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Retrospectively ECG-gated MDCT has 
been found to be accurate in evaluation of the 
coronary arteries, to depict clinically signifi-
cant coronary arterial stenosis, and to be useful 
in the assessment of vessel wall characteristics 
[3–7]. The usefulness of MDCT in the evalua-
tion of coronary allograft vasculopathy in heart 
transplant recipients has been described [8–10]. 
However, because of factors such as high rest-
ing heart rate and postsurgical changes, imag-
ing of heart transplant recipients continues to 
be a challenge in cardiac MDCT [11]. Limited 
temporal resolution of even 64-MDCT scan-
ners with a 0.33-second rotation time impedes 
widespread use of MDCT coronary angiogra-
phy in this population. Premedication with β- 
blockers [4, 12, 13] and use of multisegment 
reconstruction algorithms have been proposed 
for acquisition of high-quality cardiac images 
of patients with high heart rates [14, 15]. This 
approach, however, may not be sufficient for 
heart transplant recipients.

Dual-source CT has a high constant tempo-
ral resolution of 83 milliseconds independent 
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C
oronary allograft vasculopathy is 
a progressive disease that exten-
sively affects the coronary arter-
ies of a transplanted heart. This 

entity is a well-known factor limiting the suc-
cessful long-term outcome of heart transplan-
tation [1]. Coronary allograft vasculopathy is 
frequently asymptomatic, but when it occurs, 
the clinical manifestations vary from ar-
rhythmia to congestive heart failure and even 
sudden cardiac death. In clinical routine, var-
ious noninvasive techniques are used for di-
agnosis, including exercise ECG, stress or 
exercise echocardiography, and radionuclide 
scintigraphy. Conventional coronary angiog-
raphy remains the standard for ruling out 
coronary allograft vasculopathy. Intravascular 
sonography is the most sensitive tool for early 
detection. Because these techniques carry 
high cost and risk, especially in heart trans-
plant recipients [2], a technique allowing 
noninvasive detection, characterization, and 
follow-up of coronary allograft vasculopathy 
is desirable.
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OBJECTIVE. The purpose of this study was to evaluate the quality of dual-source CT 
images of the coronary arteries in heart transplant recipients with high heart rates.

Subjects AND METHODS. Contrast-enhanced dual-source CT coronary angiogra-
phy was performed on 23 heart transplant recipients (20 men, three women; mean age, 
61.1 ± 12.8 years). Data sets were reconstructed in 5% steps from 30% to 80% of the R-R 
interval. Two blinded independent readers using a 5-point scale (0, not evaluative; 4, excellent 
quality) assessed the quality of images of coronary segments.

RESULTS. The mean heart rate during scanning was 89.2  ±  10.4 beats/min. Interob-
server agreement on the quality of images of the whole coronary tree was a kappa value of 
0.78 and for selection of the optimal reconstruction interval was a kappa value of 0.82. The 
optimal reconstruction interval was systole in 17 (74%) of the 23 of heart transplant recipi-
ents. At the best reconstruction interval, diagnostic image quality (score ≥ 2) was obtained in 
92.1% (303 of 329) of the coronary artery segments. The mean image quality score for the 
whole coronary tree was 3.1  ±  1.01. No significant correlation between mean heart rate 
(ρ = 0.31) or heart rate variability (ρ = 0.23) and overall image quality score was observed 
(p = not significant).

CONCLUSION. Dual-source CT acquisition yields coronary angiograms of diagnostic 
quality in heart transplant recipients. Mean heart rate and heart rate variability during scan-
ning do not have a negative effect on the overall quality of images of the coronary arteries.
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of heart rate [16]. The scanner is character-
ized by two independent x-ray tubes with 
corresponding detectors mounted on a rotat-
ing gantry with an angular offset of 90° [16]. 
Results of early investigations suggested that 
dual-source CT yields high-quality images 
of the coronary arteries at a wide range of 
heart rates without the use of β-blockers [17, 
18]. Furthermore, according to one report 
[19], compared with invasive coronary an-
giography without heart rate control, dual-
source CT has high diagnostic accuracy in 
the assessment of coronary artery disease 
even in a population with high pretest prob-
ability of having disease. To our knowledge, 
the feasibility of noninvasive dual-source CT 
coronary angiography in heart transplant re-
cipients has not been systematically investi-
gated. This study was performed to evaluate 
the quality of images of the coronary arteries 
at different reconstruction intervals and to 
assess the feasibility of high-quality nonin-
vasive imaging of the coronary arteries in 
heart transplant recipients undergoing cardi-
ac dual-source CT.

