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Abstract: The purpose of this study was to determine the optimal electrocardiographic (ECG) 

pulsing windows and evaluate the effect on reduced dose and accuracy using 320-detector rows 

dynamic volume computed tomography (DVCT). A total of 170 patients were prospectively 

studied. The optimal reconstruction windows were analyzed in 76 patients scanned using retro-

spective ECG gating. Forty-seven patients were scanned by the predicted triggering windows. 

The optimal positions of exposure intervals according to different heart rates were evaluated. 

Optimal image quality, radiation dose, and diagnostic accuracy were then investigated by 

applying optimal triggering windows. The optimal ECG pulsing windows were determined as 

follows: when heart rate was ,70 beats per minute, the exposure windows should be preset at 

60%–80%; for a heart rate 70–90 beats per minute at 70%–90%; and for a heart rate $90 beats 

per minute at 30%–50%. The radiation dose for patients scanned with prospective ECG gating 

was significantly lower (5.9 versus 12.9 mSv, P , 0.001). However, because two or three heart 

beats were needed when heart rate was .70 beats per minute, the radiation dose increased with 

increasing heart rate for both retrospective and prospective ECG gating (r = 0.64, P , 0.001 and 

r = 0.59, P , 0.001, respectively). On the basis of a per segment analysis, overall sensitivity 

was 98.0% (49/50), specificity was 99.2% (602/607), the positive predictive value was 90.7% 

(49/54), and the negative predictive value was 99.8% (602/603). In conclusion, DVCT has the 

potential to provide high image quality across a wide range of heart rates using an optimized ECG 

pulsing window. However, it is recommended to control heart rate below 70 beats per minute, 

if possible, to decrease the radiation dose.

Keywords: dynamic volume computed tomography, coronary angiography, optimal exposure 

window, heart rate, radiation dose

Introduction
In less than a decade, cardiac computed tomography (CT) technology has progressed to 

multislice CT and dual-source CT with wide cardiac coverage and increased temporal 

resolution, which has resolved problems caused by high heart rates. However, since 

Einstein et al estimated a significant number of potential radiation-induced neoplasms 

arising from coronary CT angiography,1 the high effective dose and potential adverse 

consequences of coronary CT angiography have aroused more attention and limited 

the general applicability of this test.2–5 To reduce the patient dose, electrocardiographic 

(ECG) gating in coronary CT angiography has advanced from being a retrospective 

procedure, which needs exposure during the whole R-R interval, to prospective ECG 

gating. However, prospective ECG gating is limited by the fact that CT data are acquired 
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over only a fraction of the R-R interval, and requires careful 

definition of the optimal ECG pulsing window.6–12

Since the early application of multislice CT in the field 

of noninvasive coronary angiography, CT has been improved 

from four detectors to 16, 64, 128, and 256 detectors. The 

diagnostic accuracy has also been improved greatly with the 

increasing width of detector array coverage. However, the cov-

erage is still too narrow to cover the whole heart in one heart 

beat. The recent introduction of 320-detector rows dynamic 

volume CT (DVCT) enables whole heart coverage within 

one heart beat (no table movement). Using prospective ECG 

gating, DVCT can significantly reduce the radiation dose and 

the amount of contrast agent needed.13–18 However, the study 

by Dewey and colleagues only focused on patients with a low 

heart rate. For higher heart rates, exposure windows were 

generally expanded to cover both the systolic and diastolic 

duration to preserve optimal intervals, but this comes at the 

cost of a higher radiation dose.17 β-blockers are  generally 

administered to lower heart rate for better image quality and 

lower the effective dose, but this is ineffective in about 20% of 

patients, and may have adverse effects.19,20 Thus, it is critical 

to evaluate the optimal exposure windows when heart rate 

cannot be controlled or contraindications exist. For DVCT, 

when heart rate exceeds 80 beats per minute, a three heart 

beat acquisition scan mode is used, which can improve the 

temporal resolution to 58.3 msec. Our hypothesis was that the 

optimal reconstruction intervals at a higher heart rate were 

different from previous CT. Thus, the purpose of our study 

was to evaluate prospectively the heart rate dependency of 

image quality by incorporating the analysis of  regulation of 

the optimal reconstruction windows and  estimate the reduced 

effective doses and diagnostic accuracy by applying the pre-

dicted triggering windows.

