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Abstract

This prospective study evaluated the image quality and accuracy of coronary computed tomography angiography (CCTA)
for diagnosing coronary artery disease (CAD) in patients with atrial fibrillation (AF), in which CCTA used adaptive iterative
dose reduction (AIDR) with a low tube voltage and low concentration of isotonic contrast agent. Sixty-eight consecutive
patients with AF and suspected CAD were equally and randomly apportioned to two groups and underwent CCTA. In the
experimental group, the contrast agent was iodixanol (270 mg I/mL), patients were scanned with 100 kV, and reconstruc-
tion was by AIDR. In the conventional scanning (control) group, the contrast agent was iopromide (370 mg I/mL), patients
were scanned with 120 kV, and reconstruction was by filtered back projection. The image quality, effective radiation dose
(E), and total iodine intake of the groups were compared. Thirty-nine patients with coronary artery stenosis later were given
invasive coronary angiography (ICA). The groups were similar with regard to mean CT value, noise, and signal-to-noise and
contrast-to-noise ratios. The figure of merit of the experimental group was significantly higher than that of the control group,
while the E and total iodine were significantly lower. Using ICA as the diagnostic reference, the groups shared similar sen-
sitivity, specificity, and false positive and false negative rates for diagnosing coronary artery stenosis. For determining CAD
in patients with AF, CCTA with isotonic low-concentration contrast agent and low-voltage scanning is a feasible alternative
that improves accuracy and reduces radiation dose and iodine intake.

Keywords Atrial fibrillation (AF) - Computed tomography (CT) - Radiation dose - Contrast medium - Invasive coronary
angiography

Introduction

Coronary computed tomography angiography (CCTA) is
an effective non-invasive technology to evaluate coronary
artery disease (CAD) [1], but arrhythmia will affect the
demonstration and evaluation of coronary arteries [2]. In
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particular, patients with atrial fibrillation (AF) often have
rapid heart rates (HRs) and irregular ventricular rhythm,
which can cause blurring artifacts on CCTA. Therefore,
CCTA was once considered contraindicated in patients with
AF[1,2].

The incidence of CAD in patients with AF is very high
(about 80%), and the mortality rate is twice that of patients
without AF [3]. Therefore, pre-operative pulmonary artery
imaging and screening for CAD using multi-slice computed
tomography (CT) is important for patients with AF [4]. In
recent years, the application of CCTA in AF has become
increasingly widespread [5—-10]. CCTA using 320-row CT
can reduce the radiation dose while maintaining high diag-
nostic accuracy, and has superior advantages and diagnostic
performance for cardiac imaging in patients with arrhyth-
mia, especially AF [5, 8, 11-13].

In patients with AF, multiple cardiac cycle acquisi-
tions increases the radiation dosage by many fold, and a
higher volume of contrast agent is needed to maintain vas-
cular enhancement [12, 14—16]. However, according to the
principle of as-low-as-reasonably-achievable that has been
adopted in recent years, the CT radiation dose for diagnosis
should be reduced as much as possible [17]. So too, reducing
the amount of iodine in the contrast agent can lower the risk
of contrast-induced nephropathy.

Compared with the traditional filtered back projection
method of reconstruction, iterative reconstruction can
reduce the image noise of CCTA, improve image quality,
and reduce radiation dose [18, 19]. Furthermore, low tube
voltage technology improves CT attenuation compared with
conventional 120 kV scanning, increasing the image value of
the enhanced vessel, and supports a rationale for application
of low concentration contrast agents [20].

Recently, research in CCTA has focused on combining
low-concentration contrast media and low-tube voltage tech-
nology [21-23], but results specific to AF patients have not
been reported. The present study evaluated the feasibility of
CCTA examinations in AF patients for detecting coronary
artery stenosis, in which isotonic low-concentration contrast
media, third-generation adaptive iterative dose reduction
(3D-AIDR) reconstruction, and low-tube voltage is used,
relative to traditional scanning.

Materials and methods
This prospective study was approved by the ethics commit-

tee of Ningbo First Hospital. All patients provided informed
consent.
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Patients

Sixty-eight consecutive patients (47 male, 21 female, aged
39-88 years, with a median age of 66 + 12 years) with per-
sistent AF, and suspected of CAD, were enrolled from June
2016 to August 2017 (Table 1). Patients with any of the fol-
lowing were excluded from this study: pregnant, allergy to
iodine contrast agent, severe renal insufficiency (creatinine
clearance rate <120 pmol/L), cardiac insufficiency, unable
to hold breath during CCTA, or history of coronary artery
bypass transplantation.