Subjects and Methods
Subjects

Twenty-three heart transplant recipients who 
underwent coronary CT angiography to rule out 
coronary allograft vasculopathy were consecu
tively enrolled. Subjects with allergy to iodinated 
IV contrast media, impaired renal function (crea
tinine concentration > 1.2 mg/dL), and arrhythmia 
or frequent extrasystole were excluded. No oral or 
IV β-blocker premedication to lower or stabilize 
the heart rate was indicated before imaging. Two 
minutes before CT, all patients received a tablet of 
0.4 mg of sublingual nitroglycerin (Vernies, 
Pfizer). The study protocol was approved by our 
institutional review board, and written informed 
consent was obtained from all patients.

Dual-Source CT Image Acquisition
A dual-source CT scanner (Somatom Definition, 

Siemens Medical Solutions) was used to perform 
cardiac CT examinations. Scans were acquired 
at end inspiration. Acquisition was craniocaudal 
starting cranial to the origin of the coronary 
arteries and ending caudal to the dome of the 
diaphragm. Patients were placed centrally in the 
scanner to ensure adequate coverage of the whole 
heart by the two tubes. Tube voltage of 120 kV and 
effective current of 350 mAs/rotation for both tubes 
(CT volume dose index, 41 mGy) were used with 
automatic tube current modulation (ECG pulsing). 
Full tube current was administered between 30% 
and 80% of the cardiac cycle. Other dual-source 

CT parameters were as follows: gantry rotation 
time, 0.33 milliseconds; detector collimation, 
32 × 0.6 mm; slice acquisition, 64 × 0.6 mm with 
a z-flying focal spot [20]. The pitch was variable 
(0.2–0.35) and automatically adapted to heart rate. 
Retrospectively ECG-gated coronary dual-source 
CT angiography was performed after IV injection 
of 70 mL of contrast medium (iomeprol 400 mg I/
mL, Iomeron 400, Bracco) through an antecubital 
vein. A dual-head power injector (CT Stellant, 
Medrad) was used for continuous infusion of the 
contrast agent at a flow rate of 5 mL/s followed by a 
50-mL saline flush chaser. A region of interest was 
placed in the ascending aorta for data acquisition. 
Scanning started automatically 6 seconds after 
the attenuation reached a predefined threshold of 
100 H. Mean scanning time was 8 seconds.

Dual-Source CT Image Reconstruction
Dual-source CT data were retrospectively re

constructed with a monosegment reconstruction 
algorithm. In dual-source CT this algorithm oper
ates with data from 90° rotation of both detectors 
to generate images [16]. The field of view was 
manually adjusted for each patient to cover the 
whole heart. A dedicated medium soft-tissue 
convolution kernel (B26f) was chosen for image 
reconstruction. Dual-source CT data sets were 
reconstructed with a slice thickness of 0.75 mm 
and 0.4-mm reconstruction increment in 5% steps 
of the R-R interval within the full tube current 
window (30–80%). No manual ECG editing was 
necessary because of the low variability in heart 
rates. Images obtained were transferred to an 
external workstation (Leonardo, Siemens Medical 
Solutions) equipped with a dedicated cardiac 
postprocessing software tool (Syngo Circulation II, 
Siemens Medical Solutions). Axial source images, 
multiplanar reconstructions, 3-mm thin-slab maxi
mum-intensity-projection reconstructions, volume-
rendered images, and curved multiplanar reform
ations were used for image evaluation.

Dual-Source CT Data Analysis
Two independent experienced readers blinded 

to patient information, heart rate, and ECG results 
assessed the diagnostic quality of images of the 
coronary artery segments. The segments were 
evaluated according to the 16-segment classifica
tion of the American Heart Association [21]. The 
right coronary artery (RCA) included segments 
1–4, the left main coronary artery (LCA) and left 
anterior descending (LAD) artery included 
segments 5–10, and the left circumflex artery 
(LCX) included segments 11–15. If present, the 
intermediate artery was segment 16. Analysis was 
performed on all coronary segments with a 
luminal diameter of at least 1 mm [22].