Materials and methods
Study patients
Our study protocol was approved by the local Ethics 

 Committee. Informed consent, which included information 

about the risk of radiation and iodine allergy, were obtained 

from all patients.

For evaluation of the optimal exposure intervals, 

119 patients whose coronary vessels and cardiac function 

needed assessment were prospectively enrolled between 

December 2008 and October 2009. Exclusion criteria 

were as follows: allergy to iodinated contrast agents, renal 

insufficiency (creatinine level .120 µmol/L), pregnancy 

and hemodynamic instability, abnormal origin and course 

of the coronary vessels, and presence of arrhythmias.21–23 

Patients who underwent stent-grafting and bypass surgery 

were excluded from the study. After exclusion of 41 patients 

and two further patients who could not be enrolled because 

of refusal or withdrawal of consent, the final study group 

included 76 patients (31 women and 45 men, mean age, 

65.3 ± 10.2 years, age range 39–91 years). Oral β-blockade 

(50 mg atenolol) was given to patients with a heart rate .70 

beats per minute (except for seven patients with a contrain-

dication, including patients with atrioventricular block, 

bronchial asthma, and obstructive emphysema). All patients 

with heart rate .70 beats per minute after administration 

of β-blockade and patients with contraindications were 

included in our study.

An ECG tube current modulation was used to achieve 

dose reduction. The full tube current was set at 30%–90% 

of the R-R interval. Outside the ECG gating window, the 

tube current was reduced to 30% of the full current. From 

December 2009 to April 2010, 51 patients who were sched-

uled for clinically indicated invasive coronary angiography 

were scanned by applying the predicted triggering windows. 

After exclusion of the patients mentioned earlier, 47 patients 

were included. Patient characteristics are given in Table 1.

Table 1 Demographic data

Characteristic Retrospective Prospective

enrolled patients, n 119 51
clinical feature
 Typical angina, n 42 37
 Atypical angina, n 31 10
  Abnormal 

electrocardiogram, n
20 1

 Myocardial infarction, n 26 3
excluded patients, n 43 4
  Allergy to iodinated 

contrast agents, n
2

  Renal insufficiency, n 1
 Pregnancy, n 1
 hemodynamic instability, n 1
  Abnormal origin 

and course, n
7

  Stent-grafting and bypass 
surgery, n

4 1

  heart rate variability 
.20 bpm, n

25 3

  Denied written informed 
consent, n

2

Final patients, n 76 47
Age (years) 65.3 ± 10.2 65.5 ± 10.7
Male/female ratio 45/31 36/11
Body mass index (kg/m2) 23.8 ± 3.6 23.5 ± 3.9
Average heart rate during  
scan (bpm)

71.2 ± 13.2 74.8 ± 11.8

Abbreviation: bpm, beats per minute.
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cT protocol
All CT examinations were performed using DVCT  (Aquilion 

One, Toshiba, Nasu, Japan) with a gantry rotation speed 

of 350 msec and detector collimation of 320 × 0.5 mm. 

 Nitroglycerin 0.4 mg was administered two minutes before 

scanning in the absence of contraindications (eg,  hypotension, 

current use of nitrate medications, migraine sensitive to 

nitrates). The scanning range was set from the level of the tra-

cheal bifurcation to the diaphragm to cover the entire heart.

A 40–60 mL bolus of iohexol (Omnipaque 350,  Amersham 

Health [now GE Healthcare], Shanghai, China) was injected 

into an antecubital vein through an 18-gauge catheter at 

an injection rate of 4–6 mL/sec followed by 50 mL saline 

solution continuously. The enhanced scan was controlled 

by means of bolus tracking (SUREStart, Toshiba), and the 

trigger threshold was set at 180 HU in the descending aorta 

at the same level as in the aorta root. Scanning parameters 

were a tube potential of 100–120 kV and a tube current of 

350–500 mA. For body mass index (BMI) ,18, 100 kV and 

350 mA were applied; for BMI 18–24, 100 kV and 400 mA; 

and for BMI $24, 120 kV and 450–500 mA.