The patients were randomly apportioned to either the
experimental or control group, with 34 patients in each. In
the experimental and control groups, the contrast agent was,
respectively, iodixanol (Visipaque, 270 mg I/mL, GE Elec-
tric Pharmaceutical, Shanghai) and iopromide (Ultravist,
370 mg I/mL, Bayer Medical Care, Guangzhou). Patients
were scanned with 100 kV (experimental) and 120 kV (con-
trol), and for reconstruction the 3D-AIDR algorithm (experi-
mental) and filtered back projection method (control) was
applied.

Among the study population of 68 patients, 39 with coro-
nary artery stenosis underwent invasive coronary angiog-
raphy (ICA) after CCTA within 15 days (18 and 21 in the
experimental and control groups, respectively).

CCTA scanning method

All CT scans were performed using a 320-row CT scanner
(Aquilion ONE, Toshiba, Japan), with inherent arrhythmia
removal software (Version 4.51, Toshiba Medical Systems,
Nasu, Japan). The collimator was 320 X 0.5 mm, the rotation
time was 0.35 s/circle, and the range covered in the z-axis
was 16 cm.

The patients were strictly trained to hold their breath
before scanning. For patients with HR >70 bpm and with-
out contraindication, 50 mg metoprolol (Astrazeneca Phar-
maceutical, Wuxi, China) was orally taken 1 h before CT.
The scanning range was from the tracheal bifurcate level

Table1 General characteristics of the experimental and control
groups

Experimental Control P
Gender, male/female 24/10 17/17 0.083
Age (years) 66.24+10.52 65.97+11.27 0.925
BMI (kg/m?) 2427+6.73 23.17+5.19 0.430
HR (bpm) 91.38 +£26.30 95.85+26.45 0.490
HR difference (bpm)* 22.50+9.34 23.44+10.77 0.677

*Difference between the maximum and minimum HR during the CT
acquisition process
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to the diaphragm, which was adjusted to cover the entire
heart (from 150 x 150 to 180 x 180 mm?). The tube current
(330-550 mA) was adjusted according to body mass index
(BMI) and the tube voltage. For patients with AF associated
with an enlarged left atrium, the setting of the tube current
was adjusted based on the anatomy of the chest and the size
of the left atrium.

All patients were scanned while supine and feet-in first,
using a prospective cardiac electronically controlled trigger
sequence and electrocardiographic (ECG) monitoring. For
patients with HR <65, 65-80, and > 80 bpm, the acquisi-
tion slope was, respectively, 65-85%, 30-80%, and 25-55%
of the RR interval, and the scanning was acquired by 1, 2,
and 3 cardiac cycles. Only for patients with HR > 110 bpm,
scanning was acquired by 4 cardiac cycles. All patients were
administered sublingual nitroglycerin (0.5 mg, Yimin Phar-
maceutical, Beijing) 5 min before CT to expand the coronary
artery. All nonionic contrast media were placed in a 37 °C
incubator before injection.

The contrast medium of each group was injected with
a double-cylinder high-pressure injector (Stellant, Medrad,
Indianola, PA, USA) and intravenous 20G indwelling nee-
dle, through the right median cubital vein with a velocity of
5 mL/s; 30 mL saline as then injected at the same rate. The
contrast medium dose was equal to the patient’s weight in
kg, multiplied by 1.1 mL/kg.

Applying a contrast medium tracer technique (bolus track-
ing), a region of interest (ROI, with an area of =100 mm?)
was chosen at the aortic root level to monitor the CT value.
The scanning was automatically triggered 4 s later, when the
CT value within the ROI reached 180 HU. During scanning,
the equipment could synchronously record the patients’ ECG
information and calculated the HR difference (i.e., the dif-
ference between the maximum and minimum HR during the
CT acquisition process).