For each coronary segment, image quality 
was graded on a 5-point scale as follows: 0, not 
evaluative, vessels not differentiable; 1, not assess
able owing to blurring and motion artifact impeding 
arterial evaluation; 2, sufficient diagnostic quality 
to rule out significant coronary artery disease; 
3, minor artifacts but good quality for ruling out 
coronary artery disease and for grading coronary 
stenosis; 4, excellent quality for accurate evalu
ation of coronary artery disease and character
ization of atherosclerotic plaques (Fig. 1). The 
system used to score the average quality of coron
ary artery segments was adapted from a previous 
report [23]. Quality scores of 2 or greater were 
considered acceptable for routine clinical diag
nosis (Fig. 2). Heart rate variability was calculated 
as SD from the average heart rate, as previously 
reported [23]. Interobserver concordance for 
quality grading of coronary artery segments was 
evaluated. The influence of mean heart rate and 
heart rate variability on the mean diagnostic quality 
of images of each coronary segment and coronary 
artery (LCA, LAD, LCX, RCA) was analyzed.

Statistical Analysis
Quantitative variables of image quality were 

expressed as mean ± SD. Interobserver agreement 
for image quality and best reconstruction interval 
was calculated with Cohen kappa statistics [24] 
and interpreted as follows: less than 0.20, slight or 
poor agreement; 0.20–0.40, fair agreement; 0.41– 
0.80, moderate agreement; greater than 0.80, 
excellent agreement. Spearman’s rank correlation 
coefficient was performed to compare image 
quality scores for all coronary segments in each 
patient with mean heart rate and heart rate vari
ability during the examination. Multivariate 
regression analysis was performed to evaluate the 
coeffects of mean heart rate and heart rate vari
ability on mean image quality score per subject. A 
level of p < 0.05 indicated a statistically significant 
difference. Data analysis was performed with 
commercially available statistical software (Med
Calc, version 9.3.0.0, MedCalc; SPSS for Win
dows, version 14.1, SPSS).

Results
Dual-source CT coronary angiography 

was successfully performed within a single 
breath-hold without complications for all or-
thotopic heart transplant recipients. All ex-
aminations were diagnostic. The mean age of 
the 23 subjects (20 men, three women) in the 
study was 61.1  ±  12.8 years (range, 25–77 
years). Mean time from heart transplantation 
was 111.1  ±  72.7 months (range, 12–245 
months). There was no evidence of allograft 
rejection at the time of dual-source CT.
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Fig. 1—69-year-old heart transplant recipient with heart rate of 90 beats/min who underwent dual-source CT coronary angiography. Reconstructions of segment 2 of 
right coronary artery in different phases of cardiac cycle show examples of 5-point grading scale. Quality scores of 2 or greater were considered acceptable for routine 
clinical diagnosis.
A, Score 4 image is of excellent quality for accurate evaluation of coronary artery disease.
B, Score 3 image has minor artifacts and is of good quality for ruling out coronary artery disease.
C, Score 2 image is of sufficient diagnostic quality for ruling out significant coronary artery disease.
D, Score 1 image is not assessable owing to blurring and motion artifact impeding arterial evaluation.
E, Score 0 image is not evaluative. Vessels are not differentiable.
F, Volume-rendered reconstruction shows best reconstruction interval for this coronary segment.
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Quality of Coronary Artery Images
A total of 329 coronary artery segments in 

23 patients were available for evaluation. 
Sixteen segments were missing owing to an-
atomic variations (10 segments) or marked 
thinning (<  1  mm) of the vessels (six seg-
ments). Each coronary segment was evalu-
ated in a 5% increment of the R-R interval 
within the full tube current window (30–80% 
of the R-R interval, 11 phases), resulting in a 
total of 3,619 time points. The optimal re-
construction interval was systole in 17 (74%) 
of the 23 heart transplant recipients. The op-
timal systolic reconstruction interval was 
45% of the R-R interval in seven (41%), 35% 
of the R-R interval in five (29%), 40% of the 
R-R interval in four (24%), and 30% of the 
R-R interval in one (6%) of the 17 subjects. 
The best image quality scores were obtained 
with diastolic reconstructions in six subjects 