If heart rate was ,70 beats per minute at time of breath-

hold practice, image acquisition was manually adjusted using 

a one heart beat scan acquisition mode. For a heart rate of 

70–80 beats per minute, a two heart beat acquisition mode 

was used. For heart rate $80 beats per minute, a three heart 

beat acquisition mode was necessary to increase temporal 

resolution. Using a multiheart beat acquisition mode, the 

temporal resolution could reach 87.5–58.3 msec. The ECG 

was digitally recorded during data acquisition and was 

stored for further data processing. All images were trans-

ferred to a separate workstation (Vitrea II FX, Vital Images, 

Minnetonka, MN).

cT image reconstruction
Image reconstruction was performed with a section thickness 

of 0.5 mm and an increment of 0.25 mm. The reconstructed 

field of view was adjusted to encompass the heart exactly 

(180 × 180 mm to 240 × 240 mm). For evaluation of the 

optimal reconstruction intervals, image reconstruction based 

on relative timing was performed in 10% steps of the R-R 

interval in patients scanned with an ECG tube current modu-

lation protocol. In those patients for whom a motion-free 

phase was not identified, image reconstruction was preceded 

by 1% intervals around the 10% intervals with fewest motion 

artifacts to determine the optimal image quality. Curve planar 

reconstruction was applied on the workstation to assess image 

quality of the coronary arteries.

cT data analysis
All CT data were interactively assessed by two readers (with 

6–7 years’ experience in cardiovascular radiology). Decisions 

were reached using consensus reading.

For analysis, we rated image quality on a per vessel basis, 

ie, for the right coronary artery, left anterior descending 

artery, and left circumflex artery. The score of segment with 

worst image quality represented the entire artery.24 This type 

of protocol was mainly focused on the success of the whole 

vessel, which was more feasible in clinical application. The 

reviewers assessed image quality semiquantitatively using a 

previously described 4-point ranking scale, ie, 1, excellent 

(no motion artifacts and clear delineation of the vessel); 2, 

good (minor artifacts and mild blurring of the vessel); 3, 

adequate, (moderate artifacts and moderate blurring without 

structure discontinuity); 4, poor image quality (doubling or 

discontinuity in the course of the vessel preventing evaluation 

or vessel structures, not differentiable severe motion artifacts) 

as shown in Figure 1.25

The ECG protocol was analyzed by a third reviewer (LM) 

who was not involved in image quality assessment. Heart rate 

was defined as mean heart rate during examination.

evaluation of radiation dose  
for cT coronary angiography
The dose length product (DLP) displayed on the dose report 

on the CT scanner was recorded. An effective dose (E) was 

obtained using the equation:

E = k × DLP (k = 0.029 mSv × mGy−1 × cm−1, which was 

calculated specifically for DVCT).26

Invasive coronary angiography
Cardiac angiograms were performed using the conventional 

Judkins technique.27 Four views of the left coronary artery 

and two views of the right coronary artery were analyzed in 

consensus by two cardiologists, who were blinded to the CT 

results during analysis. Quantitative assessment of stenosis 

severity on angiograms was performed using the same criteria 

as those used for the CT data.

Statistical analysis
Statistical analysis was performed using statistical software 

(SPSS, version 16 for Windows; SPSS, Chicago, IL). A P value 

of less than 0.05 indicates a statistically significant difference.

Quantitative variables were expressed as mean ± standard 

deviation (SD) and categorical variables as frequencies or 

percentages. The comparison of image quality was tested by 

the Wilcoxon signed-rank test. Interobserver agreement for 
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Figure 1 curved multiplanar reformations of coronary vessels showed image quality score. A) excellent image quality without motion artifacts; B) good image quality with 
minor artifacts and mild blurring (score 2); C) adequate image quality with moderate blurring (score 3); D) poor image quality with doubling or discontinuity.

B

C D

A

the determination of image quality readout was calculated 

using Kappa statistics.

For analysis of optimal reconstruction intervals, patients 

were subdivided into four groups according to mean heart rates 

(Group A, heart rate ,60 beats per minute; Group B, heart 

rate ,60–70 beats per minute; Group C, heart rate 70–80 beats 

per minute; Group D, heart rate $80 beats per minute). Linear 

regression with 95% individual prediction intervals and Pearson 

correlation analysis were used to assess the relationship between 

heart rate and image quality. The radiation dose at different 

heart rates was tested by Student-Newman-Keuls. Reduction of 

radiation dose by applying the predicted triggering windows was 

evaluated by t-test. The result of invasive coronary angiography 

was used as the reference standard to calculate the sensitivity, 

specificity, positive predictive value, and negative predictive 

value of CT angiography.