Image reconstruction and post-processing

The image reconstruction consisted of three steps: automatic
peak phase, ECG editing, and multiple phase selection. For
the optimal phase automatically reconstructed by the device,
when there were artifacts ECG editing was performed;
half-scanning reconstruction when HR < 65 bpm, or multi-
sector reconstruction otherwise. To rebuild, the phase with
the minimum number of artifacts was chosen from planes
taken at 10-ms intervals. All images were reconstructed by
adopting absolute phases and using the soft tissue convolu-
tion function, with a reconstructed thickness of 0.5 mm and
interval of 0.25 mm. The reconstructed images were trans-
ferred to the post-processing Workstation (VitreaFx 4.0) for
further analysis. The image processing included maximum
intensity projection, curved planar reconstruction, and vol-
ume rendering.

Image quality evaluation
Subjective evaluation

Two experienced radiologists (both with > 5 years’ experi-
ence in cardiac CT diagnosis) evaluated all coronary seg-
ments (diameter > 1.5 mm) on the original cross-sectional
images, curved planar reconstruction, and volume render-
ing images, in accordance with the American Heart Asso-
ciation segment standard for the coronary artery [24]. The
radiologists independently analyzed the images based on the
double-blind principle. The quality of the images was scored
as excellent, good, moderate, or poor, with 4 to 1 points,
respectively [25].

Objective evaluation

All measurements were conducted using a fixed window
width of 800 HU and window level of 100 HU. Four ROIs
were drawn: at the left main coronary artery (LMA), proxi-
mal segments of the left anterior descending coronary artery
(LAD), left circumflex coronary artery (LCX), and right
coronary artery (RCA). As far as possible, the ROIs encom-
passed the maximum round or oval area, barring the blood
vessel walls, and avoiding wall calcification, and plaque.
The CT value within the ROI was measured, and its standard
deviation was considered the image noise. The CT value of
the muscle tissue of the anterior chest wall was measured,
with the standard deviation considered background noise; its
ROI was drawn to avoid adipose tissue and bone artifacts as
much as possible (Fig. 1).

The signal-to-noise ratio (SNR) was calculated as the
average CT value of the lumen divided by the standard devi-
ation of the CT value of the lumen. The contrast-to-noise
ratio (CNR) was the difference between the mean CT value
of the lumen and the average CT value of the muscle tissue
of the anterior chest wall, divided by the standard deviation
of the CT value of the muscle tissue. The figure of merit
(FOM) was defined as the square of the CNR divided by the
effective radiation dose (E).

Evaluation of radiation dose and total iodine
content

The radiation dose of CCTA was counted, not including the
positioning image scanning and the trigger scanning. The
volumetric CT dose index, and dose length product, of each
patient were automatically generated and recorded by the
computer, and the effective radiation dose (E) was calculated
as: E=dose length product X 0.014 mSv/mGy/cm. The total
iodine intake was calculated as the concentration of contrast
agent (mg/mL) X the dose of contrast agent (mL) divided
by 1000.
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Fig. 1 CT values of each main coronary artery and background noise. a RCA, b LMA and background noise and ¢ LAD, d LCX

Comparative analysis of ICA and CCTA

All ICA exams were performed within 15 days after CCTA
by a cardiologist, with a C-arm large-plate digital angiogra-
phy machine (Philips Allura Xper FD-10, Philips Healthcare
Nederland). A 6F or 5F coronary angiography catheter was
inserted through the right femoral or radial artery, and left
and RCA angiography was performed in sequence. lopro-
mide (370 mg I/mL) was used during the ICA, with a bolus
injection of 4-8 mL each time.

All images were evaluated by two experienced cardio-
vascular radiologists in accordance with the double-blind
method. The degree of coronary stenosis was assessed by
the visual diameter method. Discordant results were dis-
cussed until a consensus was reached. Lumen stenosis of 0%
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was considered nil visible stenosis. Percentages of 1-24%,
25-49%, 50-69%, and 79-99% were categorized as mini-
mal, mild, moderate, and severe stenosis, respectively. A
lumen with 100% stenosis was considered occluded [26, 27].
The accuracy of CCTA for diagnosing CAD was evaluated,
adopting the ICA results as the gold standard diagnostic
reference.