(75% of the R-R interval in five [83%] and 
70% of the R-R interval in one [17%] of the 
six subjects). At the best reconstruction in-
terval, a score of 4 was assigned to 146 
(44.4%), a score of 3 to 96 (29.2%), a score 
of 2 to 61 (18.5%), and a score of 1 to 20 
(6.1%) of the 329 segments. Even at the best 
reconstruction interval for each patient, im-
ages of six (1.8%) of the 329 coronary seg-
ments were nonevaluative (segment 3 in one 
instance, segment 12 in two instances, seg-
ment 13 in one instance, segment 14 in two 
instances). Therefore, at the best reconstruc-
tion interval, diagnostic image quality (score 
≥ 2) was obtained for 92.1% (303 of 329) of 
the coronary segments.

Within all evaluated R-R intervals, the av-
erage image quality score for the whole coro-
nary tree was 2.14 ± 0.45 per patient. In per-
vessel analysis, an overall quality score of 

2.37  ±  0.44 was obtained for the LCA, 
1.90 ± 0.55 for the LCX, and 2.12 ± 0.62 for 
the RCA. The scores at the best reconstruction 
interval are shown in Table 1. Overall inter-
observer agreement on image quality ratings 
for the whole coronary tree was a kappa value 
of 0.78. The kappa value was 0.74 for the LCA, 
0.79 for the LCX, and 0.80 for the RCA. Inter-
observer agreement for selection of the opti-
mal reconstruction interval for the coronary 
segments was excellent (κ = 0.82).

Effect of Mean Heart Rate and Heart  
Rate Variability on Quality of Coronary  
Artery Images

The mean heart rate during dual-source 
CT was 89.2 ± 10.4 beats/min (range, 71–108 
beats/min). Despite the high resting heart 
rates, diagnostic image quality was obtained 
for the heart transplant recipients. Overall, 
no significant correlation was found between 
average heart rate and mean quality score for 
all coronary segments (ρ = 0.31, p = 0.16). 
This correlation also was not significant in 
per-vessel analysis for the LCA (ρ  =  0.17, 
p = 0.44), LCX (ρ = 0.21, p = 0.34), or RCA 
(ρ = 0.37, p = 0.09) (Fig. 3). Thus mean qual-
ity scores were independent of heart rate over 
the range of heart rates studied.

The mean heart rate variability during car-
diac dual-source CT examinations was 3.2 ± 
3.2 beats/min (range, 1.4–17.6 beats/min). No 
significant correlation was found between av-
erage heart rate variability and mean quality 
score for all coronary segments in each pa-
tient (ρ = 0.23, p = 0.29). This correlation was 
not significant in per-vessel analysis for the 
LCA (ρ  =  0.17, p  =  0.43), LCX (ρ  =  0.20, 
p = 0.36), or RCA (ρ = 0.16, p = 0.47). Multi-
variate regression analysis showed no signifi-
cant coeffect of mean heart rate or heart rate 
variability on overall coronary image quality 
per patient (r = 0.48, p = 0.07).

Discussion
Development of coronary allograft vas-

culopathy continues to be a major cause of 
mortality among heart transplant recipients 

A

Fig. 2—68-year-old man with mean heart rate of 87 
beats/min and heart rate variability of 2.26 beats/min. 
Despite high heart rate during scanning, dual-source 
CT coronary angiograms of all coronary arteries are 
of diagnostic quality.
A–C, Curved multiplanar reconstructions of left 
anterior descending artery (A), right coronary artery 
(B), and circumflex artery (C).
D, Volume-rendered image of whole coronary  
tree (D).
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[25]. Ischemia usually is silent until the dis-
ease is advanced [26]. Conventional coronary 
angiography with or without intravascular 
sonography is the reference standard for the 
diagnosis [27]. The presence of coronary allo
graft vasculopathy detected with intravascular 
sonography has been found predictive of 

cardiac events [28] and long-term morbidity 
and mortality [29]. Nevertheless, especially 
for heart transplant recipients, conventional 
coronary angiography and intravascular sono-
graphy carry a small but considerable risk of 
complications such as arrhythmia, coronary 
dissection, and thrombosis [30–32].