Results
Study patients
The average heart rate of 76 patients during scanning was 

71.2 ± 13.2 (range 51–128) beats per minute; 12 patients 

in Group A, 54.2 ± 2.8 (range 51–59) beats per minute; 

24 patients in Group B, 64.8 ± 2.8 (range 60–69) beats per 

minute; 26 patients in Group C, 74.2 ± 2.7 (range 70–79) 

beats per minute; 14 patients in Group D, 91.3 ± 13.3 

(range 80–128) beats per minute.
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Figure 2 graphs show image quality of three coronary arteries against time in percentages of R-R interval. Patients were grouped according to heart rate (group A, heart 
rate ,60 beats per minute; group B, heart rate 60–70 beats per minute; group c, heart rate 70–80 beats per minute; group D, heart rate $80 beats per minute).
Abbreviations: RcA, right coronary artery; LAD, left anterior descending; LCX, left circumflex.

Optimal windows for image 
reconstruction
Interobserver agreement for determining the image quality 

of different intervals was moderate (Kappa = 0.70).

For subgroup analysis, a diastolic trough was found 

around 70% in Group A, with the systolic trough located at 

different intervals for the three vessels (right coronary artery 

30%, left anterior descending artery 20%, left circumflex 

artery 20%). The quality reconstructed at diastole were bet-

ter than that at systole (right coronary artery, P , 0.001; 

left anterior descending artery, P = 0.001; left circumflex 

artery, P , 0.001). In Group B, the trough in diastole was 

still located around 70% in all three vessels, while the 

location of the systolic trough shifted to later phases (right 

coronary artery 40%, left anterior descending artery 30%, 

left circumflex artery 30%). The quality reconstructed at 

diastole was better than that at systole (right coronary artery, 

P , 0.001; left anterior descending artery, P = 0.03; left cir-

cumflex artery, P , 0.001). In Group C, the systolic trough 

still located at 30%–40%, while the diastolic trough located 

at 70%–90%. The quality of the right coronary artery and left 

circumflex artery reconstructed at diastole was better than 

that at systole (right coronary artery, P = 0.02; left circumflex 

artery, P = 0.04). However, there was no significant differ-

ence for the left anterior descending artery (P = 0.78). In 

Group D, the systolic trough located around 40%, while the 

diastolic trough of the right coronary artery appeared at 80%, 

left anterior descending artery at 90%, and left circumflex 
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artery at 80%. There was no significant difference between 

systole and diastole for the three vessels (right coronary 

artery, P = 0.37; left anterior descending artery, P = 0.59; 

left circumflex artery, P = 0.17, Figure 2).

After image reconstruction by 1% intervals around the 

10% intervals with fewest motion artifacts to determine 

the optimal image quality in both systole and diastole, we 

found that, as heart rate increased, both the score of optimal 

image quality in systole and diastole continuously increased 

(r = 0.74, P , 0.001; r = 0.27, P = 0.02). However, the image 

quality at diastole deteriorated faster than that at systole. 

According to the linear equation, the cutoff heart rate at which 

the optimal reconstruction interval turned from diastole to 

systole was 89.6 beats per minute (Figure 3).

On the basis of analysis of the regulation of image 

quality score in the different heart rate groups, the optimal 

exposure phases were determined as follows: when heart rate 

was ,70 beats per minute, the exposure windows should be 

preset at 60%–80%; if 70–90 beats per minute, the preset 

intervals should be 70%–90%; if $90 beats per minute, the 

optimal exposure windows should be 30%–50%.

Influence of optimal exposure windows 
on reduction of radiation dose, image 
quality, and diagnostic accuracy
The radiation dose for patients scanned with prospective 

ECG gating was significantly lower than that of retrospective 

ECG gating (5.9 versus 12.9 mSv, P , 0.001). The data for 

subanalysis were shown in Table 2. The dose was significantly 

reduced by applying the prospective triggering windows, 

while the image quality did not deteriorate. However, because 

two or three heart beats were needed when heart rate was 

higher than 70 beats per minute, the radiation dose increased 

with increasing heart rate for both retrospective and prospec-

tive ECG gating (r = 0.64, P , 0.001 for retrospective ECG 

gating; r = 0.59, P , 0.001 for prospective ECG gating).