Statistical analysis

All statistical analyses were performed using SPSS 19.0
software. All measurement data are presented as the
mean + standard deviation. Basic data (i.e., age, BMI, HR,
and HR difference), image quality, effective radiation dose
E, and total iodine intake of the experimental and control
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groups were compared using independent sample t-tests. The
enumerative data of the groups were compared with the chi-
squared test. The sensitivity, specificity, positive predictive
value, and negative predictive value of CCTA for diagnos-
ing stenosis of the coronary artery were calculated, using
the ICA results as diagnostic reference. The differences for
diagnosing stenosis of the coronary artery between ICA and
CCTA were compared by chi-squared test, and Fisher’s exact
test was used for comparisons among groups. The kappa test
was applied to evaluate the consistency of the two radiolo-
gists. P <0.05 was considered statistically significant.

Results

The experimental and control groups were statistically com-
parable with regard to age, gender, BMI, HR, and HR dif-
ference (Table 1).

Subjective evaluation of image quality

In the 68 patients, 892 coronary artery segments were
evaluated by CCTA (128 segments were not evaluated
due to anatomical variations or diameter < 1.5 mm). In the
experimental and control groups, 94.2% (424/450) and
95.2% (421/442) of the coronary artery segments, respec-
tively, were adequate for diagnosis; the quality scores of the
two groups were comparable (3.07 +0.82 and 3.18 +0.77;
Table 2). The two observers were consistent with regard to
image quality scores of both groups (kappa value=0.82,
P=0.023).

Objective evaluation of the image quality

Over the entire study population, the average CT value of
the measured vessels was >250 HU. The average CT values
of the experimental and control groups were comparable,
specifically 373.4+35.1 HU and 387.0+42.51 HU, respec-
tively. The SNR and CNR of the two groups were each also
similar. The FOM of the experimental group was signifi-
cantly higher than that of the control group (Table 3).

Table 2 Subjective assessment of image quality via scoring for coro-
nary arteries of the experimental and control groups

Score Experimental Control

1 26 (5.8) 21 (4.8)

2 48 (10.7) 36 (8.1)

3 210 (46.7) 225 (50.9)
4 166 (36.8) 160 (36.2)
Total, n 450 442

Table 3 Objective assessment for coronary arteries of the experimen-
tal and control groups

Experimental Control P
LM
CT 385.7+32.1 378.8+41.1 0.307
CNR 13.4+39 14.3+£3.6 0.320
SNR 11.6+1.8 11.5+1.7 0.839
FOM 37.8+27.5 21.7+£12.5 0.000
LAD
CT 376.2+44.6 391.0+41.9 0.085
CNR 14.0£3.0 13.4+3.3 0.494
SNR 10.0+1.6 9.8+1.3 0.407
FOM 3731154 18.8+10.5 0.000
LCX
CT 384.8+29.1 387.4+38.4 0.721
CNR 13.9+3.1 129+3.7 0.222
SNR 122+2.1 12.0+1.6 0.615
FOM 37.2+17.0 17.6£11.1 <0.001
RCA
CT 386.9+34.4 390.6+48.7 0.715
CNR 13.3+3.0 13.2+34 0.888
SNR 12.4+2.1 12.2+2.0 0.722
FOM 33.6+12.93 18.0£10.45 <0.001

Values reported as HU, unless noted otherwise

Evaluation of radiation dose and total iodine intake

In the experimental group, the volumetric CT dose index
and effective radiation dose E were both significantly lower
than that of the control group (Table 4). The E value of the
experimental group was 51.6% that of the control group.
While the total iodine intake of the two groups was statisti-
cally similar, the total amount of iodine in the experimental
group was significantly lower than that of the control group.

CCTA results relative to ICA
Using the ICA results as the reference, the experimental and

control groups were statistically similar with regard to sensi-
tivity, specific, and false positive and false negative rates for

Table 4 Comparison of effective radiation dose E and iodine intake
between the experimental and control groups

Experimental Control t P
CTDI,, (mGy) 28.88+7.78  56.00+18.69 8.793  <0.001
E (mSv) 472+1.19 10.76+3.76  —-8.434  <0.001
CM (mL) 70.63+15.83 71.61+16.12  0.241 0.811
Total iodine (g) 19.06+4.27  26.50+5.97 4.534  <0.001

Data are reported as n (%) segments, unless noted otherwise

CTDI,,, volumetric CT dose index
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diagnosing coronary artery stenosis > 50% (Table 5; Figs. 2,
3).