MDCT has been found [8, 10] to yield good- 
to excellent-quality images of the coronary ar-
teries, to depict the coronary artery lumen and 
wall, and to depict occlusive coronary disease 
in heart transplant recipients. Furthermore, 
the results of a study with a selected cohort of 
heart transplant patients [9] emphasized the 
potential of MDCT for replacing conventional 
coronary angiography. However, the diagnos-
tic accuracy of MDCT coronary angiography 
depends mainly on image quality, a variable 
that relies heavily on heart rate and the timing 
of reconstruction [33]. Even with 64-MDCT 
scanners with a 0.33-second rotation time, 
limited temporal resolution remains a prob-
lem. Results continue to show that image qual-
ity is limited at certain heart rates [5] and that 
β-blocker therapy before scanning can lower 
and stabilize the heart rate [5, 23]. However, 
the safety of β-blocker premedication of heart 
transplant recipients is unclear [34]. This in-
convenience seems to be overcome with du-
al-source CT. Our results indicate that with 
dual-source CT, diagnostic-quality images of 
all coronary arteries can be achieved without 
β-blockers in heart transplant recipients de-
spite their high rest heart rates.

TABLE 1:	 Demographic Data and Results for Heart Transplant Recipients 
Undergoing Dual-Source CT of the Coronary Arteries

Characteristic Value

No. of patients 23

Sex ratio (M/F) 20/3

Age (y) 61.1 ± 12.8 (25–77)

Time from transplantation (mo) 111.1 ± 72.7 (12–245)

Mean heart rate (beats/min) 89.2 ± 10.4 (71–108)

Mean heart rate variability (beats/min) 3.2 ± 3.2 (1.4–17.6)

Image score at best reconstruction interval

Whole coronary tree 3.1 ± 1.01

Left coronary artery 3.18 ± 0.98

Circumflex artery 2.97 ± 1.12

Right coronary artery 3.09 ± 0.93

Note—Data are mean ± SD and range.
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Fig. 3—Dispersion plots of mean image quality scores in relation to mean heart rate for all coronary segments in each patient.
A, Dispersion plot shows results for left coronary artery image quality.
B, Dispersion plot shows results for right coronary artery image quality.
C, Dispersion plot shows results for circumflex artery image quality.
D, Dispersion plot shows results for overall image quality.
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A significant negative correlation between 
overall quality of images of the coronary arter-
ies and mean heart rate during scanning has 
been consistently reported since the introduc-
tion of MDCT cardiac imaging in clinical 
practice [5, 35]. However, studies of the use of 
64-MDCT with a 0.33-second rotation time 
and dual-source technique have shown no sig-
nificant correlation between image quality and 
heart rate [22, 23]. This lack of correlation 
may be due to the increased temporal resolu-
tion, decreased total scanning time, and im-
proved spatial resolution of 64-MDCT scan-
ners [36]. In particular, the increased 83-mil-
lisecond temporal resolution of dual-source 
CT with respect to the 165 milliseconds of 
64-MDCT allows imaging of the coronary ar-
teries with excellent quality even at high rest-
ing heart rates. In our series, when all evalu-
ated R-R intervals were analyzed, diagnostic 
image quality (score ≥ 2) was found in 68.7% 
of all coronary segments (score 4 in 16.1%, 
score 3 in 25.4%, score 2 in 27.2%). However, 
when the best reconstruction interval was con-
sidered, we found excellent quality in 44.4% of 
coronary segments with minor artifacts in 
29.2% of coronary segments and moderate ar-
tifacts in 18.5% of coronary segments.

Our study results confirm the absence of 
negative correlation between overall quality 
of coronary artery images and mean heart 
rate in cardiac dual-source CT examinations 
performed on a population with characteris-
tically high resting heart rates. Overall anal-
ysis of the coronary tree and per-vessel anal-
ysis both revealed no negative effect of mean 
heart rate during dual-source CT on the qual-
ity of images of the coronary arteries. This 
finding emphasizes the robustness of the 
technique, which allows excellent image 
quality independent of heart rate.