Significant coronary artery stenosis was presented in 

49 vessel segments of the 47 patients who underwent invasive 

coronary angiography. On the basis of a per segment analysis, 

overall sensitivity was 98.0% (49/50), specificity was 99.2% 

(602/607), positive predictive value was 90.7% (49/54), and 

negative predictive value was 99.8% (602/603).

Discussion
Many studies have demonstrated the effect of a narrow 

ECG pulsing window on prospective ECG gating to reduce 

exposure dose.6–12 However, because of the constant beating 

of the heart, it is a challenge to find a short tranquil phase 

for prospective ECG gated imaging of the coronary arter-

ies. The application of prospective ECG gating has been 

mainly based on patients with a low heart rate.10,11 Dewey 

et al17 expanded the exposure windows to 30%–100% when 

heart rate was .65 beats per minute, which lead to a dose 

of 12.3 mSv. Our results showed that using DVCT, with 

narrower optimal intervals (heart rate ,70 beats per minute, 

60%–80%; 70–90 beats per minute, 70%–90%; $90 beats 

per minute. 30%–50%), the image was still satisfactory 

for diagnosis, and the patient radiation dose was decreased 

 significantly. When the heart rate was .70 beats per minute, 

the dose could be reduced to 7.7 mSv.

Our results revealed two durations sufficient for image 

reconstruction, corresponding to the reduced ventricular ejec-

tion phase and the slow ventricular filling phase. Overall, the 

image quality of the systolic reconstruction windows is infe-

rior to that of the diastolic windows. However, image quality 

in systolic reconstructions did not deteriorate as much as in 

diastolic reconstructions with increasing heart rate. When the 

diastolic phase during high heart rate was not sufficient for 

image reconstruction, the optimal intervals changed to systole. 

This finding is in agreement with the results of the Husmann 

and colleagues study about velocity of coronary arteries.28

Using 4-MDCT with a gantry rotation speed of 500 msec, 

Herzog et al hypothesized that at heart rates higher than 

70 beats per minute, only reconstruction in systole would lead 

to adequate image quality.21 Using a 16-MDCT with a gantry 

rotation speed of 420 msec, Hoffmann et al demonstrated 

a shift from diastole to systole for optimal image reconstruc-

tion between 72 and 80 beats per minute.22 Using 64-MDCT 
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Figure 3 graph shows that the score of optimal image quality in both systole and 
diastole continuously increased with higher heart rates. 
Notes: ° = data for systolic reconstructions, ∆ = data for diastolic reconstructions.
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and a gantry rotation speed of 370 msec, Leschka et al 

observed that the shift occurred at a heart rate of 85.5 beats 

per minute.23 Although the gantry rotation speed of DVCT is 

similar with that of 64-MDCT, the cutoff heart rate improves 

to 89.6 beats per minute. The increase in heart rate threshold 

could be explained by the fact that because vessel flow is 

maximized in diastole, so theoretically the angiogram of the 

coronary arteries should be performed during diastole.29 For 

DVCT, when heart rate was .80 beats per minute, a three 

heart beat acquisition scan mode was used. With a gantry 

rotation speed of 350 msec, the temporal resolution can 

reach 58.3 msec.

However, because multiple heart beats are needed dur-

ing scanning, the exposure dose increased significantly with 

higher heart rates, even using prospective ECG gating.

Our study had some limitations. First, we did not analyze 

diagnostic accuracy. However, that value can be calculated 

only if corresponding coronary angiography is available, 

which was not the case for many of our patients. Second, 

the results of our study may not be applicable to patients 

with severe heart rate variability because they are better 

reconstructed using the absolute timing approach. However, 

the analysis of our study was based on a relative timing 

method. Third, image quality scoring might have been 

influenced by subjectivity bias. Fourth, our results apply 

only to DVCT and may be different from those obtained 

using other scanners.

In conclusion, DVCT has the potential to provide high 

image quality at a wide range of heart rates using an opti-

mized ECG pulsing window. However, it is recommended to 

control the heart rate below 70 beats per minute, if possible, 

to decrease the radiation dose.
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