Discussion
This prospective study evaluated the feasibility of CCTA

for AF patients suspected of coronary artery stenosis, in
which isotonic low-concentration contrast media, AIDR

reconstruction, and low-tube voltage is used. Patients
underwent CCTA use 320-spiral volume CT with prospec-
tive ECG triggered scanning. The results showed that there
was no reduction in image quality or diagnostic accuracy for
CAD when using CCTA with isosmotic low concentration
contrast agent and low tube voltage.

Most CCTA studies for patients with AF have employed
retrospective ECG gated spiral scanning. In these studies,
the radiation dose and iodine intake of patients was high,

Table 5 CCTA diagnoses of coronary artery stenosis >50% based on segment, vessel, or patient in the experimental and control groups

Experimental group Control group P

Segment Vessel Patient Segment Vessel Patient Segment Vessel Patient
Number, n 263 64 18 305 73 21
TP 25 12 7 31 13 8 - - -
N 230 48 9 267 55 10 - - -
FP 5 2 1 4 3 2 - - -
FN 3 2 1 3 2 1 - - -
Sensitivity  89.2% (25/28) 85.7% (12/14) 87.5% (7/8) 91.2% (31/34) 86.7% (13/15) 88.9% (8/9) 0.814 1 0.828
Specificity 97.4% (230/236) 96% (48/50) 90% (9/10)  98.5% (267/271) 94.8% (55/58) 83.3% (10/12) 0.683 1 0.214
PPV 83.3% (25/30) 85.7% (12/14) 87.5% (7/8) 88.6% (31/35) 81.3% (13/16) 80% (8/10) 0.308 0.446  0.188
NPV 98.7% (230/233)  96% (48/50) 90% (9/10)  98.8% (267/270) 96.5% (55/57) 90.9% (10/11) 1 1 1

ICA results were used as the diagnostic reference

TP true positive, TN true negative, FP false positive, FN false negative, PPV positive predictive value, NPV negative predictive value

Fig.2 A 69-year-old man with chest pain and AF in the control
group, who had a BMI of 26.7 kg/m> a The ECG was recorded
during data acquisition and 3 cardiac cycles were acquired, which
showed that the HR was irregular (80-86 bpm). b The volume-ren-
dering image showed severe stenosis of the proximal LAD branch
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(arrowhead). ¢ The curved planar reconstruction image revealed
proximal plaque and severe stenosis of the LAD branch (arrowhead).
The image quality score was 4. d ICA confirmed 99% stenosis of the
proximal LAD branch (arrowhead)
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Fig.3 A 67-year-old woman with chest pain and AF in the experi-
mental group, who had a BMI of 25.8 kg/m’. a The ECG was
recorded during data acquisition and 3 cardiac cycles were acquired,
which showed that the HR was irregular (80-86 bpm). b The volume-
rendering image showed moderate stenosis of the proximal RCA

which is prone to cause or aggravate renal dysfunction, and
even contrast nephropathy in severe cases [28, 29]. However,
Cademartiri et al. [30] reported that, compared with a high
concentration of contrast agent, a lower concentration sig-
nificantly reduced the enhancement of the coronary artery,
other factors being equal (dose and flow rate), and the CCTA
image quality and diagnostic accuracy suffered [30, 31].
That is, a low concentration contrast agent can reduce the
renal iodine load and the risk of contrast agent extravasation,
but will also decrease the enhancement of target vessels.

Yet, low voltage scanning can make up for the deficiency
in CT value; the average energy of an X-ray photon is much
closer to the k-edge of iodine, and Compton scattering will
decrease as CT value increases and radiation dose decreases.
This provides a basis for the use of low concentration con-
trast agent [19, 32]. In CCTA, a high concentration contrast
agent is not conducive to the display of calcified or non-cal-
cified plaques [33]. In the present study, the same flow rate
of contrast agent was used in the experimental and control
groups, while the dose was individualized according to the
BMI. Although the total iodine intake in the experimental
group was reduced by 28.1%, the CT values of each branch
of the coronary artery were >250 HU on low voltage scan-
ning and met the diagnostic requirements [34].

The results of the present study further confirmed the role
of low-kV scanning for increasing the CT value of vessels.