On the other hand, heart rate variability 
has been consistently considered a major de-
terminant of image quality in noninvasive 
coronary imaging. Nonproportional shorten-
ing and prolongation of the cardiac phases 
occurs at differing heart rates [37]. There-
fore, at imaging of subjects with highly vari-
able heart rates, images are not generated in 
precisely the same cardiac phase. As a con-
sequence, especially at high resting heart 
rates, artifacts that can hamper the diagnos-
tic quality of images of the coronary arteries 
can occur [5, 23, 38]. This problem may be 
partially solved with use of a multisegment 
reconstruction algorithm for data reconstruc-
tion [38]. Use of such algorithms, however, 
increases image blurring [23, 38].

The effect of heart rate variability on the 
quality of coronary artery images has been 
systemically analyzed by Leschka et al. [23] 
using 64-MDCT and Matt et al. [22] using 
dual-source CT. Matt et al. did not find a sig-
nificant effect of interheartbeat variation on 
overall image quality. According to those au-
thors, the absence of negative correlation was 
probably due to the use of a monosegment re-
construction algorithm for dual-source CT 
examinations. When, however, Matt et al. an-
alyzed the coeffects of mean heart rate and 
heart rate variability on overall diagnostic 
quality of images of the coronary arteries, a 
significant coeffect was found, emphasizing 
the negative contribution of heart rate vari-
ability to mean quality of coronary images.

Our results indicate that in the case of heart 
transplant recipients, the heart rate variability 
that can occur during coronary dual-source CT 
does not have a negative effect on overall diag-
nostic image quality. Correlation between the 
image quality for individual coronary vessels 
and heart rate variability also was not signifi-
cant in per-vessel analysis for each subject. Fur-
thermore, unlike Matt et al. [22], we found no 
significant coeffect of mean heart rate and heart 
rate variability on overall diagnostic quality of 
coronary images. This observation reflects the 
unique cardiac physiologic state after heart 
transplantation. In heart transplant recipients, 
sympathetic and parasympathetic innervations 
are impaired. As a consequence, heart rate does 
not vary according to respiration and does not 
respond to Valsalva maneuvers. The sympa-
thetic input with positive chronotropic effect 
that commonly occurs after rapid IV contrast 
injection in patients who have not received a 
heart transplant is inhibited in heart transplant 
recipients. Consequently, heart rate variability 
during dual-source CT may be less in heart 
transplant recipients than in patients who have 
not undergone transplantation and therefore 
seems not to affect the diagnostic image quality 
of noninvasive coronary angiograms.

This study had several limitations. First, 
the study population was a small number of 
heart transplant recipients. The study was 
developed to determine the feasibility of 
noninvasive coronary imaging with dual-
source CT in heart transplant recipients 
without heart rate control. Even though the 
quality-scoring method was subjective (scor-
ing influenced by subjectivity bias), the very 
good interobserver agreement (overall image 
quality rating, κ = 0.78; selection of optimal 
reconstruction interval, κ  =  0.82) suggests 
that coronary imaging with high diagnostic 

quality is feasible with dual-source CT. No 
direct comparison with invasive coronary 
angiography or with intravascular sonogra-
phy was performed to assess the effect of im-
age quality on the utility of dual-source CT 
in accurate detection and quantification of 
coronary artery disease. The referring physi-
cians refused to request conventional coro-
nary angiography after normal findings were 
made at dual-source CT.

Another limitation was that evaluation of 
dual-source CT coronary angiograms was 
limited to vessels with a diameter greater 
than 1 mm. As a consequence, small-vessel 
involvement might not have been evaluated 
with dual-source CT. Nevertheless, coronary 
lesions would not have been accessible to 
percutaneous revascularization owing to the 
small size of the vessels. Finally, this study 
relied on the half-scan reconstruction algo-
rithm. In 64-MDCT scanners, use of two-
segment reconstruction has been described 
as improving the image quality of MDCT 
coronary angiography [39]. The role of this 
reconstruction algorithm for increasing the 
temporal resolution of dual-source CT re-
quires additional analysis.

Dual-source CT is reliable for noninvasive 
acquisition of coronary angiograms of diagnos-
tic quality in heart transplant recipients despite 
the high resting heart rates of these patients.
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