart rates. Future 
study is required to assess plaque level characterization 
at elevated heart rates, as well as assess the potential 
improvement in departmental efficiency with a lower 
requirement for pre-scan beta-blockade. 
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