(arrowhead). ¢ The curved planar reconstruction showed proximal
plaque and moderate stenosis of the proximal RCA (arrowhead).
The image quality score was 3. d ICA confirmed 50% stenosis of the
proximal RCA (arrowhead)

Several techniques were used in the experimental group to
reduce the radiation dose, including axial volume scanning,
low-tube voltage (100 kV), prospective gated data acquisi-
tion, and 3D-AIDR reconstruction algorithm. The effective
dose of the experimental group (4.72 mSv) was 56.1% lower
than that of the control group (10.76 mSv), both of which
were significantly lower than previous reports of 13.0 mSv
and 9.52 mSv using 320-spiral CT in CCTA for patients
with AF [11, 35].

A higher FOM value reflects a superior CT image [36].
In the present study, the CNR of the coronary artery in the
experimental group was not significantly lower than that of
the control group, but the FOM value was higher because the
effective radiation dose was less. This suggests that using a
100-kV tube voltage can improve the CCTA image. Because
the radiation dose is proportional to the square of the tube
voltage, adopting low-tube voltage is an effective method
to reduce the radiation dose during CCTA [21]. However,
low-kV scanning can increase image noise and artifacts and
reduce image quality, which limits its clinical practicality.

The 3D-AIDR algorithm can greatly improve the speed
of image reconstruction, reduce the artifact and noise, and
improve the SNR and CNR [18, 19, 37]. In the present study,
50% AIDR values were used to control image noise and
improve image quality, as medium-strength iteration values
are generally recommended [19, 38]. The current study also
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adopted a low-tube voltage scanning protocol combined with
3D-AIDR in the experimental group, and compared with
the control (120 kV scanning with filtered back projection
reconstruction), the SNR and CNR were similar. There was
also no significant difference in image quality, which is con-
sistent with the results of Hara et al. [38] and Moscariello
et al. [39].

The one single heartbeat acquisition, and the removal
of stair-step artifacts, gives 320-spiral CT an advantage in
CCTA of patients with arrhythmia. In the present study,
94.7% of the coronary artery segments met the diagnostic
criteria of CAD. The time resolution of the first genera-
tion of 320-spiral CT was 175 ms, which was insufficient
for patients with high HR, as motion artifacts could occur.
Only multiple cardiac cycle acquisitions and multi-sector
reconstruction methods can increase the effective time reso-
lution [35]. For patients with AF, if the HR is higher than
65 bpm, multiple cardiac cycle acquisitions and multi-sector
reconstruction are required. For a portion of the patients
in the current study, up to 4 cardiac cycle reconstructions
were necessary because of a fast HR, and absolute phase
reconstruction at the end-systole was the best mode of recon-
struction. As the HR increases, the radiation dose of patients
in this study also increases. This is consistent with other
reports [40].

The present results showed that motion artifacts mainly
affected the middle and distal segment of the RCA, and
distal segment of the LAD. The proximal segments of the
LMA, LAD, and RCA, and LCX were the least affected seg-
ments, with the best image quality. This may be because of
the relatively small vessels at the distal segment, poor filling
with contrast agent, close proximity to the apex of the heart,
and relatively large movements of the diaphragm muscle.

Although CCTA has good consistency with ICA for the
diagnosis of CAD [30], with the advancement of technology,
CCTA has become more and more widely used in patients
with AF. The present study suggests that, relative to ICA,
low-voltage and low-concentration contrast agent and pro-
spective ECG gate scanning for CCTA in patients with AF
had high sensitivity and specificity for diagnosing vascular
stenosis > 50%. This is in accord with other studies [41].
The preliminary results that we report here warrant further
exploration of the clinical application of 320-spiral CT for
patients with AF.

There are several limitations in this study. First, the num-
ber of patients was small, and a larger study population is
needed to study further the image quality of patients with
AF. Second, all of the images were reconstructed, and we
did not investigate an association between radiation dose
and image quality and HR or heart rhythm. Third, we did
not consider the effect of BMI on the results. The BMIs of
the subjects in this study were < 25, and therefore these find-
ings may not be applicable to patients who are overweight or
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obese (BMI > 25). Finally, the calcification scores were not
included in this study, as our CT scanner does not include a
sequence for scanning calcification scores.

In conclusion, 320-spiral CT with prospective ECG gat-
ing, and isotonic low-concentration contrast agent combined
with low-voltage scanning to perform CCTA, is feasible for
patients with AF. This method for CCTA can significantly
reduce radiation dose and iodine intake without sacrificing
image quality, and improve the accuracy for diagnosing
CAD.